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Preface 

This is the fourth activity in a series of symposia initiated back in 2015. The first symposium 

organized at METU comprised topics; solid state hydrogen storage, fuel cell-electrolysers and 

batteries-supercapacitors. This was followed by the second symposium in Cappadocia in Ortahisar 

2017. The third symposium took place in Belgrade in September of 2018. In this series emphasis 

varied from one topic to the other. The current symposium comprises again three activity areas; 

namely, batteries-supercapacitors, fuel cells-electrolysers and hydrides for energy storage and 

conversion. The symposium, as before, has a fair balance of plenary sessions covering cross-cutting 

issues and the state of the art reviews and in-depth parallel sessions with contributed papers and poster 

presentation.  

Summer school is an integral part of this symposium. This has preceded the symposium and span over 

a four day period from September 7th to 10th, taken place at Mugla Sıtkı Koçman University. It 

comprised overviews on selected topics in energy storage and conversion with the view of 

acquainting the newcomers with the essentials of the topic plus portraying an outlook for possible 

future direction of research in the respective fields. Following recommendations made in mESC-

School 2017 Cappadocia, we have introduced hands-on sessions into the program on selected 

techniques in material and electrochemical characterization. A substantial number of trainees from a 

variety of institutions in different disciplines, some new or early in their graduate study, some quite 

experienced have benefited greatly from this experience. 

This event was made possible with generous support of several institutions as well as of sponsors . 

We would like to acknowledge TUBITAK for the support both for summer school through the 

program 2237-A and symposium through 2223-B. ENDAM workshop was made possible by funds 

from Ministry of Development which we also gratefully acknowledge. We also acknowledge the 

support of our respective universities in a number of ways.  

 Tayfur Öztürk 

.

   on behalf of 

 mESC-IS2019 Organizing Committee 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla



S
u

m
m

er
 S

ch
o

o
l 

o
n

 M
at

er
ia

ls
 f

o
r 

E
n

er
g

y
 S

to
ra

g
e 

an
d

 C
o

n
v

er
si

o
n

,m
E

S
C

-S
ch

o
o

l 
2

0
1
9

 t
o

o
k
 p

la
ce

 f
ro

m
 7

th
 t

o
 1

1
th

 S
ep

te
m

b
er

 2
0
1

9
. 

A
 t

o
ta

l 
o

f 
4
8

 p
ar

ti
ci

p
an

ts
 

h
av

e 
ta

k
en

 
p

ar
t 

in
 
th

e 
su

m
m

er
 
sc

h
o

o
l.

 
T

h
e 

p
ro

g
ra

m
 
co

m
p

ri
se

d
 
m

at
er

ia
l/

el
ec

tr
o

ch
em

ic
al

 
C

h
ar

ac
te

ri
za

ti
o

n
 
te

ch
n

iq
u

es
; 

M
ar

io
 
E

l 
K

a
zz

i 
(P

au
l 

S
h

er
re

r 
In

st
it

u
t)

: 
P

h
o

to
em

is
si

o
n

 
sp

ec
tr

o
sc

o
p

y
 

in
 

b
at

te
ry

 
re

se
ar

ch
, 

Y
.E

re
n

 
K

al
a
y

(M
E

T
U

):
In

 
S

it
u

 
S

y
n

ch
ro

tr
o
n

 
D

if
fr

ac
ti

o
n

 
an

d
 

R
ie

tv
el

d
 

A
n

al
y

si
s,

 
M

at
th

ew
 

L
ac

ey
(U

p
p

sa
la

 U
n

iv
er

si
ty

):
 E

IS
 f

o
r 

B
at

te
ry

 R
es

ea
rc

h
, 

M
el

te
m

 S
ez

en
(S

ab
an

cı
 U

n
iv

er
si

ty
):

F
o

cu
s 

Io
n
 B

ea
m

 T
ec

h
n

iq
u

es
 i

n
 M

at
. 

C
h

ar
ac

te
ri

za
ti

o
n

, 
S

er
v

et
 

T
u

ra
n

( 
E

sk
is

eh
ir

 T
ec

h
n

ic
al

 U
n

iv
er

si
ty

) 
A

d
v

. 
T

ec
h

n
iq

u
es

 i
n

 E
le

ct
ro

n
 M

ic
ro

sc
o
p

y
 a

s 
w

el
l 

as
 o

v
er

v
ie

w
s;

 M
. 

K
ad

ri
 A

y
d

ın
o
l 

(M
E

T
U

):
H

o
w

 t
o

 m
ak

e 
b

at
te

ri
es

-
ce

ll
 m

ak
in

g
 p

ro
ce

ss
es

, 
M

ic
h

ae
l 

A
zi

z(
H

ar
v

ar
d

 U
n

iv
er

si
ty

):
 O

rg
an

ic
 F

lo
w

 B
at

te
ri

es
, 

A
li

g
u

l 
B

u
y

u
k

ak
so

y
(G

eb
ze

 T
ec

h
n

ic
al

 U
n

iv
er

si
ty

):
 I

n
t.

 T
em

p
. 

S
o

li
d
 

O
x

id
e 

F
u

el
 C

el
ls

, 
T

ay
fu

r 
Ö

zt
ü

rk
 (

M
E

T
U

):
 I

n
tr

o
d

u
ct

io
n
 t

o
 E

n
er

g
y

 S
to

ra
g

e 
an

d
 C

o
n

v
er

si
o

n
 w

it
h

 e
m

p
h

as
is

 o
n

 G
ri

d
-S

ca
le

 E
n

er
g

y
 S

to
ra

g
e,

 R
ez

an
 D

em
ir

-
C

ak
an

(G
eb

ze
 

T
ec

h
n

ic
al

 
U

n
iv

er
si

ty
):

 
L

i-
S

 
b

at
te

ri
es

,D
u

n
ca

n
 

P
au

l 
F

ag
g

 
(A

v
ei

ro
 

U
n

iv
er

si
ty

) 
: 

P
ro

to
n

ic
 

F
u

el
 

C
el

ls
, 

M
eh

m
et

 
O

g
u

z 
G

u
le

r 
(S

ak
ar

y
a 

U
n

iv
er

si
ty

):
L

i-
io

n
 B

at
te

ri
es

 S
ai

m
 Ö

zk
ar

(M
E

T
U

) 
: 

C
at

al
y

si
s-

A
 B

ri
ef

 O
v

er
v

ie
w

, 
M

u
st

af
a 

U
rg

en
( 

Is
ta

n
b
u

l 
T

ec
h
n

ic
al

 U
n

iv
er

si
ty

) 
: 

S
u

p
er

ca
p

ac
it

o
rs

 



COMMITTEES 

Steering Committee 

Tayfur Öztürk(chair), Middle East Technical University, Ankara 
Hatem Akbulut, Sakarya University, Sakarya 
Branimir Banov, Inst of Electrochemistry & Energy Systems, IEES-BAS, Sofia 
Rezan Demir-Cakan , Gebze Technical University, Kocaeli 
Jasmina Grbovic-Novakovic, Vinca Institute of Nuclear Sciences, Belgrade 
Dragana Jugovic, Inst Tech Sci SASA, Belgrade 
Saban Patat, Erciyes University, Kayseri 
Eteri Qachibaia, Tbilisi State University, Tbilisi 
Servet Turan, Eskisehir Technical University 
Mustafa Urgen, Istanbul Technical University, Istanbul 
Ayse Bayarakceken Yurtcan, Ataturk University, Erzurum 

Summer School Committee 

Aligül Büyükaksoy, Gebze Technical University, Kocaeli 
Y Eren Kalay, Middle East Technical University, Ankara 
Damla Eroğlu Pala, Bogazici University, Istanbul 
Meltem Sezen, Sabancı University, Istanbul 
Burak Ülgüt, Bilkent Üniversitesi, Ankara 
H. Emrah Ünalan, Middle East Technical University, Ankara

Local Organizing Committee 

Gulhan Cakmak, Mugla Sıtkı Kocman University 
Berke Piskin, Mugla Sıtkı Kocman University 
Fatih Piskin, Mugla Sıtkı Kocman University 

Scientific Committee 

Mustafa Anık, Osmangazi University, Eskisehir 
José Ramón Ares, Universidad Autónoma de Madrid, Madrid 
Francois Beguin, Poznan University of Technology, Poznan 
Fermin Cuevas, ICMPE/CNRS, Paris 
C. Ozgur Colpan, Dokuz Eylul University,İzmir
Hiroshi Inoue, Osaka Prefecture University, Osaka
Sergey Mitrokhin Moscow State University, Moscow
Amelia Montone, ENEA, Rome
Dag Noreus, Stockholm University, Stockholm
Saim Ozkar, Middle East Technical University, Ankara
Tsiakaras Panagiotis, University of Thessaly, Volos
Luca Pasquini,University of Bologna,Bologna
Volodymyr Yartys,IFE, Kjeller
Rachid Yazami, Nanyang Technological University, Singapore
Suha Yazıcı TUBITAK Marmara Research Center, Turkey

Advisory Board 

Ali Ata, Gebze Technical University, Kocaeli 
Ibrahim Dincer, University of Ontario Institute of Technology, Oshawa 
İnci Eroglu, Middle East Technical Univerity, Ankara 
Rasit Turan, Middle East Technical University, Ankara 
Davut Uzun, Energy Institute, TUBİTAK Marmara Research Center , Kocaeli 

Honorary Members 

T. Nejat Veziroglu, International Association of Hydrogen Energy, Miami

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla



TABLE OF CONTENTS 

CHARACTERIZATION TECHNIQUES 

Operando XPS for a direct monitoring of the chemical and electronic properties of the electrolyte-

electrode interfaces in all-solid-state batteries, Mario El Kazzi          1 

Impedance and Noise Analyses of Non-rechargeable and Rechargeable Batteries, Burak Ülgüt                 2 

Linear and Nonlinear Electrochemical Impedance Spectroscopy Studies of Li\SOCl2 Primary Batteries, 

Mohammed Ahmed Zabara, Can Bark Uzundal and Burak Ülgüt                                                                               3 

Electrochemical Noise Measurements and Their Chemical Origins in Primary Li Batteries, Gözde 

Karaoğlu, Can Berk Uzundal and Burak Ülgüt                                                                                                            4 

Investigation of Defect Structures by Electron Paramagnetic Resonance (EPR) Spectroscopy in 

Electrode Materials for Hybrid Supercapacitors, Sumaiyah Najib and Emre Erdem                                          5 

BATTERIES 

Organic-based aqueous flow batteries for massive electrical energy storage, Michael J. Aziz 6 

Synthesis of Electroactive Materials for Suspension based Flow Assisted Batteries, Bayram Yıldız, 

Yasemin Aşkar and Simge Çınar                                                                                                                   7 

A new concept in flow assisted energy storage: suspension electrode approach, Bayram Yıldız, Yasemin 

Aşkar and Simge Çınar                                                                                                                                                    8 

Fabrication of Conductive Electroactive Materials for Next-Generation Suspension Flow Batteries, 

Yasemin Aşkar, Bayram Yıldız and Simge Çınar   9 

Aqueous Electrolyte Rechargeable Metal-ion Batteries, Rezan Demir-Cakan     10 

Fe doped MnO2 Positive Electrode for Rechargeable Zn-MnO2 Batteries, Yiğit Akbaş, Necdet Özgür 

Darıcıoğlu and Tayfur Öztürk                                                                                                                                  11 

Improving Electrochemical Performance of Aqueous Electrolyte Zn-Cryptomelane MnO2 with 

Alginate Film Coated Paper Separator, Selin Sarıyer and Rezan Demir-Çakan         12 

A Novel Air-Stable O3-Type Layered Oxide Cathode for Sodium-Ion Batteries, Şaban Patat          15 

Electrochemical properties of novel O3-NaMn5/12Fe2/12Ni5/12 as a cathode material for sodium-ion 

batteries, Ayşe Şahin, Nur Şaşmaz, Yusuf Taş, Şaban Patat and Tayfur Öztürk                                                 16 

Mechanochemical Synthesis of SnS Anodes for Sodium Ion Batteries, Mehbare Dogrusoz and Rezan 

Demir-Cakan                                                                                                                                                                              17 

SnO2/N-doped Carbon Anode Material for SIBs, Meral Aydın, Emrah Demir, Burcu Ünal and Rezan 

Demir Çakan                                                                                                                                                19 

Biomass derived hard carbons and their tin oxide composites as anode materials for sodium ion 

batteries, Emrah Demir, Meral Aydin and Rezan Demir-Cakan                                                                                 20 

Synthesis of Carbon Encapsulated Tin as Anode for Na-Ion Batteries, Aylin Elçi, Emren Nalbant 

Esentürk and Tayfur Öztürk                                                                                                                                                          21        

CeO2 based catalyst nanostructures for high capacity Li-air battery electrodes, Adnan Tasdemir, Sezer 

Seçkin, Emre Biçer, Alp Yürüm and Selmiye Alkan Gürsel                                                                                         24 

Poly(vinylidene fluoride-co-hexafluoropropylene) based polymer gel electrolytes for all solid state 

lithium air batteries, Tugrul Cetinkaya                                                                                                          25 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page i



Enhance oxygen electrocatalysis activity and stability by optimizing electronic metal-support 

interaction between binary metal carbide and nitrogen doped carbon, Chao Lin and Jung-Ho Lee   26 

Modeling Discharge Behavior of the Lithium-Sulfur Battery, Damla Eroğlu   27 

Hydrothermally Synthesized Metal Oxide Containing Carbonaceous Material and Its Utilization as 

Interlayer in Lithium-Sulfur Batteries, Tutku Mutlu, Elif Ceylan Cengiz and Rezan Demir-Cakan         28 

Electrochemical Characterization and Modeling of the Effect of Electrolyte-to-Sulfur Ratio on the Cell 

Resistance in Li-S Batteries, Aysegul Karakus and Damla Eroglu                                                                            31 

Developing Strategies for Solid Electrolytes Towards All Solid State Batteries, Servet Turan and Kamil 

Burak Dermenci                                                                                                                                                                                  32 

Electrochemical evaluation of Li1.3Al0.3Ti1.7(PO4)3 (LATP) electrolytes for solid state battery 

applications, Mehmet Oguz Guler, Ozgur Cevher, Aslihan Guler, Deniz Nalci, Hatice Gungor, Mustafa 

Mahmut Singil, Engin Alkan, Lütfullah Özdoğan and Hatem Akbulut                                                                   33 

A Multielement Doping Effect on Li7La3Zr2O12 Solid Electrolytes by Using Waste Material, Kamil 

Burak Dermenci, Ahmet Furkan Buluç and Servet Turan                                                                                            34 

Dynamic analysis of lithium and hydrogen migrations at Au/LiCoO2, LiCoO2/LATP, LATP/Pt 

interfaces in all-solid-state batteries with charging by elastic recoil detection technique, Bun Tsuchiya, 

Taiki Usami, Shunya Yamamoto and Katsumi Takahiro                                                                                                35 

Topological analysis and large-scale computational screening for solid Li-ion superconductor 

candidates, Mert Övün and M. Kadri Aydınol                                                                                                                      36 

Graphene and MWCNT based freestanding thin film NCA cathode electrodes, Hatice Gungor, Deniz 

Kuruahmet, Esma Mert, Ecem Berberİ, Mustafa Mahmut Singil, Engin Alkan, Lutfullah Ozdogan, 

Mehmet Oğuz Güler, Hatem Akbulut and Aslihan Guler                                                                              37 

Novel Zirconium based Active Material Synthesis and Performance as a Li-ion Battery Electrode, 

Cansu Savaş Uygur and M. Kadri Aydinol                                                                                                  38 

Thermal behaviors of lithium and hydrogen in LiCoO2 positive electrode and LATP electrolyte at 

charging process, Bun Tsuchiya, Ryo Kato, Shunya Yamamoto and Katsumi Takahiro                                39 

Effect of Ni-Mn-Co Ratio on Structural and Electrochemical Properties of NMC Cathode Materials, 

Berke Piskin, Cansu Savas Uygur and M. Kadri Aydınol                                                                                40 

Structural and Electrochemical Performance of Mo-Doped Li(Ni0.8-xCo0.15Al0.05)O2 Cathodes for Li-Ion 

Batteries, Cansu Savaş Uygur, Berke Piskin and M. Kadri Aydinol                                                           41 

Synthesis of cathode composite powders from methylcellulose matrix: Li2FeSiO4/C, Li2FeP2O7/C and 

LiFePO4/C, Miloš Milović, Dragana Jugović, Miodrag Mitrić, Maja Kuzmanović, Milica Vujković and 

Dragan Uskoković                                                                                                                                    42 

Ni-Rich LiNixMnyCozO2 (x>0.6) Cathode Matevelopment for Li-Ion Battery via Sol-Gel, Method 

Mustafa Alp Yildirim and M. Kadri Aydinol                                                                                                      43 

Synthesis and characterization of NMF cathode active materials for Li-ion batteries, Berke Pişkin, 

Gulhan Cakmak, Nilay Harmanci and Silan Demir                44 

Hydrides as conversion-type anodes for Li-ion batteries, Fermin Cuevas             45 

Porous Si, Si/C and SiC thin films as the anodes for lithium ion microbatteries, Aliya Mukanova, Assel 

Serikkazyeva, Arailym Nurpeissova, Sung-Soo Kim, Maksym Myronov and Zhumabay Bakenov        46 

Nano-magnetite decorated graphene oxide aerogels for high-capacity and stability Li-ion battery 

anodes, Buse Bulut Köpüklü, Adnan Taşdemir, Alp Duman, Selmiye Alkan Gürsel and Alp Yürüm    47 

Green synthesis of silicon nanoparticles for high energy Li-ion battery applications, Engin Alkan, 

Mustafa Mahmut Singil, Aslihan Guler, Mehmet Oguz Guler and Hatem Akbulut                                          48 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page ii



Optimization of Graphene Synthesis by Electrochemical Exfoliation of Graphite, Vahit Kurt and M. 

Kadri Aydınol                                                                                                                                                                  49 

Continuous  synthesis  of  graphite  with  tunable  interlayer distance, Gülhan Çakmak and Tayfur 

Ozturk                                                                                                                                                                                                      50    

Synthesis of graphene aerogel by reducing graphene oxide suspension for energy storage systems, 

Sıdıka Yıldırım, Deniz Kuruahmet, Hatice Güngör, Aslıhan Güler, Mehmet Oğuz Güler and Hatem 

Akbulut                                                                                                                                                       51 

MOF Derived NiO Nanoparticles as High Performance Anode Materials for Lithium Ion Batteries, 

Sezer Seçkin, Adnan Taşdemir, Emre Biçer, Selmiye Alkan Gürsel and Alp Yurum                                       52 

Facile Synthesis of Nanorod CuO/ Graphene/ MWCNT Nanocomposites for Li-Ion Batteries, Deniz 

Kuruahmet, Cansu Köse, Aslıhan Güler, Hatice Güngör, Mustafa Mahmut Singil, Engin Alkan, 

Lütfullah Özdoğan, Mehmet Oğuz Güler and Hatem Akbulut                                                                                     53 

Effect of structural and chemical properties of carbonaceous anode materials on electrochemical 

performance for lithium-ion batteries, Yağmur Güner, Kamil Burak Dermenci and Servet Turan            54 

Synthesis and Characterization of Composite Active Cathode Materials for Lithium-Ion Batteries, 

Erdem Erkin Erdoğan and M. Kadri Aydınol                                                                                                                       55 

Raman studies of lithiated Si thin films with various doping types, Assel Serikkazyyeva, Aliya 

Mukanova, Arailym Nurpeissova and Zhumabay Bakenov                                                                                          56 

Correlation between formation duration and electrochemically active PbO2 particle size, Hatice 

Gokdemir, Mehmet Ali Gulgun, Cem Hakan Yılmaz, Cem Açıksarı and Muhsin Mazman                         57 

SUPERCAPACITORS 

Recent Developments in Supercapacitor Material Research, Mustafa Ürgen        58 

Flexible Supercapacitor Electrodes with Silver Nanowire Networks, Emrah Ünalan   59 

Synthesis and characterization of cobalt oxide (Co3O4)-functionalized reduced graphene oxide 

nanostructure via click reaction on copper foam as a supercapacitor electrode material, Bahadir Keskin, 

Utkan Şahintürk                                                                                                                                                                                  60 

Green approach for highly efficient synthesis of N/S-doped porous bio-carbon and its supercapacitor 

electrode performance, Muslum Demir and Osman Cem Altıncı                                                                               61 

Self-standing Ni nanowire-based electrodes produced by template-assisted electrodeposition for super-

capacitors applications, Nourhan Mohamed and Mustafa Urgen                                                                               62 

Supercapacitive properties of Cobalt Metal Organic Framework Decorated Nickel Sulfate Nanowires 

Directly Grown on Nickel Foam, Farzaneh Hekmat and Husnu Emrah Unalan                                                  63 

Nanocomposite supercapacitor electrodes based on carbon nanoflakes produced by induction coupled 

plasma and manganese dioxide, Alptekin Aydinli, Gülhan Çakmak, Tayfur Öztürk and Hüsnü Emrah 

Ünalan                                                                                                                                                                                                      64 

Liquid Phase Exfoliated Graphene as a Sacrificial Template for the Synthesis of MnO2 Nanoparticles 

with Superior Capacitance, Neriman Sinan and Ece Unur                                                                                             71 

Development and Characterization of Activated Carbon / Transition Metal Phosphide Composites for 

Electrochemical Capacitors, Kadir Özgün Köse and M. Kadri Aydınol                                                                 72 

Yolk-shell Fe3O4@Carbon Nanostructures as Supercapacitor Electrode Materials, Neriman Sinan and 

Ece Unur                                                                                                                                                               73 

Contribution of polyaniline coating to the stability and performance of nickel hydroxide based 

supercapacitor electrodes, Berke Karaman, Nourhan Mohamad, Burçak Avcı and Mustafa Ürgen         74 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page iii



Asymmetric high-capacitive pseudosupercapacitors: Synergetic effect of ZnO nanocrystals and 

graphene foam, Maryam Toufani and Emre Erdem                                                                                                           75 

Wearable Supercapacitors Based on Hierarchical Nickel Tungsten Trioxide@Nickel Oxide Farzaneh 

Hekmat, Husnu Emrah Unalan and Yusuf Tutel                                                                                                                 76 

HYDRIDES FOR ENERGY STORAGE AND CONVERSION 

Magnetically separable metal(0) Nanocatalysts for hydrogen generation from the hydrolysis of 

ammonia borane, Serdar Akbayrak, Gülhan Çakmak, Tayfur Öztürk, Saim Özkar                                           77 

Nature of bonding in amidoborane molecular chains and solids, Nikola Novakovic, Bojana Paskas 

Mamula and Igor Milanovic                                                                                                                              78 

Characteristics of hydrothermal oxidation of solid aluminum for hydrogen producing, Renat Hakimov, 

Eugene Shkolnikov, Mihail Vlaskin, Andrei Zhuk, Alexander Dolzhenko, Andrei Gavrilyuk and Ilya 

Gaganov                                                                                                                                                                                                  79 

Development of Perovskite-Oxide based Composites for Hydrogen Production, Ömer Özcan and Fatih 

Pişkin                                                                                                                                                                      80 

Influence of carbon ion irradiation on structural properties of MoS2, Jelena Rmuš, Željko Mravik, Ana 

Mraković,  Tijana Pantić,  Sanja Milošević Govedarović, Jasmina Grbović Novaković and Sandra 

Kurko                                                                                                                                                                                                       81 

Investigation of catalytic properties of MoS2-GO nanostructures for hydrogenation reactions of various 

functional organic groups, Alper Yildirim, Oğuz Bayindir and Bahadır Keskin                                                 82 

MoS2-GO nanostructures as efficient cocatalyst of Zinc Phthalocyanine for water splitting, Hiba 

Messaoudi, Bahadir Keskin and Atıf Koca                                                                                                                            83 

Metal hydride - polymer composites: a novel approach to membrane hydrogen separation, Semen 

Klyamkin, Ivan Savvotin, Peter Konik, Elena Berdonosova, Vladislav Zadorozhnyy and Mikhail 

Zadorozhnyy                                                                                                                                                              84 

Combinatorial Development of Hydrogen Separation Membranes in Ternary Alloy System, Fatih 

Pişkin, Mehmet Mert Köse and Tayfur Öztürk                                                                                                                    85 

Development of Hydrogen Purification Membrane Based on Pd-Mn-Ag Ternary System, Mehmet Mert 

Köse, Hilal Aybike Can, Fatih Pişkin and Tayfur Öztürk                                                                                               86 

Adding oxygen and hydrogen gas to NiMH batteries extend cycle life and can be used for basic studies 

of reaction kinetics and hydrogen diffusion, Dag Noréus, Yang Shen and Stina Starborg                             89 

Carbon/Metal Hydride and Carbon/Hydroxide composites for Ni-MH power sources, Aleksei Volodin, 

Artem  Sleptsov,  Artem Arbuzov,  Pavel Fursikov,  Alexey Kazakov,  Dmitry Blinov  and Boris 

Tarasov                                                                                                                                                                                                    90 

Development of Cost Effective Electrodes for NiMH Batteries, Necdet Özgür Darıcıoğlu, Yiğit Akbaş 

and Tayfur Öztürk                                                                                                                                                                              91 

Low-Co AB5 intermetallic compounds for electrochemical applications, Alexey Kazakov, Dmitry 

Blinov and Alexey Volodin                                                                                                                                                           92 

Influence of electrostatic field on the interaction of AB5-type alloy LaNi4.4Al0.3Fe0.3 with hydrogen, 

Ivan Romanov, Vasily Borzenko, Alexey Eronin and Alexey Kazakov                                                                 93 

Hydrogen Storage Properties of Oxygen modified AB2 type Metal Hydride Alloy, Moegamat Wafeeq 

Davids, Tayla Chire Martin, Mykhaylo Lototskyy, Roman Denys and Volodymyr Yartys                          94 

Effect of Pyrophyllite and VO2(B) on hydrogen sorption properties of Mg17Al12, Sandra Kurko, Jelena 

Rmuš, Tijana Pantić, Ana Mraković, Andjela Mitrović, Jasmina Grbović Novaković and Sanja 

Milošević Govedarović                                                                                                                                 95 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page iv



Hydrogen in Mg-V thin films: TOF-ERDA characterization, Tijana Pantic, Bojana Paskas Mamula, 

Sanja Milošević Govedarović, Sandra Kurko, Jasmina Grbović Novaković and Nikola Novaković       96 

Effect of surface plasma activation on the Mg2Ni powder hydrogenation mechanism, Matas Damonskis, 

Marius Urbonavicius, Sarunas Varnagiris and Darius Milcius                                                                    97 

Microstructural features and hydrogen sorption behaviour of Mg-Ni eutectic alloy composites with 

graphene, Pavel Fursikov, Adilya Fattakhova, Artem Arbuzov, Alexey Volodin, Valentin Fokin and 

Boris Tarasov                                                                                                                                                  98 

FUEL CELLS AND ELECTROLYSERS 

Fabrication of Protonic Ceramic Fuel Cells, Duncan Fagg   99 

Proton conductivity in BCY10 in nominally dry reducing conditions, Francisco Loureiro, Domingo, 

Pérez-Coll, Vanessa Graça, Sergey Mikhalev, Alejandro Ribeiro, Adélio Mendes and Duncan Fagg 100 

Influence of Processing Conditions on the Electrochemical Performance of Ni-YSZ Thin Film Anodes 

Prepared by Polymeric Precursor Deposition, Buse Bilbey, Meltem Sezen, Cleva Ow-Yang and Aligül 

Büyükaksoy                                                                                                                                                                                        101 

The Effect of Three Phase Boundaries (TPBs) Formed by GDC Interlayer on the Performance of Anode 

Supported  Solid  Oxide  Fuel Cell,  Bora  Timurkutluk,  Semiha  Dokuyucu and  Sezer  Önbilgin       102 

Three Dimensional Stress Analysis of Anode Supported SOFC Synthetic Micro Structure, Selahattin 

Çelik Tolga Altan and Serkan Toros                                                                                                                                       103 

Fabrication of dense yttria stabilized zirconia coatings and their evaluation as a solid oxide fuel cell 

electrolyte, Batuhan Bal and Aligül Büyükaksoy                                                                                                            104 

Effect of crystal orientation on the chemical stability of La0.6Sr0.4CoO3, Fatih Pişkin, Dongha Kim, 

Roland Bliem and Bilge Yildiz                                                                                                                                                 105 

Development of LaSrCoO3 Thin Film Cathodes For Solid Oxid Fuel Cells, Sevim Erdol, Meltem Sezen, 

Cleva Ow-Yang and Aligül Buyukaksoy                                                                                                              107 

Development of Multi Phase Cathodes for IT-SOFCs via Thermal Plasma, Havva Eda Aysal, Dogancan 

Sari, Fatih Pişkin and Tayfur Ozturk                                                                                                                                      108 

Fabrication, Phase Evolution, Microstructure and Electrochemical Performance of La0.8Sr0.2FeO3 – 

Ce0.8Sm0.2O2 Thin Film Air Electrodes for Solid Oxide Fuel Cells, Levent Goral, Meltem Sezen, 

Cleva Ow-Yang and Aligül Büyükaksoy                                                                                                                             109 

Synthesis of Anode (NiO-ScSZ)-Electrolyte(ScSZ) Double Layer via Tape Casting for IT-SOFC, 

Fahrettin Kılıç, Havva Eda Aysal and Tayfur Öztürk                                                                                                    110 

CO tolerant Pt electrocatalysts for PEM fuel cells with enhanced stability against electrocorrosion, 

Andras Tompos                                                                                                                                                                                114 

CO Tolerant Pt/Ti0.8Mo0.2O2-C Electrocatalyst for Reformate-fed PEM Fuel Cell, Mehmet Suha Yazici, 

Sumeyye Dursun, Irina Borbath and András Tompos                                                                                                    115 

Ni@Pt/C Two Layer PEM Fuel Cell Electrocatalyst Preparation via Magnetron Sputtering Method, 

Sonnur Kurtuluş and Ayşe Bayrakçeken Yurtcan                                                                                                            116 

The effect of flow field design on large scale PEM fuel cells, Elena Carcadea, Mihai Varlam, Laurentiu 

Patularu, Dorin Schitea, Derek Ingham and Mohammed S. Ismail                                                                         121 

Synthesis of Platinum Nanocrystals in Cubic Shapes Supported on N-Doped Carbon as PEM Fuel Cell 

Catalyst, Ayşenur Öztürk and Ayşe Bayrakçeken Yurtcan                                                                                         122 

Development of Novel Hybrid Electrospun Membranes for PEM Fuel Cells, Naeimeh Rajabalizadeh, 

Adnan Taşdemir, Alp Yürüm, Selmiye Alkan Gürsel and Begüm Yarar Kaplan                                             126 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page v



Nitrogen-doped Carbon Derived from ZIF-8 as Platinum Catalyst Support for PEM Fuel Cells, 

Mohamed Ali Mohamud and Ayşe Bayrakçeken Yurtcan   127 

Cobalt Macrocycles as Pt-free PEM Catalyst, Mehmet Suha Yazici and Sumeyye Dursun      131 

Synthesis of Platinum Nanocrystals in Different Shapes Assisted by Various Reductant Concentration 

and Utilization as PEM Fuel Cell Catalyst, Ayşenur Öztürk and Ayşe Bayrakçeken Yurtcan                   132 

Functionalized graphene as efficient electrocatalyst support material for oxygen reduction reaction in 

PEM fuel cells, Esaam Jamil, Veera Sadhu and Selmiye Alkan Gürsel                                                                135 

SYSTEMS AND APPLICATIONS 

Graphene-based technologies for energy applications, challenges and perspectives, Selmiye Alkan 

Gürsel, Begüm Yarar Kaplan, Alp Yürüm, Adnan Taşdemir, Navid Haghmoradi, Shayan Mahraeen, 

Sajjad Ghobadi, Esaam Jamil, Sina Abdolhosseinzadeh, Emre Burak Boz, Emre Biçer, Elif Daş, Ayşe 

Bayrakçeken Yurtcan, Melike Sevim, Önder Metin                                                                                                       136 

Fuel cell power module for electric forklift with integrated metal hydride hydrogen storage system, 

Mykhaylo Lototskyy, Ivan Tolj, Adrian Parsons, Yevgeniy Klochko, Irshad Khan, Edson Naylor, 

Maurice Shenker, Ali Brey, Sivakumar Pasupathi and Vladimir Linkov                                                             137 

Metal hydride hydrogen storage systems for power-to-hydrogen technologies, Boris Tarasov, Pavel 

Fursikov, Alexey Volodin, Artem Arbuzov, Volodymyr Yartys and Mykhaylo Lototskyy                       138 

On-board metal hydride thermal energy storage for ICE start preheating, Vasilii Borzenko and Alexey 

Kazakov                                                                                                                                                                                               139 

Performance simulation of combined two-tank latent and thermochemical heat storage systems for high 

temperature waste heat recovery, Serge Nyallang Nyamsi and Mykhaylo Lototskyy                                   140 

Latest  Trends  and  Challenges  in  the  Development  of  Commercial  PEM Fuel Cells, Hüseyin 

Devrim                                                                                                                                                                                                  141 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page vi



Characterization Techniques 



  Operando XPS for a direct monitoring of the chemical and electronic 
properties of the electrolyte-electrode interfaces in all-solid-state batteries 

Mario El Kazzi 

Paul Scherrer Inst, Electrochem Lab, CH-5232 Villigen, Switzerland. 

Understanding the electrode-electrolyte interface evolution 

during cycling as well as the surface structural change of the 

active materials is crucial to improve the safety and the life-

cycle of Li-ion batteries. Despite the large effort directed at 

elucidating the nature and origin of the surface reactivity of 

the electrodes in contact with the electrolytes, there is still no 

complete knowledge of the various mechanisms that take 

place at such interfaces. The lack of agreement in the 

reported findings is caused mainly by the surface complexity 

of the commercial electrodes and by the intrinsic limitations 

of the commonly used surface characterization techniques, 

e.g. X-ray photoelectron spectroscopy (XPS). During the

lecture, the advantages and limitations of the post-mortem

XPS measurements will be presented when electrolyte-

electrode interface is investigated in Li-ion batteries.

Furthermore, the recent development on X-Ray Photoelectron

Emission Spectroscopy (XPEEM) a synchrotron based

technique will be highlighted, as a surface analytical

technique capable to overcome the XPS limitations. Finally,

the recent progress on operando XPS for all solid-state

batteries will be introduced and discussed.

Dr. Mario El Kazzi is currently a group leader of “Battery Materials and Diagnostics” in the 

Electrochemistry Laboratory, at Paul Scherrer Institut (PSI), Switzerland. He obtained his B.Sc. at 

University Joseph Fourier – Grenoble – France and his Ph.D from Ecole centrale de Lyon – Institute of 

Nanotechnologies of Lyon (INL) in 2007.  He has had a number of post-doctoral positions, namely, SOLEIL 

synchrotron at TEMPO beamline (2008-2010) and IBM Zurich Research Laboratory (2010-2013) before 

joining PSI. Dr. Mario El Kazzi’s research cover areas such as thin films for applications in semiconductor 

nanotechnologies and surface and interface of battery materials, with main interest that can broadly be 

described as surface science. He has expertise in Molecular Beam Epitaxy (MBE), X-ray Photoemission 

Spectroscopy (XPS), X-ray Photoemission Diffraction (XPD) and synchrotron facilities.  

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion Akyaka, Mugla Page 1



 Impedance and Noise Analyses of Rechargeable and Non-rechargeable 
Batteries  

  Burak Ülgüt  
Chemistry Department, Bilkent University, Ankara, Turkey 

Batteries (both rechargeable and non-rechargeable) are an 
integral part of modern daily life. The variety of consumer 
electronics getting unplugged, electrified transportation 
means, miniaturized electronics and military equipment both 
handheld and deployed in far to reach areas drive the need for 
not only better batteries but also ways to better analyze and 
model.  

Current and Voltage Distributions Across Arms of 
Stacks 

Zero-free-parameter modeling of Li/SOCl2 Batteries 

The first part of the talk will start with an introduction to 
impedance spectroscopy as applied to Electrochemical 
Energy systems. I will go on to present an impedance-based 
performance modeling that predicts the performance of 
arbitrary batteries under arbitrary load with errors less than 
1% [JECS 2017 164(6), A1274-A1280]. This approach 
employs the measured impedance in the frequency domain 
without any adjustable parameters or fitting. The published 
work was limited to single cells of rechargeable cells. This 
talk will include our current efforts in extending this 

modeling approach to not only non-rechargeable batteries, 
but also to symmetric or asymmetric stacks of 
electrochemical energy storage devices.  

Impedance Spectrum of a LiSOCl2 Battery 

Voltage Noise of Li/MnO2 Batteries at various stages 

In the second part of the talk, I will be introducing 
Electrochemical Noise a non-invasive analysis method 
that is applied to primary batteries. This discussion will 
start with an introduction to electrochemical noise 
techniques and the perspective on why the technique 
did not became mainstream in corrosion where it was 
first introduced. I will further present the recently 
found applications of noise measurements to catch 
failure modes in Fuel Cells and move on to our work 
involving voltage noise of primary batteries. We have 
developed a new method of minimizing instrument 
noise and employed our method to measure the effects 
of short circuits on Li/MnO2 primary batteries [JECS 
2018 165(11) A2557-A2562] 

Dr.Burak Ülgüt got his PhD in Electrochemistry from Cornell University in 2007. He  was a postdoc at the 
Optoelectronics group in the same university for a year. He  then spent 6 years in Gamry Instruments 
developing various instrumental tools about Electrochemical Impedance Spectroscopy and 
Spectroelectrochemistry. In 2014 he returned to Turkey to spend a year at Inci Aku as an R&D executive. In 
the fall of 2015 he joined the Chemistry department of Bilkent University where he is leading a research 
group working on developing new electrochemical measurement and modeling methodologies mostly geared 
towards a better understanding of energy storage and conversion systems. 
Presenting Author Burak Ülgüt,   e-mail: ulgut@fen.bilkent.edu.tr   
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Linear and Nonlinear Electrochemical Impedance Spectroscopy Studies of 
Li\SOCl2 Primary Batteries 

Mohammed Ahmed Zabara, Can Berk Uzundal, Burak Ulgut 
Department of Chemistry, Bilkent University, Ankara, Turkey 

Primary (i.e. non-rechargeable) batteries are the main 
electrochemical energy storage devices for diverse important 
applications such as military, aerospace and specialty 
emergency services. Lithium Thionyl Chloride (Li\SOCl2) 
batteries are the most commonly used due to their high 
energy density, high operating cell voltage, voltage stability 
over 95% of the discharge, large operating temperature range 
(-55 to 70 ᵒC) and long storage life [1]. For primary batteries, 
linear and stable Electrochemical Impedance Spectroscopy 
(EIS) is challenging due to the lack of a well-defined 
charging reaction. The difficulty for Li\SOCl2 specifically 
rises the inconsistent anode passivation of the cell in addition 
to the irreversible operation chemistry.  

Figure 1 The G-EIS with discharge plus harmonic analysis 
measurement protocol 

The very scarce literature examples lack proper measurement 
protocol and accurate EIS data [2]. In this work [3], we 
demonstrate how accurate, linear and stable EIS data can be 
obtained by performing Galvanostatic-EIS in discharge 
mode. We will present the details of how experimental 
parameters influence not only the measurement, but also the 
cell itself. We will present linear and stable data that is 
compatible with the Kramers-Kronig relations in frequency 
ranges as wide as 10 kHz to 1 mHz for fully charged to fully 
discharged cells. Moreover, we will present the nonlinear 
responses obtained from the EIS measurement utilizing 
Harmonic Analysis which shows that the passivation 
phenomena in the anode is a major cause for the 
nonlinearities. 

Figure 2 Nyquist plots of Li\SOCl2 at different DC offsets 

We will also demonistrate how the voltage of the cell can be 
modeled using the obtained EIS. The modeling approach is 
based on the Zero-free parameter approach utilized for 
rechargable battteires [4]. The results show the applicabilty of 
the voltage modeling appraoch for predecting the voltage 
response of the cells under arbitrary discharge regime with 
high accuracy compared to the exporemental values. 
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Electrochemical Noise Measurements and Their Chemical Origins in Primary Li 
Batteries 

Gozde Karaoglu, Can Berk Uzundal, Burak Ulgut 
Department of Chemistry, Bilkent University, Ankara, Turkey 

Electrochemical noise measurements are well known in the 
corrosion literature where the noise that is to be measured is 
appreciable in amplitude. From the measured noise of 
corroding systems it is possible to identify the mode of 
corrosion and distinguish between localized corrosion types 
from the uniform ones. In our recent studies we started to 
investigate the electrochemical noise of new generation Li 
batteries to ultimately use electrochemical noise as a non-
invasive tool to diagnose the battery health [1]. Compared to 
corrosion measurements, the electrochemical noise 
measurements on Li batteries are particularly challenging due 
to the large surface area electrodes employed in the 
construction of these cells and because of the high DC offset 
of the battery itself. 

Figure 1 The newly employed offset correction scheme that 
utilizes the connection of two identical electrochemical cells 
of interest in an anti-serial fashion (same sign poles facing 

each other). 
Recently we have overcome the issues with measurement of 
electrochemical noise by employing a new offset correction 

scheme that removes the otherwise overpowering 
instrumental artifacts that come with resolving small voltage  
amplitudes over a large DC offset [1,2]. Using this method, 
we demonstrated the possibility of using electrochemical 
noise as an indicator of whether a battery is shorted or not. 
This is particularly attractive for primary chemistries since 
any conventional methods of health determination such as 
EIS and slow discharge deplete the cell in question during the 
process.  In this presentation, we will first explain the details 
regarding electrochemical noise measurements and continue 
on to demonstrate chemical origins of the observed 
electrochemical noise using ex-situ chemical analysis done 
on components of primary Li coin cells.  

Figure 2 The measured electrochemical noise of CR2032 Li 
primary batteries employing the developed method and the 

disassembled coin cells. 
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Investigation of Defect Structures by Electron Paramagnetic Resonance 
(EPR) Spectroscopy in Electrode Materials for Hybrid Supercapacitors 

Sumaiyah Najib1, Emre Erdem1,2 

1Faculty of Engineering and Natural Sciences, Sabanci University, TR-34956, Istanbul, Turkey 
2Sabanci University SUNUM Nanotechnology Research Centre TR-34956 Istanbul, Turkey 

Thanks to tremendous progress in supercapacitor research 
and technology, recently due to their increased energy storage 
density values supercapacitors becomes one-step closer being 
alternative to the traditional Li-ion batteries. Indeed, one can 
easily reach such a dream where the energy harvesting 
system can store both high energy and give high output 
power by simply combining the multifunctional materials 
with smart designs.  spectroscopy is one of the powerful tool 
to determine the defect structures in solid state systems. 
Defect structures are crucially important for the 
determination of electrochemical performance of both 
electrodes in supercapacitors. Also solid electrolytes may 
contain defect structures. Since metal oxides in particular the 
ones havin semiconductor properties such as ZnO, In2O3 and 
the carbonaceus materials such as graphene, reduced 
graphene or their functionilzed modifications have plenty of 
intrinsic defects which make them paramagnetically active. 
Therefore one can employ EPR spectrometer and understand 
their role in electrochemical performance individually.  

Figure 1. Schematic illustration of the supercapacitor design 
where E1 and E2 are the electrodes and EL is the electrolyte 
and the dotted white line is the separator. 

In this work various supercapacitors will be designed in our 
work and each electrode materials will be characterized by 
standard techniques such as XRD, SEM, Raman and 
afterward we will test the electrodes by EPR in terms of their 
defect structures and by Potentiostat in terms of their 
electrochemical performance. After advanced 
characterisation of electrodes, the following basic design 
given in Figure 1 will be used  to prodece the 
supercapacitors. 

According to Figure 1, the supercapacitor design allows us to 
produce symmetric and asymmetric supercapacitors and test 
their differences. By this we can easily determine the best 
performed supercapacitors, namely high capacitance, high 
energy and power density. In case we obtain both high energy 
and high capacitance values then such systems indeed can be 
called as superbat while it shows battery-like supercapacitor 
behaviour. Our recent research have already revealed 
outstanding electrochemical performance of superbats by the 
aid of the electrode materials such as carbon dots (Cdots), 
graphene foam, graphene oxide, graphene oxide thin films, 
reduced graphene as one side and ZnO nanocrystals Fe3+ 
doped spinel Li4Ti5O12 and Fe3O4. 
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Organic-based aqueous flow batteries for massive electrical energy storage 

Michael J Aziz 
Harvard  School of Engineering and Applied Sciences 

Harvard University  
Cambridge MA 

The ability to store large amounts of electrical energy is of 
increasing importance with the growing fraction of electricity 
generation from intermittent renewable sources such as wind 
and solar. Flow batteries show promise because the designer 
can independently scale the power (electrode area) and 
energy (arbitrarily large storage volume) components of the 
system by maintaining all electro-active species in fluids. 
Wide-scale utilization of flow batteries is limited by the 
abundance and cost of these materials, particularly those 
utilizing redox-active metals such as vanadium or precious 
metal electrocatalysts. We have developed high performance 
flow batteries based on the aqueous redox behavior of small 
organic and organometallic molecules, e.g. [1-6]. These 
redox active materials can be very inexpensive and exhibit 
rapid redox kinetics and long lifetimes, although short 
lifetimes are more common [7]. This new approach could 
enable massive electrical energy storage at greatly reduced 
cost. 
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Synthesis of Electroactive Materials for Suspension based Flow Assisted 
Batteries 
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Inclusion of suspensions into flow assisted energy storage 
systems seems is a promising way to compensate near future 
growing energy demand. However, viscous structure of these 
suspensions is a barrier for their use at commercial scales [1]. 
Therefore, it is crucial to optimize the rheological behaviour 
of electroactive material suspensions in order to benefit from 
suspension approach in a full measure. It is well known that 
in addition to the chemistry, the morphology and the size of 
particles directly affect the rheological behavior of 
suspensions [2,3]. Till today, only electroactive materials 
with irregular shaped and with sizes above several microns 
have been employed in a suspension flow assisted battery 
design and that resulted in high viscosities, instabilities and 
energy dissipation [4]. To attain a stable suspension with 
good dispersion quality, thus low viscosity values, utilization 
of spherical like, submicron/nano-sized and chemically non-
fused particles are required [5]. Electroactive materials with 
such desired properties are either not commercially available 
or not cost-effective. In this study, we aim to synthesize Li-
based electroactive materials, particularly LiFePO4, which 
have particle size below micrometer scale and are spherical 
like in shape. To this end, solvothermal route is preferred and 
LiFePO4 particles were synthesized by tuning the reaction 
temperatures (120–200 °C), reaction durations (4–24 h), 
stochiometric ratios of precursors and solution pH. 
Additionally, post-treatment prodecures were also employed 
to reveal the reaction mechanisms and to prevent the post-
reaction agglomerations. As a result, LiFePO4 particles with 
desired properties were obtained. Synthesized particles were 
characterized in terms of their chemistry, crystal structure, 
size, size distribution and the state of agglomeration using the 
techniques of X-Ray diffractometry, scanning electron 
microscopy, energy dispersive X-Ray Spectroscopy and 
dynamic light scattering.  

Figure 1. SEM image of as-synthesized spherical like, non-
fused and colloidal sized LiFePO4 in this study. 
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Flow asisted batteries differ from other traditional 
electrochemical energy storage systems due to their design 
flexibility by independent power and energy units, thus offer 
scalable energy storage. A redox flow battery (RFB), the 
most widely known flow asissted battery system, employs 
dissolved redox couples in an electrolyte that stored 
externally, and is continuously circulated through the reaction 
cells via pumps. However, low electroactive material 
solubility of electrolytes limits its energy density within the 
range of 25-40 MWh/kg which remains incapable to supply 
the increasing global energy need [1-2]. Recently, utilization 
of suspensions have been demonstrated in flow assisted 
energy storage. Within this concept, electroactive materials 
are combined with conducting additives and suspended in a 
convenient electrolyte rather than dissolving them as in the 
case of RFBs. Obtained structure behaves as an autonomous 
electrode and storage is supplied through percolating 
networks [3]. Another importance of the suspension electrode 
design is the expanding material inventory that can be used, 
in contrast to the redox flow batteries in which vanadium 
based structures are mainly used [4]. Despite of increasing 
energy density of the system, the current bottleneck in these 
systems is reported as the poor rheological behavior of highly 
electroactive material loaded suspensions, because significant 
portion of the stored energy is consumed for circulation of 
suspensions. Conducting carbon additive which serves as a 
bridge between electroactive particles is the major contributor 
to high viscosity of suspensions [3,5]. It is obvious that 
rheological behavior of suspensions have to be controlled for 
feasible operations of suspension based flow assisted battery 
sytems. Besides, by decreasing the suspension viscosities, the 
maximum solids loading of suspensions can be increased, 
which, in turn, will increase the energy density of the system. 
Last, but not the least, the stability of the electroactive 
materials in suspensions is vital for flow-asisted battey 
systems as they may cause clogging and/or sedimentation, 
thus limits the life spans of batteries.  

In order to obtain highly loaded, homogeneously dispersed 
stable suspensions of electroactive materials with optimum 
viscosity, the size, shape and agglomeration state of particles 
are vital. Besides, the surface of the particles should design in 
such a way that the surface reactivity of the particles should 
be restored while ensuring the repulsive interpaticle 
interactions to prevent agglomerations during flow and to 
ensure long time stability. In this presentation, we will  

discuss the potential of suspension flow batteries and 
colloidal approach which can employed to enhance their 
efficiencies for commercial use. 

Figure 1. Comparison of the redox flow battery (RFB) and 
the suspension flow battery (SFB) systems.  
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The grid energy storage systems gain significant 
attention in order to compensate the intermittent nature of 
renewable energy resources. Among other alternatives, 
flow-assisted battery systems are good candidates mainly 
because of their competence in scaling cost and the 
flexibility in design with the independency of power and 
energy units [1]. In recent years, the solubility limitation 
of electroactive materials in redox flow batteries could be 
overcome using the suspension approach; however, for 
suspension flow batteries, operational costs due to the 
high pump power requirements and limited life spans are 
the current bottlenecks. From colloidal point of view, 
high viscosities of the electroactive material suspensions 
and their long term stability can be improved by 
controlling the inter-particle interactions in specifically 
designed systems. In order to obtain highly loaded, 
homogeneously dispersed, stable suspensions with 
optimum viscosities, non-agglomerated spherical 
particles within the colloidal size range (<1-3µm) are 
desired. However, the alternatives of electroactive 
particles with such properties are limited even if there is 
any.  

It is reported in the literature that electrochemical 
performance of particles, particularly of nanoscale 
particles, should be improved due to their low intrinsic 
electronic and ionic conductivities [2-3]. Facilitated 
diffusion of the ions during charging/discharging is 
insufficient, thus, their electronic conductivity has to be 
improved in order to obtain higher performance batteries. 
The current attempts to improve the electronic 
conductivity of particles commonly include the addition 
of carbon-based additive materials in electrolytes, yet 
such additives tend to increase the suspension viscosities 
significantly due to the percolation network they 
formed.[4] As illustrated in the Figure 1a, the conductive 
materials may act as a bridge and lead to agglomeration 
of particles. On the other hand, if particles are coated 
with carbon (figure 1b), the particles’ their own 
individuality can be preserved while increasing their 
conductivity. However, there is no example of such 
design for suspension flow batteries.  

In this presentation, we will discuss different scenarios 
for efficient design of suspension flow batteries while 
considering their colloidal behavior and durability. This 
presentation will include our efforts on the synthesis of 
non-agglomerated and conductive electroactive particles 
to be used in the suspension. Ex-situ and in-situ carbon 
coating methods will be discussed in terms of their 
concomitant effects on colloidal behavior and battery 
performance.   

Figure 1. Electron flow through a) carbon additives, 
b) carbon coated surface of the particles.
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There are only a few battery technologies commercially 
relevant. From those dominating the marketplace in terms of 
size and value (Li-ion, Pb/acid and alkaline Ni based either 
Ni/Cd or Ni/MH, see Fig. 1 for the reactions involved, their 
cell voltage and specific energy), all except Li-ion batteries 
are using aqueous electrolytes [1]. 

Water has high dielectric constant and low viscosity resulting 
high ionic conductivity compared to the organic solvent. 
Thus, aqueous electrolyte battery results in more powerful 
options. Moving from univalent to the multivalent battery 
system, aqueous rechargeable batteries (ARBs) employing 
multivalent metal ions such as Mg2+, Ca2+, Zn2+, Al3+ offer 
more than one electron transfer per charge carrier ion and 
thereby enable more energy storage than the univalent Li or 
Na-ion batteries, for the same number of intercalated ions [1]. 
Among multivalent charge carriers, aqueous electrolyte zinc-
ion batteries have been received immense attention due to the 
availability of the Zn anode which is stable in water. Zn 
metal has a high gravimetric capacity of 820 mAh g-1 and 
volumetric capacity of 5851 mAh cm-3 and its redox potential 
in water is -0.76V vs standard hydrogen electrode [1]. 

Fig. 1: Commercially relevant aqueous battery technologies, 
compared to the Li-ion batteries 

During the presentation, the state-of-the-art research in metal-
ion rechargeable battery technologies using aqueous 
electrolytes will be highlighted starting from univalent to 
multivalent cation chemistries namely Li/Na-ion [2-6] and 
Zn-ion technologies providing in-depth description of their 
reaction mechanisms by probing different characterization 
tools as well as covering common technological challenging 
issues and perspectives to solve them. 
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Alkaline Zn-MnO2 is normally is a low cost primary battery 

but can be made rechargeable provided that depth of discharge  

is not  more than 5-10%[1]. There is considerable interest  in 

making this battery truely rechargeable, i.e. with the costumary 

level of DoD.  Recent effort  was sucessful with the use of  

mildy acidic electrolytes  where DoD approached one electron 

exchange[2,3]. Thus as a result  rechargeable energy density 

was comparable to that of lead acid battery. Real challenge  in 

Zn-MnO2 battery is to achive  two-electrone exchange  where 

the cathode (MnO2 ) upon discharge  is first reduced  to 

MnOOH  and then to Mn(OH)2 [3]. It was shown recently that 

that for reversable two-electron echange, it was necessary to 

have MnO2 in layered structure,i.e. -MnO2, rather than 

conventional -MnO2.  

The current work was undertaken to search for suitable  

dopants that would stabilize -MnO2 structure. For this 

purpose,  Fe and Ni were selected as dopant  and a 

combinatorial search[5] will be carried out  to identify a 

suitable level of Fe and Ni dopants which would stabilize -

MnO2. 

Fig.1 Geometry of sputter deposition in obtaining cathodes with 

varying Fe anNi dopants in MnO2   

The search will make use of three sputter targets as depicted in 

Fig.1. The targets, MnO2, Fe2O3 and NiO aranged in 

triangular geometry are located approximately 70 mm below 

the substrate plane.   The  substrates are 12 mm discs of nickel 

in 100m in thickness. The magazin holding Ni discs houses a  

total of 36 substrates aranged again in triangular fashion 

mimicking the targets underneath. Upon co-sputtering from 

three targets,this geometry would yield a totalof 36 samples 

each with different chemistry.  

Cathodes  obtained in this way will be screened first 

structurally  so as to identify compositions  yielding the 

layered -MnO2 and then electrochemically to identify suitable 

reversability and voltage profile. 

(a) (b) 

Fig.1 a) SEM image of Fe2O3 sputter target (synthesized powder 

pressed (100 MPa) and sintered at 1350 oC for 5 hours) b) SEM 

images  -NaMnO2 synthesized from their stochiometric nitrates 

calcined at 900oC for 12 hours  cooled to room temperature and 

further calcined at 1100 oC for 10 hours 

The first step in the synthesis of MnO2 based cathodes are  the 

fabrication of sputter targets. For this purpose  oxide powders 

were obtained  from the respective nitrates by calcination at 

selected temperatures. Examples of the oxides obtained in this 

way are givenin Fig.1(a) 
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Abstract 
Aqueous rechargeable zinc-ion batteries have gained great attention due to low cost and environmental friendliness. 
In particular, manganese based material have been utilized as cathode material in aqueous electrolyte zinc-ion battery 
because of the ability of (de)intercalate zinc ions. However, capacity of active manganese material dramatically 
decrase during cycling. In order to improve the cycling performance of Zn-crytomelane manganese dioxide cell, 
MnSO4 added into electrolyte and alginate film coated paper separator was used. The effect of manganese addition 
and alginate film on electrochemical performance of Zn-MnO2 cell have been investigated. 

1.Introduction

Global demand for energy has been exponentially soaring in 
the modern economic communities depending upon 
industrial development [1]. The excessive consumption of 
fossil fuels being used as fundamental energy sources for 
many years has brought about some serious issues such as 
global warming, climate changes, environmental 
pollution and human health deterioration [2]. 
Meanwhile, the concerns about these conventional resources 
depletion has reached a top pitch since they have limited 
reserves in the earth crust [3]. Thus, researchers have 
turned their attention into sustainable and renewable energy 
sources that are capable of generating infinite energy, 
such as solar, wind and tidal [4]. However, energy 
produced by these clean and reliable power sources 
are inherent intermittent [5]. In this regard, 
rechargeable batteries are the most meaningful way 
to effectively store and keep the large-scale energy due to 
their high volumetric and gravimetric capacities and 
high energy densities [6]. On the other hand, challenges 
facing LIBs in energy-grid applications are the high cost of 
limited raw lithium material and safety concerns 
related to electrolytes which pose flammable, 
volatile and toxic characteristics [7]. In contrast to non-
aqueous rechargeable batteries, aqueous based 
rechargeable batteries have a number of advantages 
in terms of safety and economic: i) inexpensive 
electrolytes are replaced in combustible electrolytes ii) 
environmentally friendly ii) aqueous electrolytes have 
higher ionic conductivity than non-aqueous 
electrolytes. Recently, considering the benefits of 
aqueous electrolytes, the subject of aqueous rechargeable 
batteries (ARBs) has received remarkable 
attention [8]. Aqueous rechargeable batteries can be 
classified into a monovalent ion (Li+, Na+, K+)

and multivalent ions (Zn2+, Mg2+, Ca2+, Al3+)according to the valence of ions. In particular,
multivalent aqueous batteries have been recently 
recommended to increase the energy density of batteries. 
Among polyvalent battery species, aqueous zinc-ion 
batteries (AZIBs) are highly promising candidates 
for potential implementations owing to 
their superior properties [9]. Rechargeable aqueous 
electrolyte zinc-ion batteries (AZIB) are a 
promising candidate for energy storage technologies due 
to low cost, low redox potential (-0.76V vs standard 
hydrogen electrode (SHE), high theoretical 
gravimetric capacity (820 mAhg-1), highabundance, nontoxicity of zinc metal anode.
Moreover, aqueous-batteries are of interest in terms 
of their advantages such as being more safe compared to 
flammable organic electrolytes, high ionic conductivity, 
low price of electrolyte salts, environmental friendliness, 
ease of processing and reduced manufacturing cost in large 
scale energy storage applications [10-12]. Manganese-
based materials have been extensively studied as 
cathodes in AZIB because of their ability to 
intercalate/deintercalate zinc ions. Among these 
cathodes, cryptomelane-type manganese dioxide has 
gained much attention owing to its large tunnel 
structure, high energy density and facilitating 
fast Zn2+ insertion/extraction. However, Mn-basedcathodes suffer from capacity fading during cycling due
to dissolution of manganese and structural degradation. 
In order to overcome these problems, manganese ions can 
be added in the electrolyte or conductive additive can be 
coated on active materials. Thus, the stability of 
manganese-based cathode materials increases during 
discharge/charge process for AZIB [13-14]. Herein, 
the effect of electrochemical properties of zinc salts 
on cycling performance of 
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cryptomelane MnO2 in AZIB was investigated. Pre-
added MnSO4 into electrolyte and entrapment of dissolved 
manganese ions in alginate film coated paper 
separator significantly improved cycling stability of Zn-
cryptomelane MnO2 cell.   

2. Experimental

Cryptomelane-MnO2 (KxMn8O16) was synthesized by a 
known method and used as a cathode material. The 
working electrodes were prepared by coating a slurry 
mixed 80% active material, 10% ketjen black, and 
10% polyvinylidene fluoride coated onto graphene plate 
and dired at 40oC on hot plate. Glass fiber, alginate film 
coated paper and zinc foil were employed as the 
separator and anode, respectively. Alginate film was 
prepared by following these steps: Firstly 0.5 g of sodium 
alginate powder was dissolved in distilled water and 
stirred one day. Then, it was casted on paper and dried 
at room temperature. After one day, it was immersed in 
1M MnSO4 solution and after 2hours immersed in 1M 
ZnSO4 (Fig. 1)

Fig. 1. Preparation of alginate film. 

1M ZnSO4 with/without 0.1M MnSO4 and 1M 
Zn(CF3SO3)2 aqueous solution were used as 
electrolytes. The electrochemical performances of the 
samples were carried out in swagelok cell. The full cells 
were galvanostatically cycled between 0.5 and 2.0 V. The 
Zn plating/stripping properties in different electrolytes 
were characterized by cycling voltammograms at a 
potential sweeping rate of 1mV/s. 

3- Results and Discussions
KxMn8O16 was characterized by using SEM and EDX. 
SEM images (Fig. 2a) of cryptomelane MnO2 shows the 
surface morphology of this material, which is composed of 
agglomerated nanospheres. The energy dispersive-X-ray 
spectrum (EDX) (Fig. 2b) indicated the presence of K 
element with a mass content of %2.53 wt. The FTIR spectrum 
(Fig. 4) of sodium alginate film and alginate film coated paper in  
shows the bands around 3400, 1600 and 1200 cm−1, ascribed to
the stretching of –OH, –COO− (asymmetric) and –COO− (symmetric), respectively. In comparison with the alginate film 
paper, the cross linking process with 

Mn2+ ions causes a reduction of intensity of the –COO−
stretching bands, indicating the presence of ionic bonding
between Mn2+ ions and the –COO− of 
sodium alginate. 

Fig. 2 Characterization of cryptomelane MnO2; a) SEM 
image b) EDX spectrum. 

The addition of MnSO4 is of great benefit for stabilizing the 
cycling capacity because of mitigating the Mn2+
dissolution acoording to 2Mn3+→ Mn2+ + Mn4+
reaction (Jahn-Teller distortion). Furthermore, alginate
film inhibited manganese dissolution by entrapment of Mn2
+.

Fig. 3. Comparision of the cycling performance of Zn-MnO2 
cell with different electrolytes. 

Fig. 4. FTIR spectra of sodium alginate film and alginate film 
coated paper. 
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Electrochemical performance test results can be seen in 
Fig. 3. The initial discharge capacity in 1M ZnSO4 was 
169 mAh/g, and it gradually decreased to 68 mAh/g 
after 100. When 1M Zn(CF3SO3)2 was utilized as 
the electrolyte, an initial discharge capacity of 161 
mAh/g was noticed and it decreased to 46 mAh/g after 
100 cycles. Electrochemical performance of the cell 
with the electrolyte including 0.1M MnSO4 
exhibited superior activity than other electrolytes because 
of changing equilibrium of Mn2+ from positive electrode
into electrolyte. It delivered 227 mAh/g after first discharge 
and had more stable performance with higher reversible 
capacity of 199 mAh/g after 100 cycles.  The cell with 
the alginate film coated paper separator, delivered 283 
mAh/g of initial discharge capacity and reversible 
capacity of 189 mAh/g after 100 cycles. The percentage of 
capacity retention of each electrolyte after 100 cycles can 
be seen in Table 1. 

Table 1 
Comparision of capacity retention of cryptomelane MnO2 

electrodes  

Sample Capacity retention 
(%)  
40 
28 
88 
67 

Pre-addition manganese ions in the electrolyte and coating 
of the paper separator with alginate film are effective 
way to improve electrochemical performance of 
cryptomelane MnO2-Zn cell.  

4. Conclusions

 Cryptomelane-MnO2 cathode material for aqueous
battery in 1M ZnSO4 aqueous electrolyte, it
shows cycling performance with a reversible
capacity of up to 68 mAh/g after 100 cycles.

 Cryptomelane-MnO2 cathode material for aqueous
battery in 1M Zn(CF3SO3)2 aqueous
electrolyte, it shows cycling performance with a
reversible capacity of up to 46 mAh/g after 100
cycles.

 Cycling stability of Zn-crypMnO2 was
significantly improved by employing ZnSO4
and Zn(CF3SO3)2 electrolytes and MnSO4
additive. The pre-added MnSO4 is found to suppress
Mn2+ dissolution which helps to maintain theelectrode integrity.

 Alginate film-coated paper separator was used to
improve cycle performance were able to maintain
cycling stability relative to manganese ions added
electrolyte.
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The sodium-ion battery has been attracted great interest 

as the most promising alternative to the lithium-ion 

battery for large scale energy storage systems because of 

the cheap and abundant of sodium resources. Among the 

various types of cathode materials, sodium- based layered 

transition metal oxides with O3-type layered framework 

(NaxMO2  M=Ti, Cr, Mn, Fe, Co and Ni) have been 

considered as one of the most promising cathode 

materials for sodium ion batteries because of high 

specific capacity, low cost and facile preparation 

methods. However, they suffer from poor air stability 

originating from the spontaneous extraction of Na and 

oxidation of transition metals when exposed to air. In this 

study, a novel air-stable O3-type Na[Mn5/12Fe5/12Ni2/12]O2 

cathode material was synthesized by a solid state method. 

The cathode material showed a reversible capacity of 110 

mA h g−1 at 0.1 C (1=160 mAh g-1). 

Figure 1. Figure 1. XRD patterns of as-synthesized  

O3- Na[Mn5/12Fe5/12Ni2/12]O2 and the one after 24h of air 

exposure. 

Figure 2. Galvanostatic charge/discharge voltage profile 

of Na[Mn5/12Fe5/12Ni2/12]O2 cathode at 16 mA g-1  
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Electrochemical properties of novel O3-NaMn5/12Fe2/12Ni5/12 as a cathode 
material for sodium-ion batteries 
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The sodium-ion battery has been regarded as the most 

promising alternative to the lithium-ion battery for large 

scale energy storage systems because of the cheap and 

abundant of sodium resources. Among the various types 

of cathode materials, sodium- based layered transition 

metal oxides with O3-type layered framework (NaxMO2  

M=Ti, Cr, Mn, Fe, Co and Ni) have been considered as 

one of the most promising cathode materials for sodium 

ion batteries because of high specific capacity, low cost 

and facile preparation methods. In this study, a novel O3-

type Na[Mn5/12Fe2/12Ni5/12]O2 cathode was synthesized by 

a solid state method. The cathode material showed a 

reversible capacity of 120 mA h g−1 at 0.1 C (1=160 mAh 

g-1).

Figure 1. XRD patterns of as-synthesized O3-type 

Na[Mn5/12Fe2/12Ni5/12]O2  

Figure 2. Galvanostatic charge/discharge voltage profile 

of Na[Mn5/12Fe2/12Ni5/12]O2 cathode at 16 mA g-1  
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Mechanochemical Synthesis of SnS Anodes for Sodium Ion Batteries 
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Abstract 
Orthorombic tin (II) sulphide phase was obtained by mechanochemical route at 25 Hz frequency by mixing in a high energy ball mill 

at varying temperature in which the optimum mixing time was found to be 2 hours treatment. Latter, it was proven that conductive 
carbon addition was helped to improve the cycling performance of those cells.   

1.Introduction

Sodium ion battery system is one of the candidates to replace 
lithium ion especially for large-scale energy storage 
applications due to the abundancy and low cost of sodium. 
Since they are in the same group on the periodic table, 
sodium and lithium have similar electrochemical and 
thermodynamic properties. Thus, same electrode materials 
can be tested directly both lithium and sodium ion batteries. 
However, sodium has larger ionic size and higher equilibrium 
potential compared to lithium resulting difficulties for 
choosing suitable electrode materials for sodium ion batteries 
[1]. 

In recent years, metal sulphides has attracted great attention 
in different energy storage systems (fuel cells, 
supercapasitors or lithium ion batteries) [2]. Tin based 
materials have been investigated for lithium ion batteries 
while SnS was recently tested for sodium ion batteries. 
Theoretical specific capacity of SnS is 1022 mA/g, however 
rapid capacity fading occurs during cycling due to the volume 
expansion. [3] 

Herein, tin (II) sulphide (SnS) was synthesized by 
mechanochemical route applying different milling time at a 
frequency of 25 Hz, for 1h, 2h, 5 h, 10 h and 20h. Optimum 
milling time was found to be 2h, then conductive carbon was 
added to improve the cycling performance. 

2. Experimental
Tin and sulphur powder was weighed in argon filled glove 
box with 1:1 mole ratio and put into the 50 ml stainless steel 
jar as received. The jar was closed in argon filled glove box. 
The jar was fixed in the ball mill (Rescth MM400 High 
Energy Ball Mill) and samples were milled for 1h, 2h, 5h, 
10h, 20h at 25 Hz frequency. SnS / C composite was 
prepared additionally for 1 h milling of the 2h milled SnS 
phase with Carbon Super P 20%. The powder and ball ratio 
was 1:20.  Slurries were prepared by weighing active 
materials, PVdF binder and carbon super P addition 80:10:10 
by weight ratio respectively. 

These slurry was stirred overnight and coated on a Cu foil 
and dried at 80 °C for overnight in a vacuum oven. The 
electrochemical tests were performed in half-cell 

configurations in which sodium metal (Sigma Aldrich) was 
used as reference and counter electrodes. The electrolyte 
solution was 1M NaClO4 salt dissolved in PC solvent with 
the 5 wt% FEC addition. The electrochemical tests were 
performed with the cut off voltage ranging from 0.05 to 2 V 
(vs. Na/Na+). 

Fig. 1. Schematic represantation of mechanochemical 
synthesis of SnS. 

3. Results and Discussion
The samples were firstly characterized by X- Ray Diffraction 
measurements as seen in Figure 2. The milling time of 1 
hour was found to be sufficient to obtain SnS phase.  It was 
observed that SnS phase can be still obtained when the 
milling time reaches to 20 hours. By using Scherer Equation, 
the crystal size was calculated to be 11.1 and 12.8 nm for 1 h 
and 20 hours milling, respectively. 

Fig. 2. .X Ray Diffraction Pattern of 1h and 20h milled SnS 
samples. 
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Figure 3 depicts the Galvanostatic charge-discharge cycle 
and cycling behavior of the SnS samples treated at varying 
milling time. The initial sodiation and desodiation capacities 
were approximately 400 mAh/g and 120 mAh/g for 1 hour, 
600 mAh/g and 350mAh/g for 2 hours, 550mAh/g and 300 
mAh/g for 5 hours, 450 mAh/g and 200 mAh/g for 10 hours, 
750 mAh/g and 450mAh/g for 20 hours. In the first 
desodiation process, the main plateau is seen at 0.85 V, the 
second desodiation process the plateau is moved to 
approximately 0.7 V. The most evident shift is observed for 2 
hours milled sample. This shift implies the activation of the 
SnS at the first scan.  An irreversible capacity was obtained 
as a result of the decomposition of the electrolyte due to the 
SEI Formation onto the electrode surface [4]. On the other 
hand initial coloumbic efficiencies (%) were 20 for 1 hour, 50 
for 2 hours, 50 for 5 hours, 40 for 10 hours and 60 for 20 
hours milled SnS phase.  

Fig.3. a)1h, b) 2h, c) 5h, d)10h, e)20h milled SnS phase 
galvanostatic discharge- charge profiles and cycling  
performance. 

Among the different ball milling periods, 2h treated sample 
performed relatively better than others, thus latter 2h-SnS 
was used to obtain carbon-containing SnS composite. Large 
volume expansion occurred during alloying reaction of Na+ 
with SnS, consequently the layered structure deteriorates and 
the capacity fades rapidly [5]. To overcome this issue, the 
carbon super p added samples was used as SnS/C composite 
anode.  In Figure 4, SnS/C composite charge-discharge 
profiles and cycle performance is shown. The first discharge 
capacity reached to 450 mAh/g that was lower than the 2h 
milled sample, however in the subsequent cycles SnS/C 
resulted the lesser capacity fading. In addition, coloumbic 
efficiency of the SnS/C composite was much higher than that 
of the 2h-SnS phase. Hybridazation of SnS with carbon is the 
one of the method to obtain higher electrical conductivity [6] 
in which resulted higher capacity values; while SnS/C had 
100 mAh/g, SnS had approximately 50 mAh/g discharge 
capacity after 50th cycle.

Fig. 4. Galvanostatic charge-discharge profiles and cycle 
performance of SnS /C phase.  

4. Conclusion

Ortorhombic SnS phase successfully synthesized by high-
energy ball milling with varying period ranging from 1h to 
20h. According to the galvanostatic charge-discharge 
measurement results, the 2h milling time resulted relatively 
better capacity values and cycling stability. Latter, conductive 
carbon addition resulted improved performances even though 
the impact is still well below the accepted values. Thus, the 
effect of different binder and conductive carbon might be 
investigated for further enhancement. 

Acknowledgement 

The work was financially supported by TUBA-GEBIP which 
the Authors gratefully acknowledge.  Also thanks to Ahmet 
Nazım for scanning electron microscopy measurements, 
Adem Şen for X-Ray Diffraction measurements. 

References 
[1]Xiao Y., Lee S. H., Sun Y-K., 2017, Advanced Energy
Materials,7 (2017), 1601329.
[2] Rui X., Tan H., Yan Q., Nanoscale,6 (2014), 9889–9924.
[3]. Li Q., Lan D., Shi L., Wang W., Journal of Power
Sources, 377(2018), 1-6.
[4]. Wu L., Hu X., Qian J., Pei F., Wu F., Mao R., Ai X.,
Yang H., Energy Environmental Science, 7.(2014), 323–328.
[5]. Li J., Zhao X., Zhang Z., Jorunal of Colloid and Interface
Science, 498 (2017), 153-160.
[6]Wei Z., Wang L., Zhou M.,  Ni W., Wang H., Ma J.,
Journal of Materials Chemistry A, 6. (2018), 12185–12214.

a) 

b) 

c) 

d) 

e)

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion                    Akyaka, Mugla Page 18



SnO2/N-doped Carbon Anode Material for SIBs 

Meral Aydin1,2, Emrah Demir2, Burcu Unal1, Rezan Demir-Cakan1,2* 

1 Gebze Technical University, Department of Chemical Engineering, 41400 Gebze, Kocaeli,Turkey 2 Gebze Technical University, 
Institute of Nanotechnology, 41400 Gebze, Kocaeli,Turkey 

Today, lithium ion batteries (LIB) are one of the most 
important energy storage systems with the wide application 
areas. However, their large scale applications are hindered 
due to lithium scarce reserves [1]. Sodium ion batteries are 
very promising candidate alternative to LIB thanks to not 
only abundant resources but also similar chemical properties 
[2]. Sodium has larger atomic radius (0.102 nm) than that of 
lithium (0.076 nm), for this reason the commercial lithium 
anode graphite is not suitable host for sodium with 
conventional carbonate based electrolytes [3]. Eventually, 
there is requirement to improve new anode materials in which 
Na+ is able to intercalate. 

Herein, nitrogen doped hard carbon synthesized from 
chitosan via hydrothermal method under mild temperature 
(180 ℃) has been proposed. Subsequently, obtained 
hydrochars (nC-180) were exposed to further carbonization 
process in tube furnace under N2 atmosphere and further 
temperatures (500, 750 and 1000 ℃). Moreover, N-doped 
hard carbons were not only used as bare anode but also as 
coating for SnO2 to supress volume changed upon cycling. 

During electrochemical measurements, products were tested 
in the presence of two different binders; polyvinylidene 
fluoride (PVDF) or carboxy methyl cellulose (CMC). 1 M 
NaClO4 in ethylene carbonate/propylene carbonate (EC/PC) 
was used as electrolyte as 1:1 (v:v). Surface morphologies 
and functional groups were analyzed by SEM and FTIR, 
respectively. Nyquist plot of bare N-doped carbon electrodes 
with different binders were plotted with electrochemical 
impedance spectroscopy (EIS) in order to calculate diffusion 
coefficients. 

The galvanostatic test results of SnO2/N-doped carbon 
composites which were combined with CMC and PVDF 
binders are given in Figure 1. As seen from the figure, bare 
carbon capacity performance was elevated by adding SnO2, 
furthermore nC-SnO2 composite performance was stabilized 
by adding FEC additive into the electrolyte. 

Figure 1. Capacity performance of a) nC-SnO2-CMC-500 
and b) nC-SnO2-PVDF-500 composites and c) discharge 
capacity comparison of bare carbon (nC-500), nC-SnO2-

PVDF-500 with and without FEC additive in. The specific 
capacities were calculated on the basis of SnO2 and tested at 

C/10 rate in the voltage range of 0.005-2 V vs. Na+/Na. 
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Lithium-ion batteries (LIBs) are considered as one of the 
most common energy storage technologies with a wide range 
of applications from electrical vehicles to portable electronic 
devices due to their good cycle life and high energy density1. 
However, lithium resources are limited in nature, have high 
cost and it is necessary to focus on new technologies. 
Recently, sodium ion batteries (SIBs) have attracted 
particular attention due to the large abundance and low cost 
of sodium2. However, graphite which is intensively used as 
anode material for LIBs can not be used for NIBs since the 
intercalation of Na ions is prevented due to the larger size of 
the Na ions than that of Li ions3. Therefore, there is an urgent 
need to develop new anode materials for SIBs. Usage of hard 
carbons derived from biomass as anode materials for SIBs is 
practical  since these biomasses have high abundance as well 
as their easy conversion process to carbon structures4. 
Hydrothermal carbonisation (HTC) is an enviromentally 
friendly, cheap and sustainable approach which uses water as 
a solvent and avoids hazardous chemicals to convert 
biomasses into carbon materials at relatively low temperature 
conditions (180-240 °C). However, HTC treatment alone 
does not provide sufficient conductivity as well as open 
framework structure, thus, further pyrolysis treatment at 
higher temperature (up to 1000-1200 °C) is usually applied 
for battery applications. Additionally, hard carbon anodes do 
not usually exceed the capacity of around 250-300 mAh/g 
considering the theoretical capacity of graphite (372 mAh/g, 
based on NaC6) due to the limited intercalation of Na ions to 
host carbon structure. To gain further improvement in terms 
of capacity performances, metal oxides, particularly tin 
oxides (SnO2) have been used as anode materials for SIBs by 
exhibiting theoretical capacity of  666 mAh/g. However, in 
the absence of suitable conductive materials,  huge volume 
expansion occurs that cause electrode degredation. To avoid 
those issues, SnO2 composite materials are prepared via 
carbon coating5. 

Herein, apricot shell (AS) as carbon source was proposed to 
be used as anode materials for SIBs. Therefore, initally, HTC 
treatment of AS with subsequent pyrolysis procedure at 
different temperature (500, 750 and 1000 °C) conditions were 
employed to observe their effects on morphological as well as 
electrochemical properties. Hard carbons derived with 1000 
°C pyrolysis treatment exhibited superior cycling 
performances with a discharge capacity of 184 mAh/g after 
250 cycles at a current density of 0.1 C.  In order to improve 

the sodium storage performance, SnO2 nanoparticles were 
incorporated to the AS derived hard carbon under HTC 
conditions with the further pyrolysis treatment at 500 °C. By 
keeping the pyrolysis temperature relatively low, thermal 
reduction of SnO2 to Sn was eliminated. All in all, SnO2-hard 
carbon anode delivered a discharge capacity of 288 mAh/g 
over 50 cycles at a current density of 0.1 C which is 
significantly higher than AS derived hard carbon pyrolysed at 
500 °C as shown in Figure 16.  

Figure 1. Cycle performances of in-situ coated SnO2-hard 
carbon anode material and hard carbons treated at 500 °C 
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Abstract 

Sodium ion batteries (SIBs) are considered a promising alternative to Li-ion batteries for large-scale energy storage 

systems due to their low cost and the natural abundance of Na resource. However, low energy density and limited 

cycle life of SIBs are the main challenges that prevent their adoption. To achieve high energy density in SIBs, further 

investigation and optimization studies are necessary both for cathode and  for anode. Various anode materials have 

recently been studied so as to achieve  high energy density. The current study reports prelimanry results with regard 

to the synthesis of carbon coated  tin as anode material for SIBs.  

1. Introduction

Energy conversion and storage have become one of the 

primary concerns in our daily life. Several renewable and 

cleaner energy sources, such as the wind and solar energy, 

are increasing rapidly caused by dramatically growing 

environmental and resources concerns. Chemical energy is 

the proper way of energy storage where the energy density is 

quite high. For this purpose, batteries enable the sored 

chemical energy with the ability to deliver it as electrical 

energy with high conversion efficiency and without a gas 

exhaust. Hence, there is a great interest for rechargeable 

batteries having low cost, high safety, high capacity and good 

rate capability.[1],[2]  

As an energy storage device, sodium ion batteries (SIBs) 

have recently drawn great attention because of its low cost 

and the natural abundance of Na metal in the earth’s crust. 

Sodium-ion batteries (SIBs) are an emergent technology with 

potentially very attractive properties. However, a direct use 

of sodium metal as anode is not possible due to its low 

melting point (98 oC) causing significant safety problems, as 

well as due to the formation of unstable SEI in most organic 

electrolytes at room temperature. Therefore, it is required to 

find proper anode materials with a convenient voltage 

window, high reversible capacity and stable structure.[3],[4] 

The available anode materials for SIBs can be primarily 

categorized into five groups; metals and alloys,  

carbonaceous materials, metal sulfides, metal oxides and 

organic materials. Among the most promising choices, 

carbon based anodes are leading candidates for SIBs due to 

their low cost as in LIBs. Thus, graphite is most commonly 

used anode material for commercial LIBs. However, it is not 

a convenient material for SIBs due to absence of stable Na–C 

compounds.[4] As well as for the fact that Na+ ions are much 

larger than Li+ making its  intercalation difficult. Hard carbon 

with much higher interlayer distance could be used as anode 

yielding a capcity as highas 300 mAh g-1. Research in recent 

years on soft carbon, hard carbons as well as on graphene 

based materials has yieleded capacities up to 500 mAh g-1.[5,6] 

Materials capable of alloying with sodium have received 

great interest in the search for anodes with high density for 

SIBs. In fact, many metals and nonmetals of Group IVA and 

VA of the periodic table such as Sn, Sb, Bi, Si, Ge and P 

provide high theoretical capacity values due to the multiple 

electron exchange related to the alloying process. However, 

they have serious issue about structural changes based on 

cycling related to large volume expansion and consequent 

electrode disintegration, loss of electrical contact and 

capacity fading. The large volume changes of these materials 

create critical problems in their applications in SIBs.[6],[7] To 

solve this problem, numerous attempts have been made to 

develop composites anodes[see ref. 7]; e.g. Si/SiO2, Sb/rGO, 

Sb/C, SnSb/C. 

Considerable  progress has been made with regard to  alloy 

anodes, including Ge and Bi. However, they are less 

promising due to the lower capacity or high cost compared to 

Sn, Sb, or P.[3] Xie et al.[8] reports  an alloy Sn10Bi10Sb80, 

which  retained 99% of its maximum capacity(621 mA h g-1) 

after 100 cycles.  

Among the metallic anodes, Sn has a high capacity around 

847 mAh g−1 from the alloying reaction (4Sn + 15Na → 

Na15Sn4). Also, being low cost and environmentally friendly 

make Sn quite advantageous  as anode material. However, 

large volume expansion during the alloying reaction leads to 

particle pulverization/exfoliation and rapid capacity fading of 

these materials. To overcome this problem, Choi et al.[9] 

synthesized Sn/C particle of core/shell structure. They 
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produced Sn powder by pulsed wire explosion in liquid 

media and amorphous carbon coating process by 

hydrothermal method.  Chen et al.[9] fabricated 1-2 nm Sn 

nanodots encapsulated in porous N-doped carbon nanofibers 

(Sn NDs@ PNCs) with a Sn content higher than 60% and 

reported to have  specific capacities of 483 mA h g−1 over 

1300 cycles at 2000 mA g−1.  

The current study  reports prelimary results  on  the synthesis 

of Sn nanoparticles as  anode material in Na-ion batteries. 

The sudy aims for particles with sizes less than 10 -20 nm 

encapsulated by graphitic layers so as to prevent particles 

disintegration during charge-discharge cycling.     

2. Experimental

Carbon-encapsulated Sn nanoparticles was synthesized  by a 

spark discharge method.[10] For this purpose, Palas GFG-100 

aerosol generator was employed, Fig 1. This generator 

involves a high voltage power supply coupled with a 

capacitor having controllable discharge frequency. As seen in 

the figure the  generator comprises  a chamber including two 

facing electrodes, one of which  is Sn rod, the diameter of 

6mm and the length of 100 mm acting as anode. The other 

one is pure graphite rod (Sigma-Aldrich, 99.995% pure), 

having the same size. The gap between the electrodes was 

automatically adjusted providing constant and stable 

operation.   

Fig. 1. Schematic drawing of spark discharge generator. 

The mixture of argon and methane gas was maintained into 

the chamber, the latter was used as an additional carbon 

source. The generator was operated at a frequecy of 200 s-1, 

gas flow rate was maintained at 2.0 sl/min (argon) and 0.6 

sl/min(methane). The pressure in the chamber maintained at 

1,5 bar.  Aerosol generated  leaves the chamber through the 

exit  line and are  collected onto a filter placed in the line. 

3. Results and Discussions

The generator was operated typically more than 24 hours and 

particles  synthesized were collected onto the filter. Since the 

quantity of the material was quite small, they were 

investigated by TEM. For this purpose, the  filter comprising 

the synthesized powders was dipped into ethanol and ultra-

sonicated for 5 min. Filter removed, the solution was kept for 

15 min, then a small portion of the liquid was taken into a 

pipet and few drops of liquid were applied to holy carbon 

grid. Nanoparticles obtained in this way were examined in 

Jeol JEM2100F Field Emission. 

Fig. 2 shows a typical TEM images of synthesized powder. 

The particle size is not homogenous as  it is seen to vary from 

5 to 10 nm but occasionally particles as large as 50 nm can 

also be observed. All particles were carbon encapsulated as 

can be seen clearly in Fig. 2(c). Small particles were 

encapsulated by 15-20 graphitic layers whereas in larger ones 

the numbers of layers were more. 

Thus, it was demonstrated that carbon encapsulated Sn 
particles can be obtained by spark discharge method. It is 
anticipated that instead of tin and carbon electrodes, tin may 
be used for both cathode and anode. In this case, methane 
maintained into the chamber would be a single source of 
carbon. Thus,  by controlling the feed rate of methane a more 
precise control may be exercised on the encapsulating 
process whereby maximizing Sn while keeping the carbon 
just enough to encapsulate the particles.   

Fig. 2. TEM images of nanoparticles produced with a spark discharge 

generator. a and b) general view of particles comprising a range of 

particle sizes and c) Image of a selected particle at high 

magnification showing the encapsulating graphitic layers.  

The rate of particle production in the current system is 

several miligram per hour, which can be increased somewhat 

by increasing the frequency. Analgous methods do exist such 

as wire exlosion in liquid media[11] where the production rate 

is higher. But  for use of carbon encapsulated Sn particles of 

the form and with the size synthesized in the current work, 

new methods are seeked which would allow a synthesis of 

carbon encapsulated Sn particles in volume production 

suitable for battery applications.  
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Besides being most abundant in earth’s crust among the rare 
earth class, cerium is one of the most studied rare earth 
element in the world.  On the other hand, cerium oxide has 
been attracted in science realm due to its versatile properties 
and wide application areas. Moreover, ceria is a very versatile 
materials due to its excellent redox property providing ability 
to shift Ce4+ to Ce3+ leading to creation a change in oxidation 
states and oxygen vacancy defects by very small activation 
energy. There are too many factors partaking in enhancement 
of cerium redox property and its catalytic efficiency such as 
composition, shape, size, morphology, temperature and 
doping. Catalytic performance of ceria nanomaterials 
depends on surface oxygen composition properties implying 
surface geometric and electronic structure, and nanocrystal 
morphology implying high density crystal planes [1-2] as 
well. On the other word, the catalytic property of ceria is 
directly related to its oxygen storage capacity (OSC). Ceria 
can be synthesized with several different morphologies such 
as nanocubes, nanotubes, nanorods, nanowires, microplates 
octahedrons and metal organic frameworks (MOF) [3-4]. On 
the other hand, carbon materials have excellent electrical 
conductivity, high specific surface area and chemical 
stability.  
Depletion of fossil fuels and detrimental effect of current 
energy sources on environment forced us to search for 
alternative energy generation or storage and conversion 
technology for the upcoming energy crisis. Among various 
energy conversion and storage devices such as lithium-ion 
batteries (LIBs) and supercapacitors, Li-air batteries are the 
most promising candidate that can compete with gasoline 
according to Ragone plot up to now [1]. Even though being 
the best choice for vehicles electrification, developing the 
catalysts that can reduce oxygen coming from the air is still 
biggest limitation for this type of battery. Combination of 
ceria nanostructures with carbonous materials is very 
favourable choice for Li-air electrode materias as being 
catalyst for oxygen reduction.  
In this study, nitrogen doped reduced graphene oxide (NrGO) 
was synthesized by thermal annealing method processing GO 
at elevated temperature in ammonia and argon gas ambient. 
Then, CeO2 nanorods decorated NrGO were successfully 
synthesized by a simple hydrothermal process. In addition, 
Ce-BTC MOFs were synthesized in another hydrothermal 
synthesis. Then, they were sintered to obtain urchin-like 
cerium dioxide nanostructure (Figure 1). Both ceria based 
nanostructures optimized for Li-air battery electrodes.  

Figure 1. Urchin-like cerium dioxide derived from Ce-BTC 
MOF 

The structural and morphological analyses of Ceria based 
nanostructures were performed by X-ray diffraction (XRD), 
field emission scanning electron microscopy (FESEM), 
Brunauer-Emmentt-Teller (BET) analysis and RAMAN 
spectroscopy. Electrochemical analysis such as cyclic 
voltammetry (CV) and charge-discharge tests were operated 
by using a special battery cell allowing oxygen gas. 
Battery test results showed that ciera nanorods have around 
500 mAhg-1 and urchin-like structure have aroun 2000 mAhg-

1 capacity at 0.2 mAcm-2 current density. Overall results 
showed that ceria has great capacity for li-air battery 
application.  
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Traditional intercalation chemistry in Li-ion batteries cannot 
satisfy the energy request, even if they can reach the 
theoretical limits of the electrode materials. Different from 
this energy storage mechanism, Li-air batteries are based on 
the reaction of 2Li + O2 = Li2O2 (E = 2.96 V) and a high 
specific energy of 3600 Wh/kg can be expected. Aprotic Li-
air batteries consist of lithium metal anode, a porous cathode 
and a lithium ion conductive liquid electrolyte.  However, the 
decomposition of organic liquid electrolytes during discharge 
is the most serious problem because the unexpected 
decomposition is responsible for the large polarization and 
capacity degradation [1, 2]. Moreover, its volatility, 
flammability and leakage properties of common organic 
electrolyte, and the corrosion of lithium by crossover H2O 
and CO2 in the case of its operation in ambient atmosphere 
[3]. Therefore, solid-state batteries with inorganic solid 
electrolytes or polymer electrolytes have attracted increasing 
attention owing to their non-flammability, high safety, and 
also good flexibility [4].  

Polymer as an ion conductive medium has been studied since 
the work of P.V. Wright in the early 1970s but the 
technological interest in polymers stemmed after M. Armand 
et al. proposed them as a new class of solid electrolytes in 
rechargeable solid state batteries [5]. Among these, PVDF 
and its copolymers PVDF-HFP used as matrix for polymer 
electrolyte lithium batteries have been extensively studied 
because of its high solubility, lower crystallinity, lower glass 
transition temperature, good electrochemical and mechanical 
properties, shape and packaging flexibility and improved 
scalability [3]. 

In this work, it was aimed to prepare Poly(vinylidene 
fluoride-co-hexafluoropropylene) PVDF:HFP based polymer 
gel electrolytes, which was utilized as solid electrolyte for 
lithium air battery. PVDF:HFP polymer electrolyte was 
prepared by mixing of 16 wt.% PVDF-HFP co-polymer and 

different salt concentration dissolved in TEGDME in 
acetone. It was investigated effect of salt concentration on the 
structure of polymer electrolyte and contribution to the 
electrochemical performance of the lithium air cell. In order 
to improve electrochemical reaction kinetics of the 
PVDF:HFP based polymer electrolytes, different ceramic 
fillers were dispersed into the polymer matrix.  

Structural and morphological characterization of the polymer 
solid electrolyte was performed using scanning electron 
microscopy, X-ray diffraction pattern, fourier transform 
infrared microspectroscopy and thermal analyses. 
Electrochemical characterization of the solid polymer 
electrolytes was carried out using electrochemical impedance 
spectroscopy, cyclic voltammetry, chronoamperometry and 
galvanostatic charge-discharge process tested using ECC-Air 
cell consist of lithium metal anode, GDL cathode and 
synthesized polymer electrolyte constant current of 0.1 
mA/cm2 in the voltage range of 2.0V up to 4.5 V. 
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Developing low-cost, high performance and stability 
bifunctional oxygen electrocatalysts is standing challenge for 
commercial realization of rechargeable metal air batteries.1, 2 . 
Iron carbide (Fe3C) is an ideal electrocatalyst candidate, 
however its poor oxygen evolution reaction (OER) activity 
and stability make it only serve as unifunctional oxygen 
reduction reaction (ORR) electrocatalyst. Here, we report a 
robust bifunctional electrocatalyst consisting of manganese-
iron binary carbide (MnxFe3-xC) nanoparticles armored by 
nitrogen-doped graphitic carbon (MnxFe3-xC/NC). Synthesis 
involved facile pyrolysis of a tri-metallic (Fe, Mn, Zn) 
zeolitic imidazolate framework (ZIF). X-ray photoelectron 
spectroscopy demonstrate a change in electronic structure for 
MnxFe3-xC nanoparicles and N doped carbon shell, compare 
to that of Fe3C/NC. The electronic metal-support interaction 
significantly improve ORR and OER activities. Moreover, 
MnxFe3-xC, well armored by carbon layers, displayed high 
resistance to oxidation and corrosion. The assembled Zn-air 
battery (ZAB) exhibited a large peak power density (160 mW 
cm-2 at 250 mA cm-2) with an energy density of up to 762
mWh gZn-1, high open-circuit voltage (OCV) of 1.5 V, and
impressive long-term stability over 1000 cycles, which shows
that optimizing the electronic interaction between the catalyst
and support can be a hopeful method for design advanced
electrode for metal air batteries.

Figure 1. Schematic of the atomic structure of Mn3Fe3-

xC/NC. 
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Lithium-Sulfur (Li-S) batteries have gained significant 

attention in recent years due to their high theoretical specific 

energy [1, 2]. In Li-S batteries, cathode chemistry is highly 

complex involving various electrochemical and precipitation 

reactions. In this study, a one-dimensional electrochemical 

model is proposed in order to investigate the discharge 

behavior of a Li-S cell. The model predicts the cell voltage as 

a function of depth of discharge for an isothermal, constant-

current discharge. In the model, the cathode kinetics is treated 

with 2 electrochemical and 2 dissolution/precipitation 

reactions as shown in Equations 1-4. The change in the 

concentrations of the species in the porous cathode with 

respect to time and position are taken into account in the 

model as in Kumaresan et al [3]. The model is solved using a 

block tri-diagonal matrix algorithm in FORTRAN by using 

501 node points and 0.1 s time-step size [4]. 

(1) 

(2) 

(3) 

(4) 

Figure 1 presents the discharge profile of a Li-S cell 

predicted by the electrochemical model. The two distinct 

discharge plateaus can be clearly seen in the figure. As the 

discharge begins, elemental sulfur dissolves into S8
0 and its 

reduction reaction into S4
2- takes place in the high-voltage 

plateau. The reason for the flat like high voltage plateau is the 

high dissolution rate of S8
0. Although it is consumed due to 

the high-voltage plateau electrochemical reaction, its fast 

dissolution rate keeps S8
0 concentration high and the high-

voltage plateau has a flat like shape. As the discharge 

proceeds, Li+ and polysulfide concentration continuously 

increase. At approximately t = 0.1 h, the increase in the 

concentration of S2- exceeds its solubility limit, and 

consequently Li2S(s) precipitation and the local minimum 

between the two discharge plateaus take place. After that 

point, the second electrochemical reaction dominates the 

cathode kinetics in the lower-voltage plateau. 

Figure 1. The calculated discharge profile for a Li-S cell at a 

rate of 1C.  
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Abstract 

In this work, carbon coated TiO2 was synthesized by hydrothermal carbonization (HTC) and as-obtained material was 

coated on paper to be used as interlayer in Li-S batteries.  Glucosamine was used as carbon source. TiO2 is very 

effective to catch polysulfides and strongly bind them by the help of polar-polar interactions. On the other hand, HTC 

method provides carbonaceous materials at relatively mild temperature (< 200 °C). These materials are rich in 

functional groups which is in turn to enable adsorption of polysulfides. By the complementary effect of these carbons 

decorated with functional groups and TiO2, a remarkable capacity increment was obtained. 

1. Introduction

Lithium-Sulfur (Li-S) batteries are known for their high 

theoretical capacity (1672 mAh/g), energy density (2600 

Wh/kg), environmental benignancy and cost-effectiveness 

among the rechargeable battery systems [1]. However, their 

implementation into marketplace is hindered by several 

issues linked with mostly using of sulfur as cathode material. 

Among the challenges related with Li-S batteries, one of the 

most important problem is the dissolution of long chain 

polysulfides in aprotic solvents and the so-called “shuttle 

effect” which is created by dissolved polysulfides. Indeed, 

the bigest drawback of Li-S batteries is typically based on the 

dissolution of polysulfides during battery operation. 

Dissolved polysulfides causes well known Shuttle effect 

which also leads  active material loos upon cycling and ended 

up with fast capacity fading.  

To do so, different metal oxides either at the cathode 

structure [2, 3] or incorporated into the porous matrixes [4-6] 

were tried to prevent the migration of polysulfides from 

cathode to anode side. Interaction between  the metal oxides 

and lithium in polysulfides are strong which latter creates 

strong binding resulting better electrochemical performance. 

The other solution to prevent the Shuttle effect is the use of 

interlayer concept. Interlayers placed between anode and 

cathode is one of the most appealing approaches to mitigate 

the shuttle effect. Thus not only polysulfides can be trapped 

at cathode side, but also resistance of the cell could be 

decreased. The first interlayer concept has been tested by 

Manthiram et al., with a microporous carbon bifunctional 

interlayer which as well played as a secondary current 

collector role [7]. Since then, different structures were tested 

as interlayers in the field of Li-S battery system. Carbon-

based [8], biowaste-based [9], Nafion-based [10] and 

polymer based [11-12] interlayers can be given as examples 

for interlayers applied in Li-S batteries. 

In this work, carbon coated TiO2 was synthesized by 

hydrothermal carbonization (HTC) and as-obtained material 

was coated on paper to be used as interlayer in Li-S batteries. 

Glucosamine was used as carbon source. TiO2 is very 

effective to catch polysulfides and strongly bind them by the 

help of polar-polar interactions. On the other hand, HTC 

method provides carbonaceous materials at relatively mild 

temperature (< 200 °C). These materials are rich in functional 

groups which is in turn to enable adsorption of polysulfides. 

By the complementary effect of these carbon decorated with 

functional groups and TiO2, a remarkable capacity increment 

was obtained. 

2. Experimental Procedure

TiO2-carbon composite was synthesized by hydrothermal 

carbonization method. To do so, certain amounts of TiO2 

particles and D-glucosamine were added in pure water and 

stirred. After that, the mixture was transferred to autoclave 

and heat-treated at 180 °C for 20 hours. As-obtained powder 

was not further pyrolyzed at high temperature. To obtain the 

interlayer, TiO2-carbon and PVDF were mixed in NMP and 

coated on A4 paper by using doctor blade. 

For the material analysis of the interlayer, X-Ray Diffraction 

Bruker D8 Advance diffractometer) and Scanning Electron 

Microscopy (SEM FEI/Philips XL30) were applied. 
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Swagelok cells were prepared for observing the positive 

effect of the interlayer on the electrochemical performance. 

Sulfur/Carbon Ketjen Black with a ratio of 63/37 was used as 

cathode, metallic lithium was used as anode and 1 M Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.5 M 

Lithium Nitrate (LiNO3) containing 1,3-Dioxolane (DOL) 

and 1,2-Dimethoxyethane (DME) with a ratio of 1:1 was 

used as electrolyte. Interlayer was located between anode and 

cathode. The cell without interlayer was also prepared for 

comparison. The cells were operated between 1.9 V – 3.0 V 

vs Li+/Li by using Biologic VMP-3 galvanostat/potantiostat.  

3. Results and Discussion

Fig. 1. X-Ray Diffraction (XRD) pattern of TiO2/G 

composite. 

Fig. 1 presents the X-Ray Diffraction (XRD) pattern of 

TiO2/G composite. All the peaks belong to anatase TiO2, 

which shows that particles preserved their crystal structure 

after hydrothermal carbonization. There is not any carbon 

peaks belong to carbonaceous material in the diffraction 

pattern, only a small shoulder can be seen at 5-10° which can 

be attributed to the amorphous nature of carbon in the 

composite.  

Fig. 2. Adsorption test photographs. Li2S4 was trapped by 

TiO2/C particles prominently which can be understood from 

fading of reddish color after 2 days. 

Fig. 3. Galvanostatic performance test results of the cell with 

and without TiO2/G. a) Voltage profiles and b) discharge 

capacities as a function of cycle number. 

Fig. 2 illustrates the adsorption effect of TiO2/C composites. 

As can be observed, the color of the polysulfide containing 

electrolyte solution faded and became transparent underliying 

the adsorption ability of the TiO2/C visually after 2 days of 

rest. The reasons is coming from the polysulfide adsorption 

ability of TiO2 nanoparticles as well as N containing 

carbonaceous material.  

Swagelok cells with and without TiO2/G interlayer were 

prepared and galvanostatically tested at C/5 to see the 

positive effect of the interlayer on electrochemical 

performance. Results are shown in Fig. 3. Fig. 3a shows the 

voltage profile of the cell with and without interlayer at first 

cycle. Both of the cells present typical 2-plateau behavior of 

sulfur based battery systems during discharge. While sulfur is 

converted to long chain polysulfides at higher plateau (~2.4 

V), long chain polysulfides is converted to short-chain 

polysulfides at lower plateau (~2,0 V). As can be seen, the 

plateau at lower voltage is longer for the cell with TiO2/G 

interlayer than without interlayer which show the effective 

utilization of active materials. Fig. 3b shows the discharge 

capacities as a function of cycle number. At first cycle, the 

cell with and without TiO2/G display 982 mAh/g and 855 

mAh/g discharge capacities, respectively. After 76 cycles, the 

cell without interlayer was stopped because of the shuttle 

effect. On the other hand, the cell with TiO2/G can preserve 

most of its capacity and display 568 mAh/g discharge 
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capacity. Better performance can be associated with the metal 

oxide and carbonaceous part which is rich in functional 

groups in the interlayer. Metal oxides and functional groups 

are very effective at catching polysulfides and keeping them 

at cathode side. By this way, a remarkable capacity was 

obtained. 

4. Conclusions

To sum up, an interlayer which is composed of TiO2 as metal 

oxide and a carbonaceous part made up from D-glucosamine 

was prepared by hydrothermal carbonization method. The as-

obtained material was not further pyrolyzed at high 

temperatures to get the benefit of functional groups in 

carbonaceous part. By this way, 568 mAh/g discharge 

capacity was obtained after 100 cycles which is higher than 

the cell without interlayer.  
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Sulfur Ratio on the Cell Resistance in Li-S Batteries  
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Lithium-sulfur (Li-S) batteries are one of the best alternatives 
for high energy density rechargeable batteries owing to the 
high specific capacity of sulfur. In addition, since sulfur is a 
naturally abundant active material, these batteries have the 
potential to be cheaper than the Li-ion batteries [1]. However, 
the theoretical capacity of lithium-sulfur batteries is hard to 
attain due to several issues. The insulating nature of sulfur 
and discharge product Li2S, polysulfide shuttle mechanism, 
Li anode degradation and capacity fading are the main issues 
to be solved before the commercialization of the lithium-
sulfur battery [2]. In Li-S batteries, sulfur cathode design is 
crucial to solve the main drawbacks and to increase the cell 
performance due to the complexity of the cathode chemistry. 
Electrolyte-to-sulfur (E/S) ratio is a critical cathode design 
parameter because it directly affects both the electrochemical 
performance and the energy density of the cells [3].  

In this study, the impact of E/S ratio on the Li-S cell 
resistance has been investigated by coupling experimental 
and theoretical work. A one-dimensional model based on the 
study of Erisen et al. [4], has been used in order to investigate 
the effect of E/S ratio on the resistances in a lithium-sulfur 
cell. The proposed electrochemical model predicts the cell 
voltage at 60 % depth of discharge for the constant-current 
isothermal discharge of a Li-S cell.  In the model, the cathode 
exchange current density (i0,PE) is taken as the only kinetic 
model parameter to illustrate the cathode kinetics. As a 
consequence of this simplification in the model, the cathode 
exchange current density can be estimated directly by 
comparing the predicted area-specific impedance with the 
experimentally measured cell resistance [4].  

In the present study, firstly cells with varying E/S ratios are 
prepared and the total cell resistances of the cells at 60% 
discharge depth are measured experimentally by using the 
electrochemical impedance spectroscopy (EIS) method. 
Then, the area-specific impedance of the cells are projected 
by the electrochemical model as a function of the E/S ratio. 
By comparing the model predictions with the experimental 
impedances, an empirical relationship between the cathode 
exchange current density and the E/S ratio is proposed. As a 
result, the impact of the E/S ratio on the cell resistance can be 
captured in the model. Furthermore, by defining the kinetic 
model parameter i0,PE as a function of the electrolyte amount 
in the model the impact of E/S ratio on the electrochemical 
performance can be projected. 
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Developing Strategies for Solid Electrolytes Towards All Solid State Batteries 

Servet Turan and Kamil Burak Dermenci
Department of Materials Science and Engineering, Eskişehir Technical University, Eskisehir, Turkey 

Renewable energy and battery technologies nowadays stand 
forward due to reducing carbonaceous fuel usage in the field 
of energy and global need of energy storage [1]. Portable and 
reusable energy storage units are the most important concepts 
for the efficient energy consumption [2]. In the light of these 
expectations lithium ion secondary batteries comes forward.  

In 1970s, Lithium based batteries have started to attract 
researchers because of its low density and high 
electropositive behaviour. The first prototypes of lithium 
batteries are presented from Exxon, Moli Energy and 
Taridan. They were able to reach 230W/kg specific power by 
changing cathode materials. On the other hand, lithium foil 
anode and organic electrolytes used such batteries caused 
safety problems. Metallic Lithium anode reacts with organic 
electrolytes and decomposes. In 1991, the first commercial 
Li-ion battery from Sony was launched [3]. In this battery, 
layered structure of graphite and lithium cobalt oxide 
(LiCoO2) makes Li+ intercalation easier; the volume change 
in crystal structure during intercalation is lowered. As a result 
of this, the cycle life of the battery is increased and high 
potential difference, high energy density is provided [4].  

On the other hand, Li-ion batteries cannot meet the battery 
market expectations especially H/EV and high temperature 
applications due to cost and safety disadvantages [5].
Usually, one cell wouldn’t be enough to reach high power 
(20-35 kW) required for HEV. Because of that, more than 
one cell should be connected in series or parallel in order to 
reach the expected values. Connection in series results with 
increase in potential and power however US Department of 
Energy (DoE) has limitation of 400V for cells connected in 
series. The reason of this is the possibility of nonoperating 
cells in the system. If the cell is nonoperating, electrolyte 
may degrade or electrodes act as a capacitor that results with 
forming unwanted gases and causing safety issues [4]. 

In this regard, electrolyte properties play an important role 
for making a safer Li-ion batteries. widely used liquid LiFP6 - 
organic carbonate electrolytes have high vapour pressure and 
flammable. 

Solid-state electrolytes have significant advantages over 
liquid electrolytes such as simple design, resistance to shock 
and vibration, pressure and temperature variations, wide 
electrochemical stability window and improved safety. 
Despite having a wide range of ionic conductivities between 
10-3 – 10-11 S/cm, solid electrolytes have generally poor

contact with electrodes. Solid electrolytes that show Li+ ion 
conductivity are Perovskite, NASICON, LISICON and 
Garnet type electrolytes [6, 7]. 

Garnet type Li7La3Zr2O12 (LLZO) solid electrolytes are 
considered as a potential candidate for replacing traditional 
organic electrolytes. However, their performance is not 
approaching organic-based liquid electrolytes, yet.  

The studies on the performance enhancement have focused 
more on crystal chemistry and lithium kinetics, but not 
enough studies were carried out to elucidate sintering 
behavior. The abstract covers LLZO synthesis conditions in 
terms of Al content, heating rate and precursor type. Then, a 
potential sintering mechanism related to sintering 
temperature is introduced. Li detection in electron 
microscopy techniques and air stability of the LLZO samples 
are discussed by using ToF-SIMS attached FIB-SEM. In the 
Citrate-Nitrate LLZO synthesis, the effect of Zirconium 
source and anionic species on the cubic phase stabilization of 
LLZO is covered.  

The thermodynamically favored precursors are also 
determined and the impurities in the structure have been 
successfully determined with the use of high-sensitivity 
Lithium maps in LLZO by using ToF-SIMS attached to Xe 
ion-source FIB-SEM. In Citrate-Nitrate synthesis, the 
negative influence of nitrate ions on cubic phase stabilization 
of LLZO is also shown. The highest bulk conductivity, 0.211 
mS/cm, is reached by solid-state synthesized LLZO sintered 
at 1200 °C for 12 hours. 
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Lithium-air rechargeable batteries have theoretically higher 
energy density than lithium ion batteries, and are therefore 
attracting increased attention as possible power sources for 
electric vehicles. Two types of lithium-air batteries have been 
developed; aqueous and non-aqueous systems. The non-
aqueous system consists of a lithium electrode, a non-
aqueous electrolyte, and an air electrode. The non-aqueous 
system has higher energy density than the aqueous system, 
but it has some serious problems, including high polarization 
for the charge and discharge processes, electrolyte 
decomposition, and contamination by moisture in the air. 
These problems could be overcome for the aqueous system. 
The most important issue for the aqueous system is to 
develop a water-stable lithium electrode, because lithium 
reacts severely with water and should be covered with a 
water-stable lithium conducting solid electrolyte. 

Lithium aluminium titanium phosphate (LATP) powders 
have been synthesized by a sol-gel method.  The prepared 
samples were firstly analysed using thermogravimetric 
analysis (TGA) and differential scanning calorimeter (DSC) 
to obtain the suitable sintering temperature. The synthesized 
powders were sintered at temperature range 750 ºC-950 ºC 
for 1 hour. The formation of the compound and the different 
phase structures have been confirmed by X-ray diffraction. 
The morphology of the samples was observed by the Field 
Emission Scanning Electron Microscopy (FESEM). BET 
method have been applied for measuring the porosity and 
surface area of LATP pellets. Ionic conductivity 
identification of the pelletized powder were determined by ac 
impedance spectroscopy using Gamry Model 3000 
electrochemical analyzer over a frequency range from 0.1 to 
106 Hz. An applied voltage was fixed at 110 mV.  Sintered 
pellets with 18 mm diameter and 2 mm thickness were used 
to measure the corrosion rate of LATP as a function of time 
in saturated aqueous LiOH. 

Figure 1. Sol-gel synthesized amorphous (black) and 
crystalline (white) sintered LATP pellets. 

Figure 2. XRD paterns of the LATP particles. 
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A Multielement Doping Effect on Li7La3Zr2O12 Solid Electrolytes by Using 
Waste Material 
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Li-ion batteries cover the important portion on the battery 
market because of their outstanding energy and power 
densities, long lifetime and better rate capabilities. However, 
these batteries face critical safety issues due to highly 
flammable organic-based liquid electrolytes [1]. Solid 
electrolytes are prominent candidates for overcoming safety 
issues. high thermal stability and electrochemical window; 
suppressed Li dendrite formation are the key features of solid 
electrolytes [2]. On the other hand, lack of air sensitivity, 
high interfacial resistance when contacting with Li and 
relatively poor ionic conductivity are some of the important 
drawbacks of solid electrolytes.  

As one of the solid electrolyte, garnet type Li7La3Zr2O12 
(LLZO) shows a great potential to overcome the drawbacks 
mentioned above. It shows high ionic conductivity and low 
interfacial resistance, excellent air and humidity stability [3]. 
Stabilizers such as Al, Ga, Ta and Fe are extensively added 
into LLZO since they both stabilize the cubic phase and 
enhance the ionic conductivity [4-5]. Among them, Fe3+ 
doping in garnet LLZO structure showed very promising 
ionic conductivity within a range of a few milliSiemens per 
centimeter, quite close to the conventional liquid electrolytes 
[5]. In spite of the fact that there are a few published papers 
based on the effect of Fe doping, the only Fe source used so 
far has been Fe2O3 [5]. However, Bauxite residuals from the 
alumina process (known as red mud) could be an alternative 
option for stabilizing LLZO. The XRD pattern of red mud 
was presented in Figure 1. 

Figure 1. XRD pattern of red mud 

According to the XRD pattern in Figure 1, the significant 
amount of Fe2O3, Al(OH)3 were observed in red mud. There 
are also sodalite (CaO.Al2O3.SiO2) and katoite 
(Na2O.Al2O3.SiO2) as well. Because of its various element 
content such as Fe, Al, Si content shown in Table 1, red mud 

could act not only stabilizing agent in LLZO, it, but also, 
provides a synergistic multielement doping mechanism.  

Table 1. Elemental analysis of red mud 

Element Fe Al Si Na Ca Ti Others 

wt. % 35.0 23.4 19.9 10.2 6.2 5.0 0.3 

In this regard, the present study discusses the potential use of 
red mud in the field of LLZO synthesis and the synergistic 
multielement doping effect by using red mud. 2-10 wt. % red 
mud incorporated LLZO powders were synthesized by solid 
state reaction method. The crystal structure determination and 
impurity phases were discussed by X-Ray Diffraction (XRD). 
Density and sintering behavior were evaluated by both 
Archimedes density measurements and Scanning Electron 
Microscopy (SEM). The ionic conductivities of the as-
synthesized pellets were measured by AC Impedance Method 
(EIS). A low temperature cubic phase stabilization and 
certain improvement on ionic conductivity by using red mud 
were observed in comparison to pure Fe doping.  
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Dynamic analysis of lithium and hydrogen migrations at Au/LiCoO2, 
LiCoO2/LATP, LATP/Pt interfaces in all-solid-state batteries with charging 
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A solid-state lithium ion (Li+) battery is one of the most 
remarkable devices. To realize the product, it is essential that we 
have information on the transport behavior of Li in the solid-state 
Li+ ion batteries. So far, we have successfully been investigated 
the distributions of Li and H in Pt-covered LiCoO2 multi-layer 
thin films acting as the positive electrode in a solid-state Li+ ion 
battery by means of elastic recoil detection (ERD) technique 
using 9.0 MeV oxygen ion (O4+) probe beams from a tandem 
accelerator [1]. The measurements of the ERD revealed the 
migrations of H+ as well as Li+ ions from LiCoO2 to the negative 
electrode formed at the interface between the Li1+xAlxGeyTi2-x-

yP3O12–AlPO4 (LATP) electrolyte and the Pt electrode by 
charging. 

Our aim here is to demonstrate the migrations of Li and H at the 
interface between the Au electrode and LiCoO2 (Au/LiCoO2), 
LiCoO2 and LATP (LiCoO2/LATP), LATP and the Pt electrode  
(LATP/PT) under charging conditions by combining ERD with 
Rutherford backscattering spectrometry (RBS) using 9.0 MeV 
O4+ ion probe beams. 

Figure 1 shows typical ERD spectra of recoiled Li+ and H+ ions 
from the Au/LiCoO2/LATP side with no bias and when applying 
voltage at 1.00 and 1.50 V, as measured using 9.0-MeV O4+ ion-
probe beams. It is found in Figure 1 that the intensities at each 
channel gradually decrease with an increase in the applied 
voltage.  

The ERD spectra clearly revealed that the Li concentrations at 
each Au/LiCoO2/LATP and Pt/LATP side decreased and 
increased, respectively, when the acquired voltages were more 
than 1.00 V and the Li atoms of approximately 35 at% migrated 
from the LiCoO2 cathode to the LATP (LixTiy(PO4)3) anode after 
applying the voltages up to 1.50 V. In addition, the presence of H  

Figure 1. The Typical ERD spectra of recoiled H+ and Li+ 
ions from Au/LiCoO2/LATP side with no bias and applied 
voltages up to 1.50 V using 9.0-MeV O4+ ion-probe beams. 

was also observed at the Au/LiCoO2/LATP and Pt/LATP 
interfaces and in the LiCoO2 and LATP bulks and might 
significantly influence on the Li+ ion conduction for the battery 
materials. 
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Topological analysis and large-scale computational screening for solid Li-ion 
superconductor candidates

Mert Övün1, and M. Kadri Aydınol1
1Dept. of Metallurgical and Materials Engineering, Middle East Technical University , Ankara, Turkey

As lithium is the lightest metal in periodic table with high 
electrochemical potential, rechargeable Li-ion batteries will 
power our everyday electronic devices for some more time to 
come with their superior energy densities; although the 
present Li-ion battery technology is restricted by safety and 
lifetime issues [1]. Despite being an excellent ionic 
conductor, organic electrolyte is flammable and tends to leak 
and decompose under certain conditions; solid electrolyte 
interface layers that form during charge/discharge cycles 
affect battery life adversely. Solid-state electrolytes are 
considered to be a better alternative [2].  

A candidate solid electrolyte needs to fulfill certain criteria 
such as high electrochemical stability, low electronic 
conductivity; and surely, a solid electrolyte has to possess a 
level of ionic conductivity at least comparable to that of 
liquid electrolytes at room temperature [3]. 

Density functional theoretical (DFT) methods offer the most 
reliable computational tools in solid ionic superconductor 
research prior to further experimental investigations. These 
methods enable to calculate activation energy barrier for Li-
ion migration. [4] However, the major drawback of DFT 
methods is that computational cost devastatingly increases as 
the system size increases. This restricts simulation times, 
system sizes, and the number of candidate crystal structures 
to be studied. 

 
This study aims to develop a topological analysis method to 
be applied large numbers of crystal structures for 
computational screening prior to DFT study. The method 
utilizes Voronoi tessellation and pathfinding algorithms to 
crystal structures considering the ionic radii of constituent 
species in order to solve the widest path problem, and reveal 
and evaluate possible Li-ion migration pathways. It is 
apparent that the method is sensitive to already known 
superionic conductors as compared with other ionic crystal 
structures. Therefore, our topological analysis approach 
promises to detect possible superionic conductors once it is 
integrated to large-scale crystal structure databases. 
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Lithium-ion batteries (LIBs) are playing very important role 
in the modern society owing to its unique cyclability and high 
energy density. Therefore, the demand for cathode materials 
with high energy density significantly increases. NCA 
(LiNi0.8Co0.15Al0.05 O2) is the cathode electrodes which 
LiNiO2 is combined with aluminum and cobalt for li-ion 
batteries[1].  Its advantages include high practical capacity 
(∼200 mA·h/g), large working voltage range (3,0V - 4,2 V)), 
and a relatively low capacity loss per cycle rather low cost 
(lower than LiCoO2)[2].  However, there maintain problems 
unsolved: (1) Ni2+  in NCA tends to migrate from transition 
metal layers to the Li+ slabs and form electrochemically 
passive NiO phase,  result degradation of cathode during 
charge discharge process; (2)  Another main reason 
responsible for the degradation of NCA is side reactions of 
highly oxidized Ni4+  with electrolyte during cycling; (3) In 
addition, weak electrical conductivity of the pure material 
also reduce its electrochemical performance. As a result, 
improvement on the cycling stability and safety is of main 
issue in the research on NCA[3]. 

In this study, NCA nanoparticles were synthesized by the sol-
gel method. MWCNT and the graphene which produced by 
modified Hummer’s method is constructed as a reinforcing 
element to provide structural stability and to increase 
conductivity. NCA nanoparticles decorated  between graphene 
nanosheets  and MWCNT by ultrasonication and vacuum 
filtration method (NCA/ Graphene/ MWCNT). NCA/ 
graphene, NCA/MWCNT and NCA-Graphene/MWCNT 
nanocomposite electrodes were produced as freestanding 
cathode for CR2032 Li-ion cell. Pristine NCA Nanoparticles 
were produced simply by sol-gel process with purity, as 
shown in Fig. 1a. Avarage size of the pristine NCA 
nanoparticle is 100 nm (in Fig.1b). MWCNT and graphene 
improve the performance of battaries because of their unique 
stryctures.       

Figure 1. a) XRD patterns  , b) FESEM images and c) 
RAMAN spetrum of pristine NCA. 
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Lithium-ion batteries are found to be used in portable 
electronics with its high energy density and capacity. 
Although nickel based active materials are used commercialy 
in Li-ion batteries, researches on novel materials are still 
needed for further improvements in performance of these 
batteries, especially for high energy necessitating 
applications. In this study, ZrV2O7, ZrP2O7 and 50:50 solid 
solution of these two phases were applied as electrode 
material for Li-ion batteries. Wu et al. [1] applied ZrV2O7 
phase for surface modification of LiNi0.5Mn1.5O4 used as Li-
ion battery electrode. 

In this study, ZrV2O7 (ZrV), ZrP2O7 (ZrP) and 50:50 solid 
solution of these two phases (ZrVP) were synthesized by sol-
gel technique using Zr(SO4)2*4H2O, NH4VO3, NH4H2PO4 as 
precursors. Citric acid was used as a chealating agent with a 
molar ratio of citric acid to metal as 2:1. Likewise, liquid 
ethylene gylcol (99 % ) was used for gelation having molar 
ratio equal to citric acid. Precursors were mixed in 150 ml of 
hot distilled water. Solid solution of ZrV2O7 and ZrP2O7 

phases was synthesized similarly preparing each constituent 
in different beakers and then mixing them in liquid state. 
After gelation, pre-calcination was applied at 300 °C for 2 
hours. Different calcination time and tempertures were tried 
at 500, 600, 650, 700 and 900 °C for 1, 2, 3 and 3.5 hours for 
optimization. Electrodes were prepared by coating the 
mixture of active material, carbon black and pvdf (80:10:10) 
onto aluminum foil. After drying, electrodes were cut in to 
discs with 18 mm diameter. Glass microfiber and 1 M LiPF6 
in 50:50 EC:DEC were used as seperator and electrolyte 
respectively. Cells were assembled in glove box under Ar 
atmosphere for electrochemical tests. 

Crystal structure analysis was carried out by X-ray diffraction 
(XRD) (Bruker D8 Advance, CuKα radiation, 2θ range of 15-
75°, 0.05 step size, 0.5°/min data collection time). XRD 
spectrums of synthesized powders were given in figure 1. ZrP 
and ZrV samples have single phase crystal structure. Peaks 
shifts were clearly seen when the peaks around 20° 
diffraction angle were zoomed in. As can be seen, peak 
belonging to ZrVP sample is in between the ZrP and ZrV 
samples indicating the formation of solid solution. Elemental 
analysis was carried out by energy dispersive spectroscopy 
(EDS) and results showed that each phase was formed as 
stoichiometric compound. The ratio of solid solution 
(ZrV:ZrP 50:50 ) was also verified by EDS analysis.   

Figure 1. XRD Spectrums of synthesized powders. 

Capacity, rate capability and capacity retention of the 
synthesized powders were obtaiend by galvanostatic 
charge/discharge tests. Figure 2 represents the galvanostatic 
discharge capacity plots as preliminary results. As can be 
seen, the most promising electrode was ZrV sample having 
190 mAh g-1 specific capacity. Although ZrP sample did not 
give any discharge capacity, the capacity of  ZrVP sample 
showed consistent discharge capacity behavior as a solid 
solution due to presence of ZrV phase. Further analysis will 
be carried ot by SEM, EIS, CV and GITT to comprehend the 
nature of these 3 samples as a Li-ion battery electrode. 

Figure 2. Galvanostatic discharge capacity plots. 
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Lithium-cobalt oxide (LiCoO2) thin films are the most 
commonly used as a positive electrode for all-solid-state 
rechargeable lithium-ion (Li+) thin film batteries with smaller 
dimension and have found large scale potential applications in 
the commercial Li+ ion batteries. The positive electrode is one of 
the critical components of the Li+ ion thin film batteries and it 
determines the capacity, cyclic performance and thermal stability 
of the battery. In particular, the transport parameters relating to 
Li diffusion, trapping at trapping-sites, detrapping from the sites 
in the positive electrode are key factors that determines the rate 
at which a battery can be charged and discharged. So far, many 
diffusion measurements on LiCoO2 have been performed on 
composite electrodes consisting of platinum (Pt), gold (Au), 
graphite, binders and other materials [1]. As the electrodes, 
deposited onto the LiCoO2 positive electrode materials to charge 
and discharge, play an important role in catalysis of the 
dissociation of water vapour. In the case of total-solid-state Li-
batteries, large amounts of H atoms may be absorbed into the 
LiCoO2 and disturb Li+ ion behaviour.  

In this present study, the changes in Li and H distributions in the 
LiCoO2 thin films with approximately 30 nm in thickness, 
deposited on Li1+xAlxGeyTi2-x-yP3O12–AlPO4 (LATP) electrolyte 
using a pulsed laser deposition (PLD) device, have been carried 
out by charging and heating at approximatelly 323 K using the 
high-energy elastic recoil detection (ERD) technique with 9.0-
MeV O4+ ion-probe beams, to clarify the relationship between 
the Li+ ion conduction and H atoms trapped in the LiCoO2. 

Figure 1 shows typical ERD spectra of recoiled Li+ and H+ ions 
from the Au/LiCoO2/LATP side with no bias and when applying 
voltage up to 2.20 V at approximatelly 323 K, as measured using 
9.0-MeV O4+ ion-probe beams.  

The ERD spectra clearly revealed the sharp peak for the residual 
H atoms and a broad peak for the Li atoms, although some peaks 
from H and Li were overlapping. It was dynamically found in 
ERD spectra that the Li atoms of approximately 4.0 at% 
migrated from the LiCoO2 to the in situ negative electrode 
formed in the LATP electrolyte by applying at voltage of 1.0 V 
at 323 K, while no Li migrated at room temperature. The result  

Figure 1. The Typical ERD spectra of recoiled Li+ and H+ 
ions from Au/LiCoO2/LATP side with no bias and applied 
voltages up to 2.20 V using 9.0-MeV O4+ ion-probe beams. 

shows the thermal effect of the Li diffusion. The gradual 
reductions of the Li atoms in the LATP as well as the LiCoO2 
were observed by charging at lower voltages, as compared with 
those at room temperature. Then the x value of Li concentration 
in the LixCoO2 thin films reached to an approximately 0.2, which 
was almost same with that at room temperature, by applying at 
2.20 V. However, the amount of H did not change at all during 
the charges. The results allow us to conclude that the presence of 
H significantly influences the Li+ ion conduction for the Li-
battery systems. 
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Effect of Ni-Mn-Co ratio on the electrochemical performance of 
Li(NixMnyCo1−x−y)O2 (NMC) based cathode materials was 
investigated for Li-ion batteries. It was observed that this ratio 
influences the structural properties of NMC based cathode 
materials. In the present study, layered W and Mo doped (2 
wt.%) NMC cathode materials with the ratio of 111, 622 and 226 
were synthesized via spray pyrolysis yielding submicron-sized 
aggregates.  

SEM was performed to investigate the morphology of the doped 
cathode materials whereas TEM was used to investigate the 
structural changes in detail. Electrochemical performance of the 
cathode materials was measured using a potentiostat/galvanostat 
(Bio-Logic Instruments VMP-300). The electrochemical cells 
were cycled at 0.1C rate (1C=170 mAhg-1) within 2.7-4.2 V 
potential window for the doped NMC cathode materials. EIS 
measurements were performed in the frequency range from 300 
kHz to 3 mHz with a 10 mV amplitude. 

Differences in the content of host metals and the doping elements 
resulted in different properties1,2 such as particle morphology, 
discharge capacity and the rate capability for cathode materials. 
In this study two types of morphology were observed as 
following;   
1. Densely packed with relatively small primary particles, e.g. 

NMC-226.
2. Loosely packed with larger primary particles, e.g. NMC-622

as shown in Figure 1.

Here, it should be noted that NMC-111 cathode materials fall 
between these two types of morphology. Moreover, each particle 
morphology exhibited different electrochemical performance. 

Figure 1. BF-TEM images of undoped and Mo and W-doped NMC 
cathode materials. 

Comparison of the doped cathode materials were tabulated in 
Table 1 based on their first discharge capacities (mAhg-1) and 
capacity retention after cycling (%).  Although capacity retention 
of 622-W and 226-W were satisfactory, the exhibited capacity of 
95.03 mAhg-1 and 88.85 mAhg-1 for these cathode materials were 
not sufficient. Instead, Mo-doped NMC based cathode materials 
exhibited better electrochemical performance compare to W-
doped ones. CE of NMC cathode materials in the range of 2.7 V-
4.2 V potential window was determined very close to each other, 
except 111-W4. Here, 111-W exhibited a drastic drop, at the 
eleventh cycle, in CE indicating the severe capacity loss, Figure 
2. 

Figure 2. Coulombic efficiency of doped NMC based cathode 
materials. 

Table 1. First discharge capacities and capacity retention values of 
doped NMC based cathode materials and equivalent circuit values of 

impedance fittings for the electrodes (τ  is the time constant). 
First 

Discharge  
Capacity 
(mAhg-1) 

Capacity 
retention 

 after cycling 
(%) 

RCT 
(Ω) 

τ  (s) χ2 

111-Mo 139.55 80 908 25.5 4.5x10-3 
622-Mo 140.75 81 816 25.6 1.8x10-3 
226-Mo 90.30 53 629 15.5 3.9x10-3 
111-W 36.32 0 6430 - 9.6x10-3 
622-W 95.03 83 13000 - 8.5x10-3 
226-W 88.85 74  981 68.3 3.6x10-3 

These results can be concluded that Ni-Mn-Co ratio has an 
influence on structural properties and thus the electrochemical 
performance of the cathode materials. SEM and TEM 
micrographs show that each Ni, Mn, and Co ratio, i.e. 111, 622 
and 226 formed their own characteristic morphology. However, 
it was observed that the morphology in each individual group 
was not affected with the doping elements. This was also 
confirmed with EIS results that the loose aggregate structure 
resulted in a higher discharge capacity with a lower internal 
resistance which might make the intercalation/de-intercalation of 
lithium ions easier at a shorter diffusion time. Table 1. On the 
other hand, agglomerates those densely packed with smaller 
primary particles resulted in less electrode-electrolyte interaction 
causing higher internal resistance and thus resulted with capacity 
fading.   
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Ni-based cathodes used in Li-ion batteries are suffer from 
structural instability during charging/discharging. It was 
reported in many researches that Co and Al doping to LiNiO2 

(LNO) reduces the structural instability which provides better 
electrochemical performance as compared to bare LNO[1]. 
Although Li(Ni0.8Co0.15Al0.05)O2 (NCA) has been a 
commercialized cathode active material, further 
improvements in structural stabililty and electrochemical 
performance can be gained by either coating or doping[2-4]. 

In this study, bare and Mo-doped Li(Ni0.8-xCo0.15Al0.05)O2 
(where x=0.2, 0.4) powders were synthesized by sol-gel 
technique. It was expected that Mo-doping-by reducing the 
nickel content- would increase the structural stability whereas 
increase the capacity retention since structural instability is 
caused by presence of nickel. Synthesis was carried out by 
using nitrates of each constituent element . Citric acid was 
used as a chelating agent and pH value was set to 4 using 
NH4OH (28 % NH3). After pre-calcination at 400 °C for 5 
hours, calcination was carried out at 800 °C for 24 hours for 
formation of layered structure.  

Crystal structure analysis was carried out by X-ray diffraction 
(XRD) (Bruker D8 Advance, CuKα radiation, 2θ range of 15-
80°, 0.05 step size, 0.5°/min data collection time) and 
structural parameters were obtained by Rietveld refinement 
(MAUD Software[5]).  XRD spectrums of synthesized 
powders were given in figure 1. Mo-doping did not cause the 
secondary phase formation such that all samples have single 
phase layered rhombohedral structure.  

Figure 1. XRD Spectrums of bare and Mo-doped NCA. 

Electrochemical properties such as capacity, rate capability 
and capacity retention of the synthesized powders were 
obtaiend by galvanostatic charge/discharge tests. Figure 2 
represents the galvanostatic discharge capacity plots as 
preliminary results for bare and Mo-doped NCA samples. 

Figure 2. Galvanostatic discharge capacity plots. 

As can be seen from figure 2 that bare NCA sample has the 
highest first discharge capacity. In other words, Mo-doping 
on NCA sample does not have any contribution to the first 
discharge capacity. Having less nickel amount reduced the 
capacity of the doped samples as expected since the nickel is 
the prominent element which determines the capacity. For 
future studies cyclic voltammetry (CV) and  electrochemical 
impedence spectroscopy will be carried out in order to better 
understand the effect of Mo-doping on electrochemical 
properties of NCA cathode material. 
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Since Padhi et al. reported the electrochemical properties of 
LiFePO4 in 1997 [1], polyanion cathode materials for 
lithium-ion batteries attract interest of researchers because of 
the added safety and higher voltage values in comparison to 
the oxide analogues with the same M2+/3+ redox pair. The 
higher safety and higher voltage come from strong covalent 
bonding within the polyanion units and, over the years, these 
inherent characteristics have promoted the investigation of 
different polyanion compounds. Among them, lithium 
transition-metal silicates, Li2MSiO4, and pyrophosphates, 
Li2MP2O7, additionally offer the possibility of extraction/ 
insertion two lithium ions per formula unit thus increasing 
theoretical capacity. However, unlike their oxide counter-
parts, polyanion cathodes suffer considerably from low 
conductivity (both ionic and electronic) which significantly 
limits their rate performance and therefore application in high 
power devices. To overcome this obstacle various strategies 
were developed like minimization of particle size, addition of 
conductive additives and/or ion doping. 

In this study, the approach that was used includes preparation 
of Li2FeSiO4/C, LiFePO4/C and Li2FeP2O7/C composites 
where carbon is obtained by pyrolytical degradation of 
methylcellulose and in situ during formation of polyanion 
active material on high temperatures. Methylcellulose, or 
methyl cellulose ether, is a water-soluble derivative of 
cellulose with an ability to gel upon heating and reversibly 
liquefy upon cooling due to the hydrophobic interaction 
between molecules containing methoxyl groups [2]. Thanks 
to this outstanding ability, the methylcellulose acts not only 
as a carbon source, but also as a dispersing agent that enables 
both the homogeneous deployment of the precursor 
compounds and the control of active material’ particle growth 
from the earliest stages of crystallization. This further 
allowed a significant shortening of high temperature 
treatment (to several minutes long) with additional decreases 
of particle agglomeration. Being both simple and 
inexpensive, the described method is also beneficial for 
commercial purposes. 

The electrochemical and microstructural properties of the 
obtained powders were examined and compared. Also, the 

opportunity is taken to discuss potential of a redox couple 
Fe2+/Fe3+ (Figure 1) in a relation to the crystal structure of a 
given polyanion cathode. 

Figure 1. The electrochemical profiles of the prepared 
powders: Li2FeP2O7/C (@ c/20), Li2FeSiO4/C (@ c/10) and 

LiFePO4/C (@ c/3). 
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Ni-Rich LiNixMnyCozO2 (x>0.6) Cathode Material Development for Li-Ion 

Battery via Sol-Gel Method 

Mustafa Alp YILDIRIM1 and Kadri AYDINOL1
1Dept. of Metallurgical and Materials Engineering, Middle East Technical University, 06531 Ankara, Turkey 

Lithium-Ion Battery is one of the most prominent energy 
storage alternatives for the specific mobile applications like 
mobile phones and electric vehicles. LiNixMnyCozO2 
(NMC, x+y+z=1) has been considered as an appealing 
cathode material among other candidates in terms of its 
improved stability and electrochemical performance as well 
as environmental friendliness. In NMC, only Ni and Co are 
electroactive, while Mn generally functions as a structural 
stabilizer. The specific capacity of the compound is very 
much dependent on the Ni content, which adversely affects 
the structural stability.  

The aim of this study is to increase the capacity of NMC 
cathode active material by increasing the amount of Ni, 
without much decrease in stability. In that regard, produce 
NMC with different amounts of Ni, all of which to be 
considered as a Ni rich composition, i.e, x>0.6. 

Figure 1. XRD Result of a) NMC 622 and b) NMC 712.

NMC powders which have ratio of 622, 712 and 811 were 
synthesized Sol-Gel method.[1] Nitrate compounds of 
Lithium, Nickel, Cobalt, and Manganese were used for the 
precursors. Precalcination process of the powders performed 
5 hours at 400 OC and calcination process performed 14 hours 
at 800 OC.  

The XRD results of the produced samples which correspond 
to the NMC structure in the literature have been shown in 
figure 1. Electrochemical measurements of the cathodes will 
be done by galvanostatic charge-discharge tests and cyclic 
voltammetry (CV) to focus on capacity, cycle life, safety and 
rate capability properties of the active materials. 
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Layered-based cathode active materials are still potential 
cathode materials for lithium ion batteries due to their high 
capacity, cycle life, rate capability and safety. 
Li(Ni1/3Mn1/3Co1/3)O2 (NMC) and Li(Ni0.8Co0.15Al0.05)O2 
(NCA) layered-based cathode active materials have been well 
studied and used as cathode material in the commercial 
lithium ion batteries1. Considering toxicity, abundance and 
cost of the Co element, there is a great demand to develop 
new cathode materials with the properties of low cost, less 
toxic and high capacity2. In this respect, we previously 
focused on the development of Co-free layered 
Li(NixMnyFe1-x-y)O2 cathode active materials with different x 
and y ratios (x=0.2-0.6, y=0.2-0.6) to improve the properties 
in question. 

In this study, the Li(Ni0.2Mn0.2Fe0.6)O2 (NMF-226), 
Li(Ni0.4Mn0.4Fe0.2)O2 (NMF-442), Li(Ni0.6Mn0.2Fe0.2)O2 

(NMF-622) and Li(Ni0.2Mn0.6Fe0.2)O2 (NMF-262) were 
synthesized by sol-gel method. As a precursor, LiNO3, 
Ni(NO3)2·6H2O, Fe(NO3)3·9H2O and Mn(NO3)2·4H2O were 
used. Citric acid was added as a chelating agent. After pre-
calcination at 450 °C for 4 hrs, calcination was carried out at 
800 °C for 5 hrs to obtain layered structure.  

The crystal structure of cathode active materials was 
analyzed by an X-Ray Diffractometer (XRD, Bruker D8 
Advance) using Cu-Kα radiation. The XRD patterns were 
collected with a scan rate of 2°/min.  XRD pattern of 
obtained layered NMF cathode materials showed good 
[006]/[102] and [108]/[110] doublets indicating layered 
structure and good hexagonal ordering, except NMF-262 as 
shown in Figure 1. 

The ratio of the peak intensities of I[003]/I[104] is an important 
parameter for determining the ordering characteristics where 
if this ratio is larger than 1.2 indicating absence of cation 
mixing3. This ratio was calculated 0.72, 1.02 and 0.88 for 
NMF-226, NMF-442 and NMF-622, respectively. 

The morphology of NMF-226, NMF-442, NMF-262 and 
NMF-622 was observed by scanning electron microscopy 
(SEM) and average particle size was ca. 0.3 μm, as shown in 
Figure 2. The EDS analysis was taken into consideration, to 
determine relative amount of transition metals in the NMF 
synthesized cathode materials. 

Figure 2.SEM images of studied NMF-226, NMF-442, NMF-
262 and NMF-622 cathode materials.  
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Hydrides as conversion-type anodes for Li-ion batteries:
studies on MgH2 thin films as a model system

Fermín Cuevas, Junxian Zhang, Nicola Berti and Michel Latroche 
Institut de Chimie et des Matériaux Paris Est (UMR7182), CNRS, UPEC, F-94320 Thiais, France 

Nowadays, lithium-ion batteries (LiBs) are commonly used to power mobile devices and electric vehicles, but their performances 
still need to be improved. Metal hydrides are promising high-capacity negative electrode materials for Li-ion batteries owing to their 
high theoretical Li storage capacities and suitable working potential (< 1V vs Li+/Li) through conversion reaction with lithium [1,2].
However, they suffer from low reversibility at room temperature (RT). In this talk, we will review the state-of-the art in this research 
field and our recent studies on thin films. 

Magnesium hydride MgH2 thin films, as well-defined 2D systems, have been investigated to study irreversibility issues of metal 
hydrides as anodes of LiBs[3]. One-micron thick films were deposited over Cu current collectors by means of reactive plasma 
sputtering and Al-coated to minimize the formation of passivating MgO native oxide layer. Structural and chemical properties of the 
electrodes were analyzed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy 
(TEM), and electrochemical impedance spectroscopy (EIS). Galvanostatic cycling reversibility at RT and C/50 rate is limited to 25% 
for the first cycle. Possible reasons for low reversibility such as mechanical degradation, electronic isolation or mass transport 
limitation have been studied by combination of these techniques. TEM studies during the first lithiation did not show any evidence of 
mechanical degradation (Figure 1) and EIS analysis proved no electronic isolation. Mass transport limitation is identified as the main 
cause of the low reversibility of the conversion reaction of MgH2 with lithium at RT. The future development of hydrides as efficient 
anodes of LiBs should consider new strategies to enhance reaction kinetics, particularly during the delithiation step.  

Figure 1. TEM images of the cross section of 1 m-thick MgH2 electrode at different states of the first lithiation step. 
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Porous Si, Si/C and SiC thin films as the anodes for lithium ion microbatteries 

Aliya Mukanova1,2, Assel Serikkazyeva1 and Arailym Nurpeissova1, Sung-Soo Kim3, Maksym 
Myronov4 and Zhumabay Bakenov1,2 
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4 Physics Department, University of Warwick, Coventry CV4 7AL, United Kingdom.

Amorphous silicon (Si)-based thin film is a promising 
candidate for anode material for Li-ion batteries due to its 
high theoretical capacity of around 3700 mAh/g, low 
potential vs. Li/Li+ [1]. Flat Si thin films with thickness more 
than 200 nm showed a rapid capacity fade due to film 
delamination from current collector and further electrical 
contact loss. 3D structure of Si anode can decrease the film 
damage. Developing of three-dimensional (3D) structure for 
Si material is doomed to failure because in case of significant 
volume change any patterns experience destruction upon long 
cycling. Deposition of Si film on 3D current collectors is able 
to solve the issues with expansion more effectively [2]. The 
small addition of carbon (C) can positively effect on the 
electrical conductivity and mechanical stability of the Si-
based anodes. 

Herein, it is reported on facile and cheap venue to prepare Si, 
Si/C and SiC thin film anodes by means of magnetron 
sputtering. 3D copper substrate prepared by etching in 
ammonia solution and used as current collector for depositon 
of Si-based thin film anode. These work compises several 
studies, including the investigation of the doping effect (n-/p-
type) on the electrochemical performance of Si film anode, 
the formation features of SEI layer in the presence of vinyl 
carbonate (VC) additive in the electrolyte (see Fig. 1) as well 
as the main difference in the cycling behaviour of Si, Si/C 
and SiC thin film anodes. Results of post-mortem analysis by 
Raman spectroscopy, scanning electron microscopy helped to 
undestand the structural and morphological changes of the 
anodes after cycling and take a course on the further 
improvement of the Si-based thin film anodes.   

Figure 1. The electrochemical performance of undoped, p-/n-
type doped Si and with VC additive 
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Nano-magnetite decorated graphene oxide aerogels for high-capacity and 
stability Li-ion battery anodes 

Buse Bulut Köpüklü1, Adnan Taşdemir1, Alp Duman1, Selmiye Alkan Gürsel 1, 2, and Alp Yürüm 2 
1Faculty of Engineering and Natural Sciences (FENS), Sabancı University, 34956 Istanbul, Turkey 

2Sabancı University Nanotechnology Research and Application Center (SUNUM), 34956 Istanbul, Turkey 

Transition metal oxides (TMOs) are attractive alternatives to 
conventional Li-ion battery anode materials, due to their high 
theoretical reversible capacity and safety [1, 2]. In addition to 
the high performance, an economically feasible and 
environmentally friendly representative of the TMO family is 
iron (II, III) oxide (Fe3O4, magnetite), besides its high 
specific capacity of 924 mAhg-1, being much higher than that 
of the conventional LiB anode graphite (372 mAhg-1) [2, 3]. 
However, the poor cyclic stability of Fe3O4 associated to its 
substantial volume change during the lithiation/delithiation 
process is the main restraining factor for its widespread 
application [4].  

Albeit the nanoscale TMOs as electrode materials are 
advantageous in terms of facilitating the electrolyte and 
charge transport, as well as increasing the surface area, they 
suffer from from high resistivity and low packing density at 
nanometer scale. Incorporation of the active material to a 
three-dimensional interconnected porous network of 
carbonaceous conductive materials is a recognized approach 
for overcoming such restrictions. 

Figure 1. SEM micrograph of the as-obtained nano-
Fe3O4@GO composite powder 

The oxygen-based functional groups on the graphene oxide 
(GO) surface enables the material to be easily exfoliated in 
aqueous environments. Fe3O4 nanoparticles can easily be 
clinged on the GO sheets to serve as a versatile anode 
material [5]. Decoration of various morphologies of Fe3O4 
nanostructures are possible by simple adjustment on the 
reaction parameters.  

Figure 2. Cyclic performance of the nano-Fe3O4@GO 

In our work, we developed a facile, one-pot hydrothermal 
synthesis for simultaneous deposition of Fe3O4 spherical 
nanoparticles while fabrication of GO aerogels (nano-
Fe3O4@GO). The agglomerates of Fe3O4 nanoparticles of 50 
nm agglomerate size successfully decorated the GO aerogel 
surfaces (Figure 1). 

Half-cells prepared from nano-Fe3O4@GO as anode has 
demonstrated around 2000 mAhg-1 specific discharge 
capacity for more than 20 cycles of retained stability, tested 
between 0.01-3.0 V at a 0.5 Ag-1 current density. The plateu 
observed at 0.9 V at the discharge curve may be attributed to 
the reduction of Fe3+ and Fe2+ to Fe0 , possibly working as an 
electrochemical catalyst [4], resulted in the high specific 
discharge capacity (Figure 2). The results indicated the great 
potential of the transition metal oxide nanoparticle/ 
interconnected porous carbon-based network composites as 
high performance Li-ion battery anode materials. 
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Green synthesis of silicon nanoparticles for high energy Li-ion battery 
applications 
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Lithium ion batteries (LIBs) are one of the best candidates to 
compensate the growing demand for electric energy storage 
in portable electric vehicles and electronic devices. High 
energy density, better rate capability, low cost, and high 
security are very important for these applications. Therefore, 
alternative and inexpensive sources are required to replace 
commercial graphite electrodes with low theoretical capacity 
(~370 mAh g−1). 

In this work, silicon is considered as a promising anode 
material for LIBs because of its high theoretical capacity of 
~4200 mAh g−1. However, the common methods to the 
production of nanostructured silicon electrodes consist of 
costly, complex and time-consuming processes. Nano-sized 
silicon which is used as an anode material have been obtained 
by magnesiothermic reduction of rice plants. Nevertheless, 
excessive volume expansion of silicon (~320%) during the 
charge/ discharge processes causes degrading of the silicon 
electrodes. The structure of Silicon/SiO2/carbon (Si/SiO2/C) 
composite was designed via Stöber method and minimized 
the harm effect caused by huge volume change. The carbon 
coating on Si/SiO2 can provide electronically conductive 
networks between the electrode active material and current 
collector. 

The morphology of all structures was characterized by field 
emission scanning electron microscope (FE-SEM). The 
structure of samples was studied by X-ray powder diffraction 
(XRD) and a Raman spectroscopy. Fig. 1a and b show FE-
SEM images for bare Si which fabricated after the 
magnesiothermic reduction reaction and Si/SiO2 powders. 
Besides, XRD pattern and Raman spectra for both samples 
are shown in Fig. 1c and d respectively. 

The cyclic voltammetry (CV) tests and the charge-discharge 
cycling tests were conducted to describe electrochemical 
performance of the Si/SiO2/C composite. The Si/SiO2/C 
composite exhibits an initial capacity of 2000 mAh g−1 and 
the discharge capacity of 450 mAh g−1 after 500 cycles with 

28% capacity retention. Results indicate that the carbon 
coating is an effective approach to improve the 
electrochemical properties of the Si/SiO2/C composites 
making this a potential route to obtain high-energy density 
anode materials for LIBs. 

Figure 1. a, b) FE-SEM images, c) XRD patterns and d) 
Raman spectra of bare Si and Si/ SiO2. 
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Optimization of Graphene Synthesis by Electrochemical Exfoliation of Graphite 

Vahit Kurt1*, M. Kadri Aydınol 1 
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Graphene is the one atom thick allotrope of carbon that is a 
honeycomb lattice of carbon atoms. Graphene has a lot of 
extraordinary properties like high electrical and thermal 
conductivity, high specific area,  transparency, strength and these 
properties cause increasing of interest on it. These properties 
make graphene a suitable candidate for many technological next-
generation applications such as energy storage, optical 
electronics, transparent conductors and composite materials.. 
Since its invention, many researches has been done on how to 
produce graphene and how to use it efficiently but researchers 
are still not being able to produce graphene at large amounts. 
Because of that reason, graphene’s price is extremely high and 
graphene could be used only some special applications. 

Currently, there are several routes to produce graphene; 
mechanical exfoliation, CVD (chemical vapor deposition), SiC 
thermal decomposition, liquid phase exfoliation, chemical and 
thermal reduction of graphene oxide. In this study,graphene was 
synthesized by electrochemical exfoliation of graphite. 

The electrochemical approach has the advantages of being 
single-step, easy to operate, environmentally friendly (if using 
ionic liquid electrolytes or aqueous surfactants) and operates at 
ambient conditions. That method is one of the most cost effective 
ways to produce high quality graphene with high production rate. 
Highly controllable flakes can be formed without the need for 
volatile solvents or reducing agents. The electrochemical method 
utilizes a liquid solution (electrolyte) and an electrical current to 
drive structural expansion (oxidation or reduction), intercalation 
and exfoliation at a piece of graphite (rod, plate, wire) to produce 
graphene flakes. Mainly, ions in the electrolyte enter between 
graphite layers with the aid of the electrical potential and 
exfoliate them.  The experimental arrangement uses a mono 
polar, undivided electrolysis cell. The yield, productivity and 
properties of graphene flakes can be tuned by controlling the 
electrolysis parameters and electrolytes. 

In this project, graphene was synthesis by electrochemical 
exfoliation of graphite.  Process parameters like electrolyte, 
electrode, used graphite quality, salts, surfactants, applied 
voltage, current density, temperature, cell geometry (distance 
between electrodes) and time will be optimized to produce high 
quality graphene with high yield.Both acidic and basic 
electrolyte were used in past experiments as an aqueous 
electrolyte and acidic electroyltes yields better results, studies on 
aprotic electrolytes are going on. DC current were applied and 
it’s observed that higher current density results higher yield but 
lower quality graphene powders. Also, constant current 
exfoliation method is  more efficient than constant voltage 
exfoliation.  

 
Structural properties were analyzed by X-ray Diffraction (XRD). 
Morphological properties were characterized by Scanning 
Electron Microscopy (SEM)  and Atomic Force Microscopy 
(AFM).  

Figure 1: SEM images of graphene powders 

Figure 2: TEM image of graphene powders 

Figure 3: AFM image of graphene powders 

In SEM analysis, avarage powder size is measured calculated 
approximatley 100nm. In AFM images maximum thickness is 
measured as 12nm and minimum thickness is measured as 3nm 
(approximately 8-10 layers). Also surface area of powders are 
calculated as 15 m2/gr in Brunauer-Emmett-Teller (BET) 
analysis.TEM analysis was done on electrochemically exfoliated 
graphene to observe the number of layers. Raman spectroscopy 
will be carried out to characterize the defect-activated band 
information in exfoliated graphene. 
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Graphite as a carbonous material has a wide range of 

applications as electrode materials for batteries and 

supercapacitors. As electrode material, interlayer distance in 

graphite is the most crucial parameter as it affects the ease 

with which the intercalation occurs in and out of graphite. 

This is particularly true for Na-ion batteries where the larger 

radius of Na requires much larger interlayer distances [1]. 

The interlayer distance in graphite normally has a value of 

0.334 nm, but this value can vary depending on the synthesis 

method used. For instance, Wang et al. The values of 

interplanar spacings obtained with thermal plasma processing 

of hydrocarbons, though have not yet been studied 

systematically, varies from Lc=0.338 to 0.416 nm 

Figure 1. Lay-out of the thermal plasma reactor. 

Figure 2. TEM micrograph of graphitic material sythesized from plasma 
co-processing of methane (CH4) and hydrogen (H2) off rates (slpm) of a) 
CH4:H2= 2.0:0.0,b) CH4:H2= 2.0:0. 

In the current work, a systematic study was carried to 

determine the extent to which the interlayer distance in 

graphite could be controlled via thermal plasma processing. 

The plasma unit used was Tekna 30 kW system with a layout 

shown in Figure 1. The precursors in use were methane and 

hydrogen which were co-fed to an RF plasma torch. 

Experiments were carried out in different proportions of flow 

TEM micrographs of synthesized powders are given in Fig.2 

This  shows that the structure obtained varied depending on 

rates, namely in units of sl/min, CH4:H2= 2.0:0.0, 2.0:0.1, 

2.0:0.5, 2.0:1.0 and 2.0:2.0[3]. 

TEM micrographs given in Fig.2 showed that the structure 
obtained varied depending on the composition. Here, Figure 
2 (a) refers to CH4:H2=2.0:0.0. The structure, in this 
sample,comprises particles that are typically 120 nm in size. 
Drastic change occurred in CH4:H2=2.0:0.5, Figure 2(b). 
Here, the granular structure,which was present in the earlier 
samples, i.e. Figure (a) is now absent. Instead there is flaky 
material which is quite thin. 

Fig. 3. XRD pattern  of graphitic material synthesized with  a) 
CH4:H2=2.0:0.0,b) CH4:H2= 2.0:0.1, c) CH4:H2= 2.0:0.5, d) CH4:H2= 
2.0:1.0, e) CH4:H2= 2.0:2.0. *The samples were mixed with Si 
powder for precise parameter measurement. 

XRD patterns obtained from the powders with co-feeding of 

hydrogen are shown in Figure 3. The patterns are similar to 

one another and confirm a graphitic structure in all samples. 

The peak positions seem to have been altered implying a 

change in the lattice spacing. While with CH4:H2= 2.0:0.0, 

the (002) peak occurred at 24.01o, which corresponds to an 

interlayer distance of 0.3703 nm, this peak shifts to lower 

angles with increasing hydrogen content. The value 

calculated for the sample with CH4:H2= 2.0:1.0, as verified 

by the lattice parameter of silicon, was Lc= 0.3792 nm. 

The results imply that with the control of the relative flow 

rate of methane and hydrogen  it is possible to control both 

the morphology and interlayer distance of the resulting 

graphite. Significance of this will be discussed within the 

context of the potential use of this material as anode for Li-

ion and Na-ion batteries  
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Energy consumption is increasing by the day and most of the 
energy required is provided by fossil fuels. But fossil fuel 
sources are limited and cannot be renewabled. Therefore, 
sustainable clean energy production from renewable energy 
sources such as solar, wind, wave, etc. is investigated. Energy 
storage through electrochemical secondary batteries is a 
promising way among the different electrical storage 
technologies. [1,2]. Graphene is an emerging important 
carbon materials because of its extraordinary mechanical, 
electrical and thermal properties, and is being used in many 
areas such as nanoelectronics, sensors, catalysis, composites 
and energy storage. Graphene sheets could be constructed to 
lightweight and three-dimensional (3D) porous structures for 
special applications in the fields like catalyst support, energy 
storage and environmental cleaning. 3D graphene aerogels 
with ultralow density and high porosity maintains the main 
properties of graphene sheets  and also prevent from the 
restacking of individual sheets [3,4]. Graphene aerogel are 
obtained using sol–gel chemistry that involves the reduction 
of graphene oxide to form a highly cross-linked hydrogel. 
The hydrogel can then be freeze-dried or supercritical-CO2-
dried to form a graphene aerogel [5]. The performance of 
GA-based electrodes are extremely affected by the 
morphology and structure of the GAs. However, there has not 
been much study on the optimization of the GA 
nanostructures [1]. 

In this study, the GA nanostructures were synthesized by 
reduction of graphene oxide (GO). The graphene oxide was 
prepared from  graphite powder using a modified Hummers 
method. Graphene hydrogel was prepared using ascorbic acid 
as the reduction agent. The obtained hydrogel was first 
purified in a large amount of distilled water to remove 
soluble species, and then freeze-dried to obtain the graphene 
aerogel. The morphologies of the GA was imaged by FE-
SEM and are illusrated in Fig. 1. It can be seen that the GA 
has interconnected three-dimensional porous structures. To 
investigate structures of graphene oxide (GO) and graphene 
aerogel (GA), X-ray diffraction (XRD) technique was used 
and Fig. 2 shows these XRD pattern. 

Figure 1.a. FE-SEM images of graphene aerogels, b. XRD 
patterns of graphene aerogel and graphene oxide 
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Since demands for energy storage and supply are growing in 
modern society, the concerns about the environmental 
pollution and the global climate change are becoming 
increasingly important. As a result of this, the pursuit of clean 
and renewable energy sources and the sustainable energy 
storage systems are drawing the attention of scientists. 
Among different technologies and devices such as 
supercapacitors and solar cells, as energy storage system, 
rechargeable lithium-ion batteries with high theoretical 
energy density can provide a promising solution for this 
worldwide environmental and energy related crisis [1].  
Although lithium-ion batteries are the most widely used type 
of batteries among the others, they suffer from several 
drawbacks such as poor cycle life, high capacity demand, 
stability, and poor rate capability. In order to overcome these 
challenges, one of the key factors is to produce a highly 
efficient anode material, which can enhance the energy 
capacity, cyclic stability and life [2]. According to recent 
studies, the control of morphology and porosity of the anode 
material enhances the capacity and rate capability of lithium-
ion batteries. Furthermore, the porous nanostructure of anode 
material supplies a large surface area which provide more 
active sites to perform the electrochemical reactions. On the 
other hand, these pores play a crucial role in storing of 
lithium ions on or within the anode electrode structure which 
restricts the efficiency of lithium-ion battery. 
Metal-organic frameworks (MOFs) are novel class of porous 
materials which are constructed by central metal ions and 
organic linkers, have drawn great attention of scientists 
during recent years [3]. Due to their controlled structure, high 
surface area and permanent porous, MOFs have been applied 
to many fields such as catalysis, gas separation, 
supercapacitors, chemical sensing, drug delivery and lithium-
ion batteries in last two decades. Although, MOFs were used 
directly as electrode in lithium-ion batteries, they have been 
also applied as precursor for the synthesis of nanomaterials 
with different morphologies. Since the MOFs can be easily 
converted to other products which show similar morphology 
with their precursors, MOFs derived metal oxides with 
unique structure have been developed and applied to energy 
storage systems [4].  
In the present study, nickel-metal organic framework (Ni-
MOF) as first synthesized as precursor via hydrothermal 
method and a layered structure of Ni-MOF was observed. 
After the sintering of precursor material in the air 
atmosphere, the nanostructured MOF-derived NiO was 
obtained and employed as anode for lithium ion batteries. 
The morphological and structural analysis of both Ni-MOF 

and NiO were obtained by X-ray diffraction (XRD), 
RAMAN spectroscopy, scanning electron microscopy (SEM) 
and Braunauer-Emmett-Teller (BET) analysis. 
Electrochemical characterizations such as cyclic voltammetry 
(CV) and charge discharge tests were performed by
assembling a coin cell battery.

Figure 1: Charge-Discharge curves for the 5th cycle at 0.5 C 

The charge–discharge NiO battery tests were performed 
within 0.01–3 V voltage range at a current density of 0,5 C 
rate. The initial discharge and charge capacity are found to be  
2541 and 2014 mAh g−1 respectively. The 5th cycle gave 
almost stabilized charge discharge capacity 1756 mAh/g and 
1817 mAh/g respectively (Figure 1). High porous structure 
and 44 nm sized spherical nanoparticle networks of NiO 
provided increase number of electrochemical active sites and 
great specific surface area that yield high Li+ mobility and 
storage during the intercalation and de-intercalation process. 
The electrochemical characterization showed that the battery 
assembled with the MOF-derived NiO nanoparticles provide 
an enhancement for specific capacity and rate performance. 
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To increase the energy storage capacity of rechargeable Li-
ion batteries (LIBs), novel anode materials having excellent 
electrochemical properties need to be intensively studied [1].  
Recently, nano-sized 3d transition metal oxides (such as 
Fe2O3, Co3O4, NiO, CuO, MnO2 etc) exhibit higher capacities 
as candidates anode materials for LIBs because of their 
remarkable theoretical lithium storage capacity [2]. CuO 
provides attractive properties, owing to its high specific 
theoretical capacity (674 mAh g−1), abundant reserves, low 
cost environmental friendliness, nontoxic nature and and ease 
of production.  However the use of pristine CuO has some 
disadvantages such as rapid capacity decay due to  large 
volume variation  and low electrical conductivity, which is 
unfavorable for charge transfer during LIBs operation, 
thereby resulting in poor electrochemical performance [3-5]. 
To overcome the these drawbacks, some methods have been 
applied by using graphene and multi walled carbon nanotube 
(MWCNT).  Due  to the high electronic conductivity, large 
specific surface area and excellent structural stability, 
MWCNT   and graphene have been used as conductive 
nanostructured carbon matrices to improve the electronic 
conductivity, specific capacity, rate capability and cycling 
stability of the CuO [6]. 

In the present  work, we comparatively study the 
electrochemical characteristics of  nanorod CuO, 
MWCNT/graphene/nanorod CuO. Nanorod CuO has been 
produced by chemical precipitation. Graphene oxide was 
synthesized by modified Hummer’s method.  Nanorod CuO 
decorated between graphene nanosheets  and MWCNT 
(Nanorod CuO/ graphene/ MWCNT). Nanorod CuO/ 
graphene/ MWCNT were produced as freestanding anode for 
CR2032 Li-ion cell. Produced CuO- MWCNT/Graphene  
anode electrodes were characterized by X-ray diffraction 
(XRD), (Fig 1.(a)). The CuO cathode electrrodes were 
investigated by cyclic voltammetric (Fig 1(b)).  Field 
emission scanning electron microscopy (FE-SEM)  images 
and EDS Spectra of CuO/ Graphene/ MWCNT are shown in 
Fig 1 (c,d) respectively. MWCNT and graphene improve the 
performance of battaries because of their unique stryctures.      

Fig1: (a)XRD spectra of Cuo (b) Cv curves of pristine CuO 
(c) FE-SEM image of  CuO/ Graphene/ MWCNT (d) Eds
pattern of CuO/ Graphene/ MWCNT.
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In recent years, increasing global warming and environmental 
pollution have caused the need for clean energy and pushed 
researchers to seek harmless energy sources. In this context, 
lithium-ion batteries have become the focus of attention 
especially as anode (negative electrode) materials. In 1991, 
the use of graphite as anode in a lithium-ion battery marketed 
by Sony [1] showed that graphite eliminated the safety issues 
and maintained the cyclic stability. Therefore, the interest in 
carbon-based anode materials has increased and continued 
today. 

Graphite has two different crystalline structures, one of them 
is the hexagonel structure, which has an ABABAB stacking 
order and the other is the rhombehedral crystal structure 
which is not a thermodynamically stable structure with 
ABCABC stacking order. Graphite is a 3D structure 
consisting of 2-dimensional graphene layers and the distance 
between the graphene layers is 3.35 Å. These layers are 
connected to each other by wanderwalls bonding. 

The graphite structure forms the LiC6 compound during 
lithium intercalation and its theoretical capacity is 372 
mAh/g. As graphite anode shows a very low volume change 
during lithium intercalation, it can be an alternative to metal 
and metal oxide anode materials eliminating the problem of 
huge volume change during lithium intercalation. However, 
the theoretical capacity of graphite is very limited. Therefore, 
while seeking to increase capacity, Dahn et al. found that 
graphene formed the compound Li2C6 during lithium 
intercalation and could reach twice the theoretical capacity.  
According to the Dahn’s falling cards model, single layer 
graphene structure will allow lithium intercalation on each 
sides of graphene layers [2, 3]. 

Observation of the capacity increase in graphene suggests 
that regular stacking ordered limits the theoretical capacity 
and this affects the electrochemical performance negatively. 
In other words, disordered structure in carbonaceous 
materials may have a positive effect on the electrochemical 
properties. In this regard, four important factors stand out in 
order to evaluate the relationship between structure and 
performance. These are specific surface area, surface 

functional groups, distance between layers, and ID/IG ratio 
obtained from raman analysis. The high surface area both 
improves the contact with the electrolyte and provides active 
areas for lithium ion storage. The disadvantage of high 
surface area is that it increases the loss of irreversible 
capacity caused by the SEI layer. The functional groups 
increase the distance between the layers and improve the 
lithium ion intercalation. Therefore, electrochemical 
performance can be improved with various modifications 
such as doping (N, S, P etc.), composites with metals or their 
oxides.  

In addition, another group of carbon-derived materials is 
activated carbon and the activated carbon forms a subclass of 
the porous carbon group. Activated carbons have a very 
disorered structure with their meso, micro and macro pores in 
their structure and they also host many functional groups. 
The pore channels in their structures increase both electrolyte 
and surface contact and provide suitable active surfaces for 
lithium ion storage [4].  

In this study, the electrochemical performance of different 
carbonoceous materials (activated carbon, graphene and 
graphite) will be analyzed with charge/decharge tests. 
Structural analysises will be carried out by Raman 
Spectroscopy and Scanning Electron Microscopy (SEM). 
Chemical analyzes will be carried out by Fourier Transform 
Infrarred Spectroscopy (FTIR). Obtained data will be 
evaluated and compared to present a relationship between 
structural, chemical properties and electrochemical 
performance of different carbonaceous material groups.  
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Lithium-Ion is batteries are commercially used for energy 
storage in portable electronics and electric vehicles in todays 
world. Lithium-ion rechargeable batteries have great 
achievement because of their characteristics as high energy 
density, long-term stability and its effectiveness as a solution 
for huge applications [3]. With the emerging technology and 
increasing performance requirements of batteries, advanced 
electrode materials come to the light. Since electrochemical 
performance of batteries depends mainly on cathode 
materials this research is focused on producing and 
characterizing of advanced cathode materials for 
corresponding today’s requirements. 

The first commercial lithium-ion battery of Sony used 
LiCoO2 (LCO) as the cathode material due to its high 
theoretical specific capacity, high volumetric capacity and 
low self-discharge [1].  LCO suffers from high cost of Co and 
low thermal stability. LiNiO2 (LNO) does not suffer from the 
drawbacks of LCO and delivers 20-30% more reversible 
capacity [2]. But it is even more thermally unstable than LCO 
[1]. LiMnO2 (LMO) is much cheaper and less toxic compared 
to LCO and LNO, but it has poor cycling stability. LMO has 
spinel structure and this structure undergoes less damage 
during charging/discharging compared to layered structures 
such as LCO and LNO [2]. 

Li(NixMnyCoz)O2 (NMC) is a widely used cathode material 
with Li(Ni0.33Mn0.33Co0.33)O2 (NMC111) as the most 
common representative, but Li(Ni0.8Mn0.1Co0.1)O2 (NMC811) 
and Li(Ni0.6Mn0.2Co0.2)O2 (NMC622) are also used widely. 
NMC has similar achieveable specific capacity compared to 
LCO and has lower cost due to the decreased amount of Co 
[1]. LiNi0.80Co0.15Al0.05O0.2 (NCA) is the widely used 
representative of NCA and it has the most performance out of 
all other derivatives. NCA has high usable discharge capacity 
and long storage calendar life compared to conventional Co-
based oxide cathode [1].  

In this study, NMC, NCA, LCO, LNO and LMO are 
produced via sol-gel method. After the production step is 
completed the powders of these materials are charactarized 
structurally and morphologically by using XRD, SEM and 
EDS. Later, the materials are mixed with different 
proportions to produce a composite active cathode material 
with increased cycle life, rate capability, capacity and safety 
properties. Their electrochemical characterization is done by 
galvanostatic charge-discharge tests and cyclic voltammetry 
(CV).  
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Lithium-ion batteries (LIBs) has high volumetric and 
gravimetric energy density and low self-discharge rate, 
therefore it has been used in several electronics such as 
mobiles phones, portable instruments. However, 
commercial graphite anodes have a low capacity around 
372 mAh/g. In recent years, silicon has increasingly 
attracted attention as an anode material. Si as anode 
material is the most attractive candidate for LIBs because 
of its high theoretical capacity (4000mAh/g) and low 
potential vs. Li/Li+. It is important to understand the 
lithiation mechanism of Si due to realizing of Si as anode 
material for Lithium-ion batteries (LIBs) in the future. 

This study reports Raman investigations of lithiatied 
samples of the n-type, p-type and undoped amorphous Si 
thin film anodes. During the analysis, the positions of 
LA, LO, TO, 2LA peaks as well as their full width at half 
maximum were analyzed. The studies showed that n-type 
experiences lower shift and structural changes in contrast 
with the two other samples. This can be due to the 
structural changes in the doped Si material.   
With the help of the results of Raman spectroscopy, it 
has become possible to understand the reasons of bettery 
electrochemical stability  of the n-type Si-based thin film 
anode.  

Fig.1.Raman studies of various doped Si before and after 
lithiation 
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In lead acid batteries, lead alloys act as current and active 
material carriers. The basic operating principle of the 
batteries is based on electro-chemical oxidation (charge) and 
reduction (discharge) reactions in the active materials of 
these multiple cells: 

Discharge: 

PbO2 + 2e- + SO42- + 4H+  →  PbSO4 + 2H2O       (1) 

Charge: 

PbSO4 + 2H2O - 2e-  →  PbO2 + SO42- + 4H+        (2) 

In charge and discharge process, the material transformation 
between PbO2 and PbSO4 is reversible theoretically. 
However, α-PbO2 can only form in weak acid or alkaline 
solution, while β-PbO2 is obtained in strong acid solution 
with pH below 2~3 ([1] and references therein). In the fully 
charged state, the active materials of the positive and 
negative plates are PbO2 and metallic Pb, respectively. 

The PbO2 phase, which has two different crystal structures, α 
and ß, is composed of α-PbO2 and PbSO4 at the beginning of 
the formation process. It is known that soluble PbSO4 then 
collapses and forms the ß -PbO2 phase. Battery performance 
(capacity, cycle life, cranking etc.) is directly related to the 
PbO2 material. 

Particularly for electrochemically produced PbO2, α-PbO2 
phase provides life performance while ß-PbO2 phase 
provides capacity increase. Certain ratio of electrochemically 
produced PbO2 phases- α / ß PbO2 ~ 1.0 - provides 
both suitable capacity and desired battery life. 

• Active material properties (phase distributions,
surface area),

• Electrolyte properties (concentration, temperature)
and

• Formation process parameters (soaking time,
current-time cycle).

We will present the effect of different formation profiles on 
battery performance and on positive active material 
characteristics. 
We produced 12 V automotive batteries. We performed 
reserve capacity, cold cranking, and endurance tests on the 
batteries. Before and after battery tests, XRD, SEM and 
Mercury Porosimetry measurements were done to determine 
the phases, morphologies and porosities of the positive active 
material, respectively. 
According to the XRD phase analysis, with revised formation 
profiles the percentage of β-PbO2 phases increases, which 
agrees with the reserve capacity test results. Furthermore, as 
the formation duration shortens, according to SEM results 
there were a transition from round bundle shape to needle-
like structures with high surface area/volume ratio. 
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Recent Developments in Supercapacitor Material Research 
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In recent years there are significant  developments in the 
usage of new materials for super capacitors such as Mxenes, 
conductive polymers, graphene and combinations thereof. 
Additionally utilization of these materials as supercap 
electrodes requires development of proper methods for their  

production. In the first part of this lecture I’ll give an 
overview of new capacitor materials. In the second part I’ll 
concentrate on molten salt methods that are used for the 
production of different electroactive materials.  
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Flexible Supercapacitor Electrodes with Silver Nanowire Networks 
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Silver nanowires (Ag NWs) are appealing candidates 
for supercapacitor electrodes due to their high 
conductivity in addition to their allowance for all active 
materials to be in close contact to facilitate charge 
transport. All are very important to attain maximum charge 
accumulation provided that Ag NWs are 
electrochemically stable within the utilized potential 
window. In this work, high aspect ratio Ag NWs are 
used within a coaxial and/or network-like flexible 
nanocomposite structure in supercapacitor 
electrodes. Utilization of Ag NWs as conductive 
templates also results in rapid deposition of electrode 
active materials. We have fabricated supercapacitors using 
Ag NWs and their nanocomposites with 

molybdenum oxide (MoO2) (500.7 F g-1) [1], nickel
hydroxide (Ni(OH)2) (1165.2 F g-1) [2], polypyrrole
(PPy) (509 F g-1) and some PEDOT
derivatives (61.5 F g-1). Highly conductive Ag NWs were
utilized as the only current collectors and templates 
for these electrode active materials. Electrochemical 
properties of the fabricated Ag NW based flexible 
nanocomposite supercapacitor electrodes were 
investigated through galvanostatic charge-discharge, 
cyclic voltammetry, and electrochemical impedance 
spectroscopy. We will present a detailed analysis of 
utilization of Ag NWs in the fabricated supercapacitors to 
underline their charge transport behavior. Our results showed 
the potential of the use of Ag NWs in energy storage devices 
and the structures presented in this work is highly plausible 
and can be easily extended to other metal nanowire, metal 
oxide and conducting polymer systems. 
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Synthesis and characterization of cobalt oxide (Co3O4)-functionalized reduced 
graphene oxide nanostructure via click reaction on copper foam as a 

supercapacitor electrode material 
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During the last decades supercapacitors have possessed 
consideration, due to their high power density and long cycle 
life. According to energy storage mechanisms, supercapacitors 
are mainly classified in two types: pseudocapacitors and 
electrochemical double layer capacitors (EDLC). The 
pseudocapacitors supply energy using redox reactions between 
the electrolytes and electrode plate of conductive metal oxides 
(V2O5, RuO2, and Co3O4) or conductive polymers [1].   
The graphene-based EDLCs electrode materials have been 
studied extensively due to their conductivity and large surface 
[2]. Cobalt oxide nanostructures have been considered as 
promising electrode materials for various electrochemical 
applications, especially for batteries, supercapacitors, and 
electrocatalysis, owing to their unparalleled advantages of high 
theoretical capacity, highly-active catalytic properties, and 
outstanding thermal/chemical stability. If hybridized with 
property-complementary nanomaterials, such as nanocarbon, 
CNTs, graphene, metal oxides/sulfides and conductive polymers, 
their electrochemical properties can be further enhanced in terms 
of specific reversible capacity/capacitance, rate capability, 
cycling stability, and catalytic activity. To date, cobalt oxides 
with different dimensionalities have been successfully 
synthesized and exploited for various applications, especially the 
electrochemical applications in renewable energy technologies, 
such as batteries, supercapacitors, and electrocatalytic reactions, 
primarily due to their high theoretical specific 
capacity/capacitance, high catalytic activity, and mechanical and 
chemical stability [3]. It is noteworthy that spinel Co3O4 
demonstrates a remarkable theoretical capacity as high as 890 
mA h g−1 for lithium-ion batteries (LIBs) and an excellent 
capacitance of over 3000 F g−1 for supercapacitors [4].  
Various surface morphologies of Co3O4 show clear difference in 
their   electrochemical   performance due to dissimilarity  in    the 

Figure 1. The schema of the Co3O4/ERGO-click/CuF 

material/electrolyte interface properties and ion transfer rate 
during the charge storage process [5]. Most of these reports were 
used the Co3O4 molecule as redox active source which were 
chemically bounded with electrochemically reduced graphene 
oxide on copper foam (CuF) by click reaction to prepare the 
Co3O4/RGO/CF electrode material. There is no report on click 
reaction of alkynyl-Co3O4 and azide functionalized graphene 
oxide surface to synthesis of Co3O4/ERGO on CuF structure.  
In this study, we investigated an azide functionalized reduced 
graphene oxide (ERGO-N3) on CuF surface modified with Co3O4 
moiety by means of click reaction to prepare a novel Co3O4 
supercapacitor electrode material [6]. The as-prepared pure 
Co3O4, GO, RGO and Co3O4/ERGO/CuF nanomaterial were 
characterized by various analytical methods such as FT-IR 
spectroscopy, energy dispersive X-ray spectroscopy (EDX), X-
ray diffraction (XRD) and scanning electron microscopy (SEM), 
TEM. The phase of Co3O4 was observed in XRD. Surface 
functionalization of Co3O4 clicked to GO on CuF was imaged by 
SEM and EDX. The new material formation was validated by 
FTIR, XRD and SEM by the presence of RGO and Co3O4 bands 
respectively. The synthesized Co3O4/ERGO/CuF was 
immobilized on CuF and its electrochemical behaviour was 
investigated by cyclic voltammetry (CV). This study was 
supported by the Scientific and Technological Research Council 
of Turkey (TUBITAK) (Project No: 215E291) 
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Green approach for highly efficient synthesis of N/S-doped porous bio-carbon 
and its supercapacitor electrode performance 
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Electrochemical supercapacitors (ES), also called electro- double 
layer capacitors have received much attention due to their high power 

density, fast charge-discharge rate, and long cyclability.1 ES have been 
widely used in variety applications such as electronic devices, hybrid 
electric vehicles, memory backup, etc. 
Porous carbons are a key component in supercapacitors and lithium 
batteries. Taking into account energy storage technology will have 
widely used in future, there will be a great demand for porous carbons 
in near future. Therefore, the production of porous carbons as an 
electrode material must be optimized.2 Two main criteria should be 
considered for porous carbon production. Firstly, the carbon precursors 
have to be abundantly available, renewable materials (i.e. biomass) and 
cost-effective, and secondly, the process should be scalable and 
environmentally friendly, the use of non-corrosive and harmful 
substances. 
Porous carbons as an electrode materials, the optimization of their 

textural, morphological and physical characteristics, which must 
be adapted for each specific application, is important. 3 Electrode 
materials should possess a high specific surface area along with an 
appropriate pore size distribution which helps fast electrolytes 
accommodation of ions with larger pores (supermicropores and 
mesopores) To date, several synthesis strategies have been 
developed for manufacturing the abovementioned characteristics of 
porous carbon. Although templating methods, physical activation or 
selectively metal etching from metal carbides produced well-
defined characteristic of porous carbon, chemical activation of 
carbon precursor still widely applied method to produce large surface 
area along with hierarchical framework of porous carbon. 
Particularly potassium hydroxide, sodium hydroxide, 
phosphoric acid or zinc chloride has been widespread usage 
for activation of carbon precursor.  Nonetheless, a chemical 
activation method become a great challenge for porous carbon 
production due to their high corrosiveness and toxicity procedure 
resulting serious economic and environmental problems that limits 
mass production. Thus, numerous synthesis strategies have been 
developed rely on using a low-cost, sustainable carbon precursor and 
harmless, non-corrosive activation agents. 
    In this work, we reported a novel environmentally friendly synthesis 
strategy for producing highly porous carbons from a sustainable 
pistachio shell biomass. Our synthesis procedure is based on 
harmless ingredients such as Na2S2O3 as activating agent and an inert 
salt (KCl) for suitable reaction medium. The synthesis scheme involves 
three simple steps: a) hydrothermal carbonization of pistachio shell, 
b) mixing the

bio-char with potassium chloride and sodium thiosulfate by grinding 
them, c) heat treatment of obtained mixture temperatures in the 800–
900 °C range and harmless washing with water. Present activation 
procedure provides a green and sustainable strategy for producing 
porous carbons because only simple and environmentally friendly 
ingredients (i.e. biomass, KCl, Na2S2O3 and water) are used. Also, 
as-
obtained porous carbon was investigated as electrodes in 
supercapacitors. The as-prepared porous carbons have high BET 
surface areas of up to 775 m2 g-1 including micro and meso porosity. 
Interestingly, this type of carbon material is S/N-doped as a certain 
amount of sulfur is incorporated into the carbon framework during the 
activation process. N/S-doped carbon presents high capacitance value 
of 166 at 0,5 A g-1 current density,good rate capacitive, and excellent 
cycling stability (up to 2000) due to its well- developed nano-porous 
structure, high conductivity and the pseudocapacitance contribution of 
S functionalities. This work opens up new approaches to prepare 
advance N/S-doped carbon materials with tailored properties. 
Moreover, the performance of the obtained porous carbon compares 
favourably with porosity.
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Figure 3: Electrochemical performance of the 
NFC-2-800 electrode tested in a three-electrode cell in 1 M 
KOH (a) the CV curves at 20 mV s-1 scan rate, (b) the GCD 
curve at 0.05 A g-1 current density

Figure 1: Schematic for the fabrication of 
porous carbon materials from pistachio 
shell

Figure 2: N2 uptake and PSD of NFC-2-800 at 77 K 
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Self-standing Ni nanowire-based electrodes produced by template-assisted 
electrodeposition for super-capacitors applications 

Nourhan Mohamed and  Mustafa Urgen 
Dept. of Metallurgical and Materials Engineering, ITU , Istanbul, Turkey 

The particle size, morphology and surface activity have 
been addressed to the challenge associated with energy 
density of the materials used for supercapacitors 
applications. Although, conventional supercapacitors 
materials such as Ni foam is attractive due to its surface 
area, Ni Nanowires are more privileged due to its 
significant higher surface area and reduced weight. 
Active surface specious coating such as Ni(OH)2 has 
been extensively studied due to its low cost and high 
capacitive behavior.  Direct production of Ni(OH)2 on 
the surface of Ni substrate is the most interesting method 
as it would facilitate the charge transfer and 
consequently increase the capacitance [1].  

In this work, we combine two approaches to produce 
high energy density electrodes for supercapacitors. 
Instead of the conventional Ni foam, an array of self-
standing Ni nanowires was used as a current collector 
and as a support on which the active material of Ni(OH)2 
was grown by a direct method. We produce Ni Nano-
wires by electrochemical deposition on an anodic Al 
oxide template. The template was fabricated by two 
steps Al anodization oxidation, in a typical synthesis 
process, first, pure aluminum was anodized in oxalic 
acid solution under optimized conditions of voltage, 
temperature and time, then Ni was electroplated 
uniformly on the Alumina template after opening the 
template’s pores. Then the freestanding Ni networks was 
obtained by Al and Al2O3 dissolution. Afterwards, 
Ni(OH)2 was grown on the surface of the nanoarray 
substrate by oxidation in molten KOH at low 
temperatures by means of water addition. Ni(OH)2 was 
also produced by the same method on Ni foam substrate 
for comparison.  

The average length and diameter of the Ni nanowires 
found to be ~ 3.5 μm and 100 nm, respectively. The as-
synthesized Ni(OH)2 exhibits lotus leaves like 
morphology shown at the low magnification SEM image 
in Fig(1) and the well-known flower like morphology 
appeared is clear in the higher magnification image.  

Cyclic voltammetry results show that Ni(OH)2 produced 
on Ni nano-wires exhibits ~ 70 mAh/ cm2 compared to 
45 mAh/cm2  in case of Ni foam.  

Figure 1. The SEM image of  Ni(OH)2 grown by molten 
salt oxidation on Ni nanowires substrate   

The present study shows that both the volumetric 
capacitance is increased by using Ni nanowires substrate. 
The properties of the self-standing nanowires substrate 
could be tailored into varies surface area, which is 
benefit for supercapacitors applications. Economically 
speaking, the process of our approach could be easily 
introduced to the industry because of low cost and ease 
of manipulation. 

References 

[1] Tokmak, N., and M. Urgen. "Production and
Characterization of Electroactive Nickel Oxides Grown
on Nickel Foam by Anodic Oxidation in KOH Melts for
Supercapacitor Applications." MRS Advances 2.54
(2017): 3237-3247

Acknowledgements 

This project is receiving fund from the European Union’s 
Horizon 2020 research program under the Marie 
Sklodowska-Curie grant agreement number 764977. 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion                    Akyaka, Mugla Page 62
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Growing global energy needs alongside the deterioration of 
environment due to the consumption of fossil fuel sources play a 
pivotal role in development of renewable energy sources [1]. It is 
clear that energy storage systems take on a key role in using 
these kinds of energy sources for portable electronics [2]. Having 
the merit of the interstitial behaviour between conventional 
capacitors and batteries, increasing attention has been drawn by 
supercapacitors [3]. It is well known that the electrochemical 
performance of supercapacitors including energy density, power 
density, rate capability, and cyclic stability, depend on the 
selection of the electrodes' active materials [4].  

Recieving the benefit of outstanding tunability of structures 
and properties, including exceptional specific surface area (SSA), 
structural flexibility makes metal-organic frameworks (MOFs) as 
a potent candidate for meeting the demands of developing high 
performance energy storage systems [5]. Among a large variety 
of MOFs, Co-based ones have high redox activity, ample 
availability on earth, low cost and environmental compatibility 
[5]. Regarding the synergistic effect of the 3D hierarchically 
structured assemblies on the stability of nanostructured electrode 
materials as well as their electrochemical performance, designing 
1D or 2D supporting current collectors with high electrical 
conductivity, such as nanosized binary methal compounds is of 
special significance [6].  

Transition metal sulfides possessing outstanding electrical 
conductivity and superior electrochemical activity together with 
low electronegativity are prominent active materials for energy 
storage applications [7]. Among a large variety of transition 
metal sulfides, nickel based ones gained the benefits of abundant 
natural resources as well as unique redox activity [6].  

In this work, a high performance Co-MOFs decorated Ni-
sulfate nanowire (Ni2S3-NW)@Ni-foam (NF) based electrodes 
were fabricated via a simple hydrothermal process (Figure 1a), 
followed by a simple insitu growth of Co-MOFs nano flowers on 
Ni2S3 NWs@NFs (Figure 1b).  

Figure 2. SEM images of (a) Ni2S3 decorated NF and (b) the binder-free Co-
MOFs@Ni2S3 NWs@NF based electrodes. 

Cyclic voltammetry, galvanostatic charge-discharge, and 
electrochemical impedence spectroscopy (Figure 2a-c) were 

conducted to investigate the electrochemical performance of the 
prepared electrodes.  

Figure 2. (a) CVs of the Co-MOFs@Ni2S3 NWs@NF based electrode at 
different scan rates increasing from 1 to 60 mVs-1, (b) GCD curves of the 
prepared electrode at different current densities from 2.5 to 15 Ag-1, (c) 

Nyquist plot of prepared electrode , inset: magnifies the data in the high-
frequency range and the equivalent circuit model corresponded to Nyquist plot 

over the frequency range of 100 kHz to 0.01 Hz. 

The fabricated electrodes exhibited remarkable electrochemical 
performance, including high specific capacity, resonable rate 
capability, as well as remarkable cycle durability in 3M KOH 
aqueous electrolyte, all of which showed the potential of 
prepared Co-MOFs@Ni2S3 NWs@Ni foam as positive electrodes 
for high performance supercapacitors. 
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Abstract 
Carbon nanoflake-manganese dioxide (CNF-MnO2) nanocomposite supercapacitor electrodes have been fabricated. 
While CNFs were synthesized via induction coupled plasma (ICP) using ethanol precursor, MnO2 was produced by a 
simple wet chemical method. Electrochemical properties of CNF-MnO2 nanocomposite electrodes were determined 
and compared to that of bare components. The CNF-MnO2 nanocomposite electrode showed a specific capacitance of 
220.38 F/g at a current density of 0.1 A/g. The coulombic efficiency and the capacity retention of the CNF-MnO2 
nanocomposite electrodes were found to be 23% and 18% higher than those of bare MnO2 electrodes respectively.  

1. Introduction
Batteries, fuel cells and supercapacitors are the most 
promising and practical devices for electrochemical energy 
storage for various applications. Supercapacitors, in 
particular, received great deal of attention in recent years 
mainly because of their high power density, extra-long cycle 
life, and bridging role for the power/energy gap between 
conventional dielectric capacitors and batteries [1]. 
Supercapacitors also known as ultracapacitors or 
electrochemical capacitors can be fully charged and 
discharged in seconds. They can deliver higher power 
compared to batteries; however, their energy density is 
relatively low. They have significant potential in replacing or 
most importantly complementing batteries for energy storage 
particularly in uninterruptible power supply units and load-
levelling [2]. 

There are two different storage mechanisms in 
supercapacitors, which are electrical double-layer capacitance 
(EDLC) and pseudocapacitance. Commercial EDLC 
supercapacitors generally contain activated carbon (AC) with 
high surface area as the electrode material, and the 
capacitance arises from the charges electrostatically situated 
at the electrode/electrolyte interface. On the other hand, 
pseudocapacitors utilize conducting polymers or metal oxide 
electrodes, where reversible Faradic redox reactions take 
place [3]. 

In the last decade, trend was towards the use of 
supercapacitors as complementary units for fuel cells to 
improve the power density of these devices. When 
environmental, economic and political concerns are 
considered fuel cell vehicles are foreseen as one of the 
vehicles of the future. Most recent technology on such 
vehicles focus on hybrid fuel cells [4]. Supercapacitors are 
highly critical in obtaining high fuel efficiency in the next 
generation all-electric cars and hybrid vehicles powered by 

fuel cells consuming hydrogen or alcohol as the clean energy 
sources [5]. In a typical hybrid cell, while the fuel cell largely 
meets the power demand, a battery can feed the system for 
instant power needs. Similar performance can be obtained 
through hybridization of fuel cells with supercapacitors [6]. 
Long start-up time and slow dynamic response are the main 
disadvantages to design a system with a single fuel cell. 
However, a supercapacitor connected in parallel with the fuel 
cell compensates both the steady-state and peak power 
demand in a hybrid configuration [7]. In hybrid fuel cell 
applications, supercapacitors have certain advantages with 
respect to batteries. They have very low equivalent series 
resistance (ESR) and as indicated before, their charge-
discharge times are very short. Moreover, in a hybrid system 
supercapacitors offer another notable advantage. They can be 
easily connected to the fuel cell system without the need for 
intricate and expensive components. In an experimental study 
in order to determine the effect of the supercapacitors, a 
proton-exchange membrane (PEM) fuel cell and 
supercapacitor hybrid was fabricated. This system used 6.8% 
less fuel when compared to a base fuel cell on average, and 
17.5% at best, with a 50% enhancement in peak power 
capacity [6]. In another study, decrease in fuel cell 
consumption as a function of the frequency of the ripple 
current in a fuel cell-supercapacitor hybrid was examined. It 
was concluded that high frequency ripple current does not 
show a wide output voltage fluctuation in the hybrid cell and 
this situation directly provided lower demand on the 
hydrogen flow [7]. As a different perspective for fuel cells 
and supercapacitors, Unda et al. [8] determined the potential 
and limitation of a novel mechanism of hydrogen storage. 
This mechanism contains electrochemical division of protons 
and electrons on an electrode of PEM fuel cell and storage of 
these charges in the electrical double layer of a 
supercapacitor-type electrode. Through this mechanism, 
during charging and discharging the highest hydrogen storage 
capacities were measured as 0.17 and 0.13 wt. %, 
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respectively. In spite of this relatively low H2 storage 
capacities, the combustion energy of the hydrogen stored in 
this cell was still 2.6 times higher than the electrical energy 
given by a symmetric supercapacitor of similar quality. A 
specific capacitance of 11 mF/cm2, which was comparable to 
the capacitance of a commercial double layer supercapacitor, 
was obtained using sulfuric acid (H2SO4) electrolyte.  

Research towards exploration of novel and hybrid 
supercapacitor electrode materials necessitate reproducible 
and large scale synthesis of nanomaterials [9]. Induction 
coupled plasma (ICP) synthesis method is one of those 
methods, where highly crystallized nanomaterials with high 
purity can be synthesized in large quantities. In ICP method, 
precursors are sent into DC or RF thermal plasma where the 
temperature is high enough (e.g. 10000 K) for complete 
vaporization. The vapor then condenses into nanoparticles 
within the quenching component of the reactor. The use of 
ICP is significantly attractive because it allows formation of 
contamination free, large volume, high enthalpy plasma and 
provides long residence time of precursors in the high 
temperature zone. ICP has been utilized for the nanoparticle 
production of a variety of materials [10]. Zhang et al. [11] 
produced nanoparticles with near spherical shapes with 
diameters of 100 nm and revealed that not only nanospheres 
but also nanosheets can be synthesized using ICP system. 
Pristavita et al. [12] synthesized carbon nano-powders with 
crystalline structure via plasma decomposition of methane 
using an ICP system. The synthesized powders collected 
from the system showed a uniform flake-like morphology. 
These powders, called carbon nanoflakes (CNFs), had typical 
lengths and widths of 100 and 50 nm, respectively with a 
thickness of 5 nm. High resolution TEM images revealed 
stacks of 6 to 16 graphene layers in these powders. 

Among all the oxide based electrode materials, manganese 
dioxide (MnO2) is characterized by its high specific 
capacitance, low-cost, abundance and environmentally 
friendly nature. It is also one of the few true pseudocapacitive 
materials with no redox peaks in cyclic voltammograms and 
no voltage plateaus during discharge [13]. The pioneering 
study on the pseudocapacitive behavior of MnO2 in an 
aqueous solution was presented in 1999 by Lee and 
Goodenough [14]. In general, hydrated manganese oxides 
show specific capacitances within the 100–200 F/g range in 
alkali electrolytes. Having a wide diversity of crystal forms, 
defect chemistry, morphology, porosity and textures, MnO2 
shows a variety of distinct electrochemical properties. The 
capacitance of thick MnO2 electrodes is unfortunately limited 
by the insufficient electrical conductivity of MnO2. On the 
other hand, supercapacitive performance using a planar 
ultrathin design is restricted because of the low mass loading. 
Thus, compounding  different conducting materials and 
MnO2  has been extensively proposed to improve the 
electrical conductivity and charge-storage ability of the 
electrodes [15]. 

In this study, we have fabricated CNF-MnO2 nanocomposite 
supercapacitor electrodes. CNFs with promising 

supercapacitive properties were synthesized via ICP system. 
In order to investigate the electrochemical properties of CNFs 
they were used as bare CNF electrodes and in nanocomposite 
form with MnO2. MnO2, synthesized through solution means, 
was chosen to complement CNFs in the nanocomposites 
since its electrochemical properties are well-known in 
literature. Comparison of the properties of bare CNF and 
MnO2 electrodes with the fabricated nanocomposite 
electrodes, allowed us to determine the underlying synergistic 
effects. 

2. Experimental
All chemicals were purchased from Sigma Aldrich unless 
otherwise noted and used without further purification.  

CNFs were synthesized using the ICP system. In a standard 
batch of production, a 30 kW ICP system (Tekna) was used 
and the reactor was operated at 22 kW. Central gas was argon 
(99.995%) at a flow rate of 15 slpm. Sheath gas was sent as a 
mixture of argon and hydrogen (99.995%) with flow rates of 
60 and 6 slpm, respectively. Quenching gas was nitrogen 
(99.99%) given at a flow rate of 150 slpm injected through 
channels. Feeding liquid was ethanol with a flow rate of 10 
ml/min. The operation time was 35 minutes and at the end of 
the process 500 mg powder was obtained. 

On the other hand, MnO2 nanoparticles were synthesized by a 
redox reaction between stoichiometric amounts of manganese 
sulfate (MnSO4) and potassium permanganate (KMnO4) in an 
aqueous medium. In a standard synthesis, 10 mL of 0.1 M 
KMnO4 solution was mixed with 10 mL of 0.15 M 
MnSO4.H2O solution and stirred continuously for 6 h. A 
dark-brown powder thus formed, it was washed several times 
with DI water, centrifuged, and dried at 70 °C in open 
atmosphere for 12 h. This method allowed the synthesis of 
approximately 300 mg of MnO2 powder in each experiment 
[16]. 

After obtaining the powder components, 3 different recipes 
were used to fabricate the supercapacitor electrodes. For the 
bare CNF electrode, 90 wt.% CNF and 10 wt.% PTFE (60 
wt.% dispersion in H2O); for the bare MnO2 electrodes, 70 
wt.% MnO2, 20 wt.% carbon black (C-Nergy Super C65) and 
10 wt.% PTFE; and for the nanocomposite CNF-MnO2 
electrode, 50 wt.% MnO2, 20 wt.% CNF, 20 wt.% carbon 
black and 10 wt.% PTFE were mixed mechanically. These 
mixtures were used as the pastes, thinned and punched to 
obtain circular supercapacitor electrodes with diameters 
between 5 and 7 mm. Finally, prepared electrodes were 
assembled into supercapacitor devices within a Swagelok 
type cell and tested in 2-electrode configuration using glass 
microfiber filters (Whatman) as separators. The two 
electrodes used for the fabrication of supercapacitors were 
identical in terms of surface area and weight. Weight of each 
electrode was around 15 mg. 
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The morphological and EDS analysis of the fabricated 
electrodes was conducted by scanning electron microscopy 
(SEM, FEI Nova Nano SEM 430, operated at 20 kV). 
Dispersive Raman analysis was carried out using a Renishaw 
inVia system (with an excitation wavelength of 532 nm) for 
the structural characterization of the CNFs. A Perkin Elmer 
400 system was utilized for Fourier transform infrared 
spectroscopy (FTIR) analysis. ATR mode was used during 
the measurements. BET surface area was determined by an 
Autosorb-1C/MS instrument. For the electrochemical tests of 
the supercapacitor electrodes a Biologic VMP3 
potentiostat/galvanostat system was used. During 
electrochemical measurements, a 1 M potassium hydroxide 
(KOH) solution was used as the electrolyte. Electrochemical 
characterization of the electrodes included cyclic 
voltammetry (CV), galvanostatic charge discharge (GCD) 
cycles, potentiostatic electrochemical impedance 
spectroscopy (EIS) and cyclic charge discharge tests. 

3. Resuts and Discussions
Low- and high-magnification SEM images of the synthesized 
CNFs are provided in Figures 1 (a) and (b), respectively. 
SEM images revealed dominant flake-like morphology of the 
synthesized nanoparticles and therefore the material was 
named as CNFs. The dimensions of the flakes range from 100 
to 200 nm and it is understood that they were stacked on top 
of each other.  

Low- and high-magnification SEM images of synthesized 
MnO2 nanoparticles are provided in Figure 1 (c) and (d), 
respectively. Figure 1 (d) points out that the diameters of the 
MnO2 nanospheres are around 100 nm. This nanosphere 
morphology signifies the presence of α-MnO2 structure [16].  

EDS spectrum of the CNFs is given in Figure 1 (e). Only C 
and O peaks appear on the spectrum signifying the 

5 μm

a)

500 nm

b)

5 μm

c)

500 nm

d)

Fig. 1. (a), (c) Low- and (b), (d) high-magnification SEM images of synthesized CNFs and MnO2, respectively. EDS 
spectra of synthesized (e) CNFs and (f) MnO2. 
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contamination-free nature of CNFs. EDS analysis of MnO2 
powders is given in Figure 1 (f). High intensity Mn and O 
peaks dominate the EDS spectra in addition to K. Following 
synthesis, MnO2 was centrifuged with copious amount of 
water for several times; but, it is evident that some K due to 
the use of KMnO4 precursor remained within the synthesized 
MnO2 powder. 

XRD pattern for CNFs is given in Figure 2 (a). The 
diffractogram points out the crystalline nature of the CNFs. 
The peaks positioned at around 26°, 43° and 44° are the 
characteristic peaks of the graphitic structure. In particular, 
the peak around 26° is related to (002) plane, which signifies 
existence of graphitic layers within the nanoflakes. The peak 
around 43° corresponds to the (100) plane and is attributed to 
the hexagonal symmetry of the graphene layers [12]. XRD 
pattern of MnO2 is provided in Figure 2 (b). Broad but 
evident peaks at peak positions of 12°, 37°, 42° and 66° 
signify poorly crystalline state with a short-range ordered α-
crystallographic structure for synthesized MnO2 powders 
(JCPDS no. 44-0141) [16]. 

In Figure 2 (c) Raman spectrum of CNFs is shown. G band at 
1577 cm-1, D band at 1345 cm-1 and 2D band at 2697 cm-1 are 
all characteristic peaks of graphitic materials in Raman 
analysis. The degree of graphitization for the carbonaceous 
materials can be monitored through calculating the intensity 
ratio of D peak to G peak (ID/IG). While D band stands for the 
amorphous disorder in carbonaceous materials, G band 
represents stretching vibration of the graphitic C-C bond. 
Materials with an ID/IG ratio lower than 1 are generally 

accepted to have relatively high degree of graphitization. The 
calculated ID/IG ratio for the current spectrum is less than 1. 
FTIR spectrum of CNF is provided in Figure 2 (d). 
According to Donnet [17], the FTIR spectrum of pristine 
carbon black is relatively featureless because the graphene 
sheets composing carbon black, disposed in a turbostratic 
way, are not infrared active [18]. From this perspective, one 
can state that the synthesized CNFs are similar to pristine 
carbon black under infrared radiation. In addition to structural 
analysis, specific surface area of the CNFs was also measured 
through BET analysis. A specific surface area of 320 m2/g 
was obtained for the synthesized CNFs, which is highly 
competitive compared to similar materials in literature [12]. 

CV results for the CNF-MnO2 nanocomposite electrode at 
different scan rates ranging from 2 to 400 mV/s are provided 
in Figure 3 (a). Nearly rectangular shapes of the curves at low 
scan rates point out the capacitive behavior of the fabricated 
nanocomposite electrodes. Since the tests were carried out in 
2-electrode configuration, redox peaks of pseudocapacitive
MnO2 were not evident on the CV curves. The curves are
nearly horizontal especially at low scan rates signifying
sufficient conductivity of the nanocomposite electrodes. With
increased scan rates, inherently horizontal curves shifted
towards diagonal and area within the curves increased.
Comparison of CV curves of the nanocomposite electrode,
bare CNF electrode and bare MnO2 electrode at a scan rate of
2 mV/s is provided in Figure 3 (b). As expected, CV curve
for bare CNF electrode had the smallest area among others;
but at the same time, had the most distinct rectangular shape
compared to the other electrodes. Since MnO2 has
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Fig. 2. XRD patterns of synthesized (a) CNFs and (b) MnO2. (c) Raman and (d) FTIR spectra of the synthesized CNFs. 
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pseudocapacitive behavior its specific capacity is always 
higher than that of carbon-based materials. Thus, as expected, 
bare MnO2 electrode showed high charge accumulation 
evidenced by its larger CV curve compared to the bare CNF 
electrode. Similar case was observed when bare MnO2 and 
nanocomposite electrodes are compared. CV curve for bare 
MnO2 electrode had a larger area because it contained higher 
amount of MnO2 per gram with respect to the nanocomposite 
electrode. 

GCD curves of nanocomposite electrodes at different current 
densities are provided in Figure 4 (a). Triangle shapes of 
these curves are characteristic of the supercapacitors. Instant 
current decrease at the top of the triangles represents the IR 
drop and is significant in electrodes with low conductivity. 
For the fabricated nanocomposite electrodes, IR drop was 
found to be relatively small indicating that the conductivity of 
the fabricated electrodes is enough for the charge transfer. 
Comparison of GCD curves of all fabricated electrodes is 
given at a current density of 0.1 A/g in Figure 4 (b). Charge 
and discharge times for the bare MnO2 electrode are quite 
longer than that of bare CNF electrode due to the 
pseudocapacitive mechanism of MnO2. Nanocomposite 
electrodes, on the other hand, had a moderate charge-
discharge time between that of bare MnO2 and CNF 

electrodes. 

In supercapacitors, the ratio between the discharge and the 
charge time is named as the coulombic efficiency (CE). This 
concept is very critical for the determination of 
supercapacitor performance, especially in terms of cyclic life. 
In Figure 5 (a) CEs of 3 different electrodes are shown with 

respect to the current density. At all current densities, bare 
CNF electrode had higher CE values compared to bare MnO2 
electrode. This case is accepted as normal because 
carbonaceous materials have higher CEs due to their EDLC 
mechanism. The fabricated nanocomposite electrode had the 
lowest CE especially at high current densities in contrast to 
what is expected. But interestingly at a current density of 0.1 
A/g nanocomposite electrode had the highest CE of 94.2%. 
This case was attributed to the synergistic effect through the 
combination of EDLC and pseudocapacitive behaviors at that 
current density. 

Since 2-electrode configuration was used for the 
electrochemical tests, specific capacitance (Csp) values of the 
electrodes were calculated using the following equation. 

Csp=4.I.dt/mt.dV 

,where I is the discharge current, mt is the total mass of the 
active material in both electrodes, V is the discharge voltage 
and t is the discharge time. In Figure 5 (b) Csp values of the 
electrodes are provided with respect to the current densities. 
For all fabricated electrodes, Csp values were found to 
decrease with the increasing current density. On the other 
hand, bare CNF electrodes had very low Csp values compared 
to the other electrodes. This case is again an inherent result 
due to the difference between EDLC and pseudocapacitive 
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Fig. 3. (a) CV curves of CNF-MnO2 nanocomposite 
electrode at different scan rates and (b) comparison of 
CV curves of bare CNF, bare MnO2 and CNF-MnO2 
nanocomposite electrodes at a scan rate of 2 mV/s. 
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Fig. 4. (a) GCD curves of CNF-MnO2 nanocomposite 
electrodes at different current densities and (b) 

comparison of GCD curves of bare CNF, bare MnO2 and 
CNF-MnO2 nanocomposite electrodes at a current 

density of 0.1 A/g. 
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mechanisms. In addition, since the mass of MnO2 in bare 
MnO2 electrode was more than that within the nanocomposite 
electrode, Csp value for the bare MnO2 electrode was also 
higher than the fabricated nanocomposite electrode. Obtained 
Csp values were 7.72, 289.75 and 220.38 F/g for bare CNF, 
bare MnO2 and CNF-MnO2 nanocomposite electrodes, 
respectively, at a current density of 0.1 A/g. 

EIS results of all fabricated electrodes are provided in Figure 
6 (a). Low frequency region of the EIS curves are provided as 
the inset in the figure. EIS measurements were conducted 
under an AC perturbation of 5 mV and within a frequency 
range of 100 kHz to 10 mHz. In high frequency region 
minimum intercept points of the curves with X-axis 
correspond to the series resistance, while the diameters of the 
semi-circles represent the charge transfer resistance. In the 
light of this information as expected, bare CNF electrode 
showed minimum series and charge transfer resistances of 0.8 
Ω and 1.92 Ω, respectively. On the contrary, bare MnO2 
electrode had the highest series and charge transfer 
resistances as 2.4 Ω and 6.55 Ω, respectively. This case arises 
from the nature of carbonaceous and oxide-based materials. 
CNF-MnO2 nanocomposite electrode had a similar series 
resistance to that of bare CNF electrode as 0.92 Ω. In 
addition, it was obvious that the addition of CNFs improved 
the charge transfer mechanism of MnO2 and the resistance of 
the electrode decreased to 4.16 Ω. 

Fabricated electrodes were subjected to 1000 charge-
discharge cycles at a current density of 0.5 A/g. The results of 
these capacity retention tests are provided in Figure 6 (b). As 
expected, bare CNF electrode showed the highest cyclic 

performance among the other electrodes because its 
capacitance mechanism is based purely on EDLC. Bare CNF 
electrode conserved 87.3% of its initial capacitance. This 
value decreased to 54.6% when it comes to bare MnO2 
electrode. The reason of this decrease is the pseudocapacitive 
nature of the MnO2. Fast redox reactions harm the bare MnO2 
electrode notably during 1000 cycles of charge and discharge. 
But following the addition CNFs and formation of the 
nanocomposite electrode, cyclic performance of the electrode 
improved significantly. CNF-MnO2 nanocomposite electrode 
conserved 67.2% of its initial capacitance. 

CNFs produced through ICP method is highly promising for 
electrochemical energy storage primarily because of the 
significant synthesis yield and remarkably low cost. Although 
some slight improvements are demonstrated via fabricated 
nanocomposites in this work, there exists a lot of room to 
improve the electrochemical characteristics of CNFs, through 
functionalization, pore formation and in-situ decoration with 
pseudocapacitive materials. 

4. Conclusions
In this work, we have fabricated CNF-MnO2 nanocomposite 
supercapacitor electrodes. CNFs were synthesized via ICP 
system using ethanol as the precursor. CE and capacity 
retention values of the nanocomposite electrodes were found 
to improve compared to the bare MnO2 electrode. The 
improvements were 23% and 18% for CE and capacity 
retention, respectively upon the formation of nanocomposite 
electrode. Moreover synthesis of CNFs by ICP system is very 
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Fig. 5. Change in (a) Coulombic efficiency and (b) 
specific capacitance with respect to current density for 

the fabricated electrodes. Lines are for visual aid. 
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Fig. 6. (a) Nyquist plot and (b) capacity retention plot 
for the fabricated electrodes. Inset shows the high 

frequency region of the Nyquist plot. 
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practical and has a potential for mass production. All of these 
point out that the CNFs synthesized by ICP system is highly 
promising for supercapacitor electrodes and can be used 
directly or as an additive to other active materials in 
supercapacitor electrodes. 
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Graphene exhibits remarkable mechanical, electronic and 
chemical properties that are promising for numerous 
applications. Mainly, two techniques are available for large-
scale production of graphene: reduction of graphene oxide 
(rGO) and liquid phase exfoliation (LPE). LPE method 
enables direct exfoliation of bulk graphite into high-quality 
few-layered graphene in liquid media under ultrasonication 
with the aid of surfactants. Elimination of the chemical 
oxidation step allows the production of graphene sheets with 
a lower degree of defects compared to reduced graphene 
oxide [1]. 

Graphene/metal oxide nanocomposites have been widely 
studied as high-performance supercapacitor electrode 
materials. Graphene improves the overall electrochemical 
performance of the nanocomposite by enhancing the 
electronic conductivity and mechanical stability of the metal-
oxide. Besides being used as a supporting matrix, graphene 
can function as a sacrificial template in the synthesis of metal 
oxide nanostructures with controlled morphology [2]. 

Manganese dioxide (MnO2) as the most widely studied 
pseudocapacitive material for supercapacitors has many 
advantages, such as high theoretical capacitance (1370 F g-1, 
ΔV= 0.8 V) [3], high abundance and low cost. However, 
MnO2 obtained by traditional coprecipitation methods 
demonstrates poor morphological features and thus limited 
specific capacitance. Utilization of sacrificial templates in 
synthesis renders improved porosity and surface area to 
MnO2. 

In this work, few-layer colloidal graphene is obtained by a 
scalable surfactant-assisted liquid-phase exfoliation (LPE) in 
water. Mn7+ salts templated with graphene under 
hydrothermal conditions yield layered MnO2 nanostructures.  

MnO2 with a hierarchical nanostructure exhibits a remarkable 
specific capacitance of 535 F g-1 at 1 A g-1 (0 to 1.2 V vs. 
Ag/AgCl in 1M Na2SO4), which is higher than its previously 
reported counterparts’. The graphene-templated MnO2 
obtained by a simple and green approach promises for high-
performance future energy storage applications. 
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Electrochemical capacitors are the energy storage devices 
based mainly on electrical double layer formation. Their 
power densities are exceptionally high; however, their energy 
densities are characteristically low to compete various types of 
batteries in market. Therefore, there have been great amount 
of studies to enhance electrochemical capacitors’ energy 
density. Utilization of inorganic materials such as transition 
metal oxides and/or phosphides is one of the most common 
strategies to increase energy density. These materials 
generally bring about faradaic reactions at the electrode 
surface, increasing the energy storage capability.  

Transition metal phosphides are versatile materials both used 
in electrochemical capacitor studies and catalysis research for 
electrochemical water splitting [1]. They react with OH- ions 
in the alkaline electrolyte like transition metal oxides; 
however, their electrical conductivities are generally higher 
compared to that of oxides. This character provides better 
power densities in electrochemical capacitors compared to the 
oxides. Although the most widely used phosphide is Ni2P for 
both electrochemical capacitor and catalysis research, Cu and 
Co phosphides are argued to be promising [2]. 

In this study, activated carbon / transition metal phosphide 
composites were produced and utilized in the electrochemical 
capacitors. Activated carbons were produced using phosphoric 
acid impregnation. After they were produced, a second 
impregnation step was conducted to obtain phosphide 
particles on AC’s. In alkaline electrolyte, both electrical 
double layer on the surface of AC’s, and faradaic reactions on 
metal phosphides contribute to total capacitance. The 
microstructure of the AC/Cu3P composite is given in Figure 1. 

Figure 1. SEM micrograph of AC/Cu3P composite. 

XRD diffractogram of AC/Cu3P composite is given in Figure 
2. As seen in the diffractogram, there is a broad hump between
15-30 degrees, characteristic of amorphous carbonaceous
materials. Also, there are peaks at certain 2θ degrees,
indicating presence of Cu3P phase.

Figure 2. XRD diffractogram of AC/Cu3P 
composite. 

After the structural and morphological characterization of the 
composites, FTIR was conducted to the samples to understand 
the role of phosphate groups in transition metal phosphide 
formation. Then, electrochemical characterization was applied to 
measure capacitive properties of the composites. Also, electrical 
conductivities of the samples were measured and matched 
with the impedance properties of the materials. 
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Ferroferric oxide (Fe3O4) with its high theoretical capacitance 
is an attractive material for supercapacitors; however, low 
electronic conductivity and large volume expansions result in 
inferior rate and cycle performances. The synthesis of 
Fe3O4/carbon nanocomposites with core-shell configurations 
is an effective approach to improve electrochemical 
performances. Carbon acts as conductive support and a buffer 
layer to accommodate volume expansions. 

In recent years, the attention has been shifted to yolk-shell 
nanostructures as they offer void spaces that can buffer 
volumetric changes more effectively and improve cycling 
stability [1]. However, excessive void space would 
compromise the overall capacitance by decreasing the mass 
fraction of the electroactive component. Thus, void space 
must be well-tailored to achieve better electrochemical 
performance. 

A general route to synthesize yolk-shell nanostructures 
involves coating of the Fe3O4 core with a middle silica layer 
and further growth of an outer shell of designed material and 
the subsequent removal of the silica template. In this method, 
the thickness of the silica layer determines the void space [2]. 
However, the tedious synthesis procedure is not promising 
for scaling up. Innovative approaches are required for the 
fabrication of magnetic yolk-shell hollow nanostructures.  

In this work, yolk-shell Fe3O4@Carbon nanostructures are 
synthesized by a novel chemical template etching approach 
which is more straightforward than the traditional method as 
it does not require the insertion and removal of middle layers. 
The electrochemical performance of monodispersed yolk-
shell Fe3O4@Carbon nanostructures with an optimum  

amount of void spaces are studied both in three- and two-
electrode cell configurations with cyclic voltammetry and 
galvanostatic charge-discharge tests. The yolk-shell 
Fe3O4@Carbon nanostructure which benefits from extensive 
volumetric buffering of the carbon layer and void spaces 
promises for energy storage applications that require long 
cycle lives.  
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Ni(OH)2 is one of the most widely used and 
researched electroactive transition metal oxide (TMO) 
because of its high theoretical capacitance and specific 
surface area, fast redox reactions and low cost. The 
capacitance drop observed in nickel hydroxide based 
electrodes during cycling was mainly attributed to the low 
adhesion between the Ni(OH)2 and the substrate which 
results in flaking off the nickel hydroxide thus the loss of the 
active material. But recently it has been shown that the 
decrease in the capacity is also related to the phase 
transformation from alpha to beta and growth of the particles 
[1]. 

Polyaniline (PANI) is a pseuodocapacitive 
conductive polymer with high specific capacitance due to its 
high conductivity and spesific surface area. According to the 
results  reported before, presence of PANI in the structure of 
metal oxide based capacitor materials is synergetically 
improving their properties [2]. But the improvement is still in 
question. 

In this work, improvement of the capacitative 
behavior of  Ni(OH)2 based supercapacitor electrodes by 
PANI coating is investigated. For this purpose, 3 different 
types of electroactive structures are prepared on nickel foam 
substrate: Ni(OH)2 electrode (NH) and PANI electrode (PN) 
as reference and PANI/Ni(OH)2 composite electrode (NHP). 
Fro evaluation of the electrochemical behavior of the coating 
CV and impedance measurements in 6 M KOH is used. The 
structure and chemistry of the electrodes are determined by 
SEM and FT-IR measurements 

We verified both with CV measurements and FT-IR 
that nickel hydroxide exhibited  phase transformation from 
alpha phase to beta phase. Additionally  particle growth from 
~350 nm to  ~850 nm (142%) over cycling is observed 
(Figure 1). Both of these changes resulted in a decrease of 
capacity from 0.48 mF/cm2  to 0.33 mF/cm2 after 2000 cycles 
which indicated a 69% capacitance retention. On the other 
hand PN exhibited slight increase of capacitance over cycling 
due to increase of porosity[3]. But decrease of conductivity is 
verified by AC impedance. 

Finally, PANI/Ni(OH)2 composite electrode is 
investigated. Different capacitance reteniton behaviour than 
NH and PN observed. After the initial capacitance drop, 
significant increase of capacitance is observed as a result of 

synergetic effect of polyaniline and nickel hydroxide. Also, 
unlike the NH and PN samples, NHP sample showed increase 
of conductivity after cycling as determined by AC 
Impedance. Lastly, particle size of NHP sample is increased 
from ~350 nm to ~550 nm (57%) which is much lower than 
increase observed for NH sample. This effect is related with 
the nickel hydroxide-polyaniline synergetic effect which 
involves hydrogen bonding and van der Waals forces which 
can slow down the Ostwald ripening due to decrease in the 
surface energy or the synergetic effects might reduce the 
critical particle size to reach thermodynamic equilibrium 
which means that polyaniline limits the particle size increase. 
All these improvements resulted on increase of capacity 
retention to 85% compared to 69% of NH electrode and also 
increase of total capacitance. 
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The progress of supercapacitor technologies continues to 
develop in nano-architectured materials. Therefore, the 
nanoscale ZnO and 3D-graphene foams are promising 
electrode materials for energy storage device. Carbon-based 
materials are devoted as the electrode materials for designing 
pseudocapacitor electrodes and the combination of them with 
nanosized transition metal oxide materials, were shown to 
have potential to achieve ultrahigh values of specific 
capacitance such as RuO2, Co3O4, MnO2, Fe3O4 and ZnO.  In 
this work, synergetic effects of ZnO nanocrystals and 
graphene foam will be investigated in detail. 

The main focus of this work is to obtain high specific 
capacitance values which are exceptionally related not only 
the quality of synthesis but also the choice, size and 
morphology of electrode materials. Of course the choice of 
electrolyte is also important issue. Moreover, each 
component used in the design of the superbat is also playing 
a key role to achieve high specific capacitance values. 

Here, our contribution mainly deals with the novel synthesis 
of electrode materials and the investigation of their electrical 
performance on the application of pseudocapacitor device 
which acts as a battery due to its enhanced energy density. 
Thus we named it “superbat”. Here, we synthesized and 
characterized ZnO nanocrystals and 3D graphene foam via 
original synthesis routes. Ball milling procedure was applied 
on commercially purchased ZnO samples for various time 
periods and by this we obtained different mean crystal size 
for different milling times meaning that the longer the milling 
time the smaller the crystal size. On the other hand, the 3D 
GF macrostructure was synthesized on a nickel foam with 1.6 
mm thickness (≥ 95 % porosity, 99.99 % purity) via chemical 
vapor deposition (CVD) method. 

Advanced spectroscopic techniques will be used for the 
characterization of both ZnO and 3D graphene foams. In 
particular ZnO nanocrytals contains intrinsically defect 
centers such as oxygen and zinc vacancies, their interstitials 
and antisites. Such defect centers can be precisely determined 
via EPR spectroscopy and EPR data can be correlated with 
photoluminescence and Raman spectra.  By going to 
nanoscale concentration of defect states on the surface 
enormously increases compare to the core of the materials. 
EPR spectroscopy enables us to distinguish the intrinsic point 

defects on the core and on the surface. Photoluminescence 
spectra on the other hand reveal broad green emission due to 
the defects however by photoluminescence it is not possible 
to differ the surface and core defects. Finally there is specific 
Raman mode for the defect centers. These three enhanced 
methods can be correlated and complement each other. For 
the characterization of GF Raman spectroscopy is very 
sensitive for deformations. Well-known G band is for sp2 
hybridization of carbon however if G band exists this band is 
a clear indication of the existence of defects. Figure 1 
presents our first preliminary scanning electron microscopy 
(SEM) and Raman spectroscopy results on both materials. 

Figure 1. Scanning electron microscope (top) and Raman 
spectroscopy results of graphene foam and starting ZnO 
samples indicating successful synthesis of both materials. 

Finally, after careful characterisation of both electrodes, 
electrochemical performance of designed device will be 
tested in order to find out the best performance and best 
asymetric combination.  
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Due to their superior power density and fast 
charge/discharge capability as well as outstanding cycle 
stability, ultra-light wearable supercapacitors are highly 
promising as power sources for wearable electronics [1]. In 
response to growing demands of smart and wearable 
electronics for a variety of applications from fashion sport-
wears to military camouflage and healthcare devices, 
flexibility in power sources have been emerged [1]. 
Remarkable mechanical durability that brings about 
stretching or twisting reliability, superior compressibility, and 
high energy density as well as human-friendliness, take on a 
key role in designing and fabricating energy storage systems 
for wearable electronics [1]. Recent progress in flexible 
materials led the development of novel implantable/wearable 
healthcare devices, which can harvest/store renewable 
energies (body or solar energy) and power smart electronics 
[2]. 

Among a large variety of conductive materials, 
carbonaceous to pseudo-capacitive ones, transition metal 
compounds are at the leading edge of the emerging field of 
renewable energies [1]. Their unique pseudo-capacitive 
features make these materials superior and indispensable in 
modern wearable energy storage devices. Among a large 
variety of transition metal compounds, nickel oxides are 
supposed to be one of the most promising electrode materials 
for supercapacitors due to their high redox activity and low 
cost [3].  

Despite many advantages of nanoscale NiO based 
materials; there are still some obstacles on their use in 
supercapacitors, such as low reversibility during the charge-
discharge processes and poor electrical conductivity [3]. 
Possessing multiple oxidation states, binary metal 
compounds, which exert synergistic effect over the pure ones, 
are able to overcome this drawback [3]. Hence, in 
comparison with single component oxides, ameliorated 
capacitive performance has been reported for binary metal 
oxides [3]. 

Herein, commercial cotton based textile was first became 
conductive by ultrasonic spray coating method, followed by 
an insitu process at room temperature (Figure 1a). 
Afterwards, the NiWO4 nanostructures were directly 
synthesised on the NiO-coated cotton fabrics using a simple 
electrodeposition route (Figure 1b).  

Figure 1. SEM images of (a) NiO decorated cotton fabric and (b) the binder-
free NiWO4@NiO@cotton fabric based electrode. 

Cyclic voltammetry, galvanostatic charge-discharge, and 
electrochemical impedence spectroscopy (Figure 2a-c) were 
conducted to investigate the electrochemical performance of 
the binder-free NiWO4@NiO@cotton fabric based 
electrodes.  

Figure 2. (a) CVs of the NiWO4@NiO@cotton fiber based electrode at 
different scan rates increasing from 10 to 70 mVs-1, (b) GCD curves of the 

prepared electrode at different current densities from 2.5 to 7.5 Ag-1, (c) 
Nyquist plot of prepared electrode , inset: magnifies the data in the high-

frequency range and the equivalent circuit model corresponded to Nyquist plot 
over the frequency range of 100 kHz to 0.01 Hz. 

All-in-all, the prepared wearable electrodes recieve the 
benefit of high specific capacity, remarkable rate capability 
and long-term cycle life in 3M KOH aqueous electrolyte, 
providing compelling evidence on its remarkable 
electrochemical performance. 
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Magnetically separable catalysts have been attracting 
considerable attention in catalysis due to their facile 
separation from the reaction medium. This propensity is 
crucial for efficient multiple use of precious noble metal 
nanoparticles in catalysis. In fact, the isolation of catalysts 
from the reaction medium by filtration and washing results 
usually in the loss of huge amount of activity in the 
subsequent runs of catalysis. Although many transition metal 
nanoparticle catalysts have been reported for the H2 
generation from the hydrolysis of ammonia borane, the major 
problem in reusing the catalysts, including the supported 
ones, is their separation from the reaction medium by 
centrifugation or filtration. An obvious challenge here is to 
support the catalytically active metal(0) nanoparticles on the 
surface of magnetic powders making them magnetically 
separable catalysts. Since magnetic supporting materials 
provide easy separation of nanoparticles using an external 
magnet, they attract considerable attention in liquid phase 
catalytic reactions, such as hydrogen generation from the 
hydrolysis of ammonia borane (Scheme 1).  

 Magnetically separable metal nanoparticles can be obtained 
either by supporting them on the bare magnetic powder 
surface [1] or on the coating layer such as polymer [2,3,4] or 
silica [5,6] on the magnetic surface. We will present the 
results of our studies on the use of magnetically separable 
Pd0, Ru0 and Rh0 nanoparticles supported on the bare or 
coated Fe3O4, CoFe2O4, Co3O4 and Fe nanopowders in 
releasing H2 from ammonia borane. In order to prevent the 
involvement of magnetic support in the catalytic reaction, the 
magnetic particles are coated by polymer, silica, or carbon. 
Thus, magnetic nanopowders are encapsulated within inert 
matrix. The coating materials are inert under the catalytic 
reaction conditions. Neither the magnetic core nor the coating 
layer are involved in catalytic reaction. For example, carbon 
coated iron (C-Fe) is used as support for the Pd0, Ru0 and Rh0 
nanoparticles. TEM images of  Pd0/C-Fe nanoparticles are 
given in Figure 1. Rh0/C-Fe, Ru0/C-Fe and Pd0/C-Fe were 

prepared by the reduction of metal ions impregnated on 
carbon coated iron. 

Figure 1. (a-c) TEM images of Pd0 nanoparticles on carbon coated 
magnetic iron particles, (d) corresponding TEM-EDX spectrum.

These magnetically separable catalysts show high reusability 
and long-term stability in the hydrolysis reaction. They retain 
their complete initial activity even after the 5th reuse releasing 
exactly 3.0 equivalent H2 gas per mole of ammonia borane 
(Figure 2). 

Figure 2. The equivalent hydrogen per mole of ammonia borane 
versus time graph for the 1st and 5th run of hydrolytic 
dehydrogenation of ammonia borane using Pd0 nanoparticles on the 
surface of carbon coated magnetic iron particles at 25.0 ± 0.1ºC. 
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Scheme 1 Schematic illustration of magnetically separable 
metal(0) nanoparticles in hydrogen generation from the 
hydrolysis of ammonia borane. Meta(0) nanoparticles are 
supported on the surface of carbon (green) coated  iron magnet. 
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Ammonia borane (NH3-BH3 - AB) stands out as a perspective 
candidate material for hydrogen storage, with its high 
gravimetric density and low desorption temperature. Severe 
problems persist however, namely multiple-step ireversible 
desorption to stable polymeric species and contamination of 
desorbed hydrogen with unwanted substances in the process. 
At least one of many obstacles, like borasine poisoning, can 
be overcame with the substitution of amido group hydrogens 
with light alkaline metals, which gives amidoboranes, 
M(NH2BH3)x (x stands for charge of metal ion) or MAB. 
During the dehydrogenation process several desorption 
pathways are observed, one including the synthesis of alkali 
metal-(BH3-NH2-BH2-NH2-BH3) compound (M(B3N2) for 
short). Another, non-substitutional, bonding mechanism is 
proposed [1] with alkaline metal ionically bind within 
tetrahedral environment of acidic hydrogens surrounding 
borane. We have performed systematic electronic structure 
calculations, vibrational analysis and analysis of charge 
density topology of AB, AB2, A2B2 and A2B3 chains and 
their Li and Na – H substitutional counterparts with alkaline 
metal at symmetry allowed H positions on amide sites. 
Additionally, electronic structure of (BH3-NH2-BH2-NH2-
BH3)- anion and Li(B3N2) and Na(B3N2) molecule have 
been calculated. Forces optimization of initial configurations 
have been perfomed, where single H atom in the first 
coordination of nitrogen (and boron) atoms have been 
substituted. The goal was to investigate trends in cohesion, 
bonding nature and strength of these mostly hypothetical 
molecules and to explain experimentally evident existence of 
at least some of them.  

Figure 1. The molecular structures of Na-A2B3 with Na atom 
initially bounded at N (top) and B (bottom) atoms.  Left) 
initial and right) final configurations are shown.  

The obtained optimized structures of longer AB chains show 
strong deviation from alkane-like symmetry (C3v, C2v etc.), 
caused by acidic-protonic H interaction. The results show 
strong influence of alkali metal on deviation from alkane-like 
C2v symmetry chains through strong interaction with both 
original substitution site and neighbor acidic hydrogens. All 
“higher” optimized structures are characterized with alkali 
atoms at the distances similar to distance in substituted AB 
system (around 2.3 for Na). Alkali atom in the systems with 
odd number of boron atoms causes distortion in order to 
position itself in equilibrium position between end boron 
atoms. In case of systems with even number of boron atoms, 
original shape of molecule tends to be preserved. 
In case of A2B3, Na-acidic H bonding prevails which can 
explain observed different nature of bonding in Na(B3N2).  
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Even if depletion of oil is not a problem for upcoming 
decades, we can see rapid growth in usage of alternative 
sources of energy. Mainly due to growing environmental 
concern it opens an opportunity for developing new types of 
energy sources such as aluminum. Hydrothermal oxidation of 
a kilogram of aluminum outputs about 15.5 MJ of thermal 
energy and 111g of hydrogen, which holds additional 15.5 
MJ (31 MJ in total).  

This paper shows simple way of hydrothermal oxidation of 
aluminum in distilled water at temperatures of 250-400 °C. It 
has been established that at the specific conditions, the 
process is self-sustaining. However the output depends on 
size of the aluminum used as well as physical state of oxidant 
(liquid water or steam). This research is about comparison of 
above mentioned factors since it helps to understand the 
mechanism of aluminum oxidation in water more. In the 
paper we present the results of oxidation experiments and 
results of structural analysis of products.  

Experiments were carried out using autoclave-type reactor. 
Reactor represented a tube with one sealed end; another end 
of this tube was connected to the lid. Having internal volume 
of about 20 cm3 and additional 10 cm3 for water containment, 
reactor was made out of stainless steel. 

The reactor was closed (sealed), weighed and placed into the 
muffle furnance preheated to a set temperature. The 
temperature in the furnance was maintained constant. 

Scheme of laboratory plant is presented in Figure 1. In each 
experiment reactor was loaded with one aluminum granule 
(or one gram of aluminum powder) and some quantity of 
distilled water. 

Figure 1. Scheme of the laboratory plant. 
1 – thermocouples 2 – muffle furnance, 3 – reactor, 4 – 

temperature sensor. 

This work shows how to oxidize aluminum in water without 
any additional additives. Obtained results allow developing 
simple methods of hydrothermal oxidation of aluminum that 
might be used in creation of energy-efficient aluminum-
fueled power plants. 
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Hydrogen produced from fossil fuels is normally in the form of 
gas mixtures containing H2, CO2, CO, H2S, NOX etc. [1]. 
Therefore, there is a necessity to purify hydrogen in order to 
use it as a pure substance. There are several technologies 
available for hydrogen purification such as pressure swing 
adsorption, cryogenic distillation, and membrane separation. 
Among them, membrane based purification is considered as a 
promising method due to its ease of operation, low capital 
cost, and the suitability for the small scale applications. 

Separation membranes can be classified into two main 
groups, i.e. porous and dense membranes. Among them, 
dense separation membranes are quite attractive since they 
offer high level of hydrogen purity (>99.99%) [2]. The state-of-
the-art dense metalic membranes for hydrogen separation are 
mostly based on Pd and Pd alloys [1]. However, high cost of Pd-
based alloys and their low tolerance to poisonous gases such as 
H2S and CO restrict their use in the commercial 
applications. On the other hand, dense ceramic membranes 
have attracted great interest as alternative membranes due to 
their high hydrogen selectivity, superior resistance to 
poisonous gases, and particularly due to their low-costs [3]. 

Dense ceramic membranes allow permeation of hydrogen as 
charged protonic defects. Thus, proton transport has to be 
compensated by electron transport to reassociate protons and 
electrons into hydrogen gas [4]. Therefore, mixed ionic-
electronic conductivity is an essential for ceramic 
membranes. In this respect perovskite-type oxides, offering 
mixed ionic-electronic conductivity, are possible candidates for 
hydrogen separation membranes. However, hydrogen 
permeation rates through perovskite oxides are rather low as 
compared to Pd-based membranes, and far lower than the 
requirement of the industrial applications (>1 ml/cm2.min) [1]. 

There are mainly two strategies to improve hydrogen 
permeation in perovskite oxides; i) optimization of single 
phase perovskite oxides, and ii) the development of dual 
phase perovskite oxides [4]. Dual-phase perovskite oxides are 
very promising since one of the phase might maintain the 
electronical conductivity, while the other promote the proton 
conductivity. 

The membranes comprising a dual-phase structure may 
consist of metal-ceramic (cermet) or ceramic-ceramic 
(cercer) [4]. The metal component of the cermet membranes is 
mostly based on metals such as Pd, Ni, and Cu, which allow 
hydrogen permeation, and perform electronic 
conductivity. Among them Pd-based cermet membranes 
provide high hydrogen fluxes, however the cost of Pd 
becomes an issue. On the other hand, the cermet membranes 
consisted of metals such as Ni, and Cu have suffered from the 
structural stability problems [5]. The cercer membranes offer 
superior structural stability at operating temperatures, and 
could be a cost-effective alternative to cermet membranes, 

however still could not perform sufficiently high hydrogen 
fluxes. 

Figure 1. Illustration of a simultaneous thin film deposition 
using multiple sputter guns. 

In the current study, a cercer membrane system consist of two 
perovskite-type oxides, namely BaZr0.80Y0.20O3 (BZY) and 
SrCe0.95Yb0.05O3 (SCY) is investigated on the basis of 
combinatorial approach. The purpose built magnetron 
sputtering system is used for the formation of material 
library. The system incorporates two sputter targets, and a 
substrate holder in the form of a magazine comprising total of 
18 disc shape substrates aligned with the sputter targets 
underneath, Figure 1. The simultaneous deposition yield the 
production of chemically distinct 18 thin film membranes in a 
single experiment. Each membrane has a different BZY/SCY 
make-up as a result of their different positions with respect to 
the targets underneath. The aim of the study is to form 
hetero-interfaces, which accommodate high amount of 
oxygen vacancies effecting the proton conductivity, in 
BZY/SCY compositions to improve the hydrogen permeation 
of the cercer membranes.  

The membrane compositions produced in the form of 
thin film are screened via four-probe technique according to 
their mixed ionic-proton conductivity under H2 
atmosphere at temperatures ranging from 600 to 800 °C. 
The candidates compositions, yielding higher mixed 
conductivity identified by the method described, will then 
be produced in the form of disc for the hydrogen 
permeation tests. The present study would provide 
insights into the importance of hetero-interfaces in 
hydrogen permeability of perovskite oxides. 
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Nowadays focus is on alternative energy sources which are 
clean, renewable, cheap, safe and viable compared to fossil 
fuels. One of the major energy sources of the future is 
hydrogen due to its properties such as production of high 
energy yield, pollution free and possibility of easy storage. 
However, hydrogen does not occur in nature as the fuel H2. 
Rather, it occurs in chemical compounds like water or 
hydrocarbons that must be chemically transformed to yield 
H2. Hence water splitting is promising candidate for 
environmentally-friendly hydrogen production from 
renewable resources.  

Various catalysts based on low-cost, earth-abundant 
transition metals oxides and dichalcogenides have been 
studied for that purpose [1]. Nanostructured MoS2 as a 
functional architecture assembled with 2D building blocks 
has emerged as a promising catalyst for hydrogen evolution 
reaction [2]. MoS2 as a transition-metal dichalcogenide 
consists of multilayers crystallized in a lattice with strong 
covalent bonds within a layer and weak Van der Waals 
attraction between them. Due to this structure MoS2 has 
different surface sites and electron and hole mobility that is 
much faster along the basal plane than perpendicularly 
between the sheets [3]. In order to enhance the activity, 
tremendous effort has been made to engineer MoS2 catalysts 
with either more active sites or higher conductivity. 

Elemental doping is a conventional and effective approach to 
modify the surface properties and band structure of transition 
metals oxides and chalcogenides for efficient visible light 
harvesting and enhancement of redox activities [4]. On the 
other hand low energy ion irradiation can be used for 
controlled introduction of defects and dopant ions into 
material structure, regarding both concentration and their 
depth distribution [5]. In the process of ions interaction with 
material, expected changes include defects production 
(mainly vacancies) and incident ions deposition between 
MoS2 layers. 

Figure 1. Raman spectra of unirradiated and irradiated 
samples of MoS2 

Hydrothermally synthesized MoS2 was irradiated with carbon 
ions of different energy (20 and 40 keV) and fluency (1016 
and 5×1014 ions/cm2). Structural changes induced by ion 
irradiation were characterized by Ramman and FTIR 
spectroscopy, XRD and SEM and correlated to the catalytic 
properties of irradiated material. 
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Molybdenum sulphides (MoS2) have attracted the attention of 
many scientists as electrolysis which is very attractive for the 
reaction of hydrogen evolution from water (HER). The atomic 
structure and identity of the catalytically active regions for HER 
reactions were well characterized for crystalline MoS2. 
Theoretical studies indicate that the edges of MoS2 are easily 
bound to hydrogen atoms, which contribute to the reduction of 
H+ by electrons. However, MoS2 suffers the problem of poor 
electrical conductivity, which restricts its co-catalytic activity. 
Loading MoS2 on conductive substrates is a good way to 
overcome this drawback [1].  
The group of transition metal dichlorogens (TMDCs) has been 
increasingly attracted by the extraordinary properties that occur 
when the thickness is reduced to the nano-scale regime. Among 
the conductive supports, graphene (rGO), a two-dimensional 
(2D) sheet with fully delocalized π-electrons. The hybrid of 
MoS2 layers with graphene has been widely accepted as an 
efficient co-catalyst for further optimization of photocatalytic 
reactions because of the high exposure of active sites and good 
electron transfer abilities. TMDCs exhibit different electronic 
properties in a single-layer form which are quite different from 
their bulk equivalents. [2,3]. The most famous representative of 
2D TMDCs is molybdenum disulphide (MoS2). 

Figure 1. The synthesizing of the MoS2/GO nanocomposites 

By combining MoS2 with GO as co-catalysts, the new hybrid co-
catalyst can obviously enhance the hydrogen evolution rate of 
the ternary nanocomposite. TiO2 and ZnO are the most 
frequently used semiconductor metal oxide for photocatalytic 
hydrogen evolution [4].   

In this study, the efficacy of covalently bonded composite MoS2 
as catalyst on various nanosheets graphene bearing different 
functional groups will be investigated. Reduction reactions of 
organic compounds carrying Aldehyde, Nitro and Ketone 
functional groups in H2O, CH3OH and various polar solvents will 
be made after the related composite material is prepared.  

Figure 2. Catalytic transfer hydrogenation on various 
functional groups 
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Extensive considerations have been given to pursuit reliable 
energy sources to fulfill the needs of modern society and 
resolved these severe environmental problems [1]. 
Renewable energy productions and storages are the best 
choice to overcome these problems. Hydrogen as a future 
energy carrier has been deemed to replace traditional fossil 
fuels for last few decades, due to its higher gravimetric 
energy capacities for a long time and renewability [2]. 
Oxygen Evolution Reaction (OER) is a basic half-reaction 
and plays key roles in many energy storage technologies, 
such as rechargeable metal-air batteries, fuel cells and 
electrolysis [3]. Electrocatalytic water splitting is an eco-
friendly way in which two half reaction,  
OER (4OH‾ → 2H2O + O2 + 4e‾) at anode and Hydrogen 
Evolution Reaction HER (2H2O + 2e‾ → 2OH‾ + H2) [4] at a 
cathode simultaneously occur in alkaline media. High 
overpotential of OER hinders the simultaneous OER and 
HER. 

There high cost and low abundance in the earth crust bound 
their use on an industrial scale. It is highly necessary to 
develop an effective, cheap and earth-abundant bifunctional 
electrocatalyst for OER and HER. In this regard, recently, 
extensive attention has been focused on 3d transition metals 
such as Ni, Co, Fe and their compound and/or composites 
[5]. 

Zinc(II) phthalocyanine (ZnPc) nanoclusters were 
synthesized by solvent evaporation with poly 
(diallyldimethlammonium chloride) as a stabilizer. 
Combining ZnPc nanoclusters and molybdenum disulfide 
(MoS2) with graphene oxide (GO), the ZnPc-MoS2-GO 
nanostructured composite was produced. Morphologies of the 
resulted ZnPc-MoS2-GO nanostructure were characterized by 
field emission scanning electron microscopy, XRD, FTIR, 
and Raman spectroscopic analyses.  

Figure 1. Synthesizing of ZnPc-MoS2-GO nanostructure 

Electrochemical and electrocatalytical properties of the ZnPc-
MoS2-GO nanostructure were studied by cyclic voltammetry 
and linear sweep voltammetry methods. Compared with the 
pure ZnPc nanoclusters, MoS2 or GO, the ZnPc-MoS2-GO 
nanostructure expected to be improved electrocatalytical 
performance towards oxygen evolution reaction (OER) or 
hydrogen evolution reactions (HER) for water splitting.  

Figure 2. Electrocatalytic performance of ZnPc-MoS2-GO 
nanostructure for OER and HER 
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Development of new high-efficiency techniques for hydrogen 
separation and purification is one of the key areas in 
hydrogen energy. Membrane is of particular attractiveness for 
this purpose because of its simplicity and efficiency, easy 
combination with other methods. Conventional polymeric 
and palladium-based membranes have a number of serious 
shortcomings related to the low selectivity of the first, high 
cost and limited service life of the second. An alternative 
approach consists in development of composite membrane 
materials based on dispersed hydride-forming intermetallic 
compounds and polymer binder [1]. Herein, we report the 
experimental results on synthesis and testing of metal-
polymer composites specially designed for hydrogen 
separation processe within the general concept of mixed 
matrix membranes (MMM). 

The main aspects considered in the work are the following: 

- selection of hydride-forming intermetallic compounds
suitable for membrane technology. AB5-type alloys were
employed thanks to their easy activation and low sensibility
to impurity gases. In order to adjust the metal hydride
component to operating parameters of the membranes,
alloying of the base LaNi5 composition with Al, Co, Mn, Cu
and Ce was performed. The effects of the substituents and the
alloys processing mode (e.g. ball milling) on pressure-
composition diagrams at various temperatures, pressure
hysteresis and volume expansion at different hydrogen
content were evaluated;

- selection of polymer binders. Basic requirement for these
components relate to good conjunction with metal hydride
fillers, ability to withstand the alternating volume effects
accompanying the hydrogen interaction with the metal
particles, and limited permeability low permeability to
impurity gases. Polyethylene and polysulfone were chosen as
the most satisfying to these conditions;

- membrane formation techniques. Conventional polymer
membrane formation method based on phase inversion from

the polymer solution with subsequent phase inversion was 
unsuitable for this type of materials. It does not provide 
steady interfacing between metallic particles and polymer 
matrix: the cyclic hydrogen absorption/desorption leads to the 
formation of the interface defects. These defects act as a 
bypass for all components of the gas mixture to be separated 
that results in the reduced selectivity of the membrane. In 
contrast, ball milling pre-treatment ensures optimal polymer-
filler adhesion. The composites produced in such a way 
retained their reactivity with respect to hydrogen, prevent the 
pulverization of the metal hydride and demonstrate the 
resistance to surface poisoning; 

- gas transport measurements were carried out by barometric
method at pressures up to 1.5 bars. The permeability of
hydrogen and the most common impurity gases, including
nitrogen, methane, carbon dioxide, were evaluated. It was
shown that the ideal selectivity with respect to hydrogen
increased 50-150 times for the composite film membranes as
compared to individual polymer.

It is concluded that the incorporation of hydride-forming 
intermetallic compounds into a polymer matrix is a promising 
approach to increasing the hydrogen separation performance 
of membrane materials 
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Metallic membranes among the hydrogen separation 

membranes are quite attractive due to their very high hydrogen 

selectivity and hydrogen permeability1. Pd and Pd alloys, i.e. 

f.c.c. membranes are quite common as separation membranes2.

However, the high cost of Pd limits its widespread use in

industrial applications. Therefore, the efforts in metallic

membranes generally concentrate on to identify membrane

compositions which have a high hydrogen permeability and a

reduced cost. The efforts to address such problems have

concentrated on two main approaches. One is reducing the Pd

content of the membranes by alloying3 and producing

membranes in the form of thin films4,5. Another approach is to

develop new alternative membrane compositions which are

Pd-free6.

Of the Pd-free membranes, Nb, V, Ta and their alloys, i.e. bcc 

membranes are particularly attractive due to their orders of 

magnitude higher hydrogen permeability as compared to Pd-

based membranes7. However, the bcc membranes have an 

insufficient catalytic activity to dissociate hydrogen molecules 

into its atomic form, which is essential for hydrogen 

separation6. The excessive hydrogen solubility resulting in 

embrittlement is another drawback for bcc membranes. For 

this reason, the efforts on bcc membranes have focused on 

identifying the alloying elements that would reduce the level 

of hydrogen solubility while maintaining a reasonable 

hydrogen permeability. However, developing a new 

membrane composition by alloying or finding an alternative 

Pd-free composition are not always successful. Besides, this 

also requires extended coordinated efforts which are time 

consuming. Therefore, a method that would allow the 

synthesis of material library and which may then be evaluated 

by a screening technique is a highly useful approach to develop 

new membranes instead of conventional production 

approaches such as synthesizing one membrane composition 

at a time and testing it for the permeability. 

The present work is an outcome of an effort to develop low-

cost hydrogen separation membranes on the basis of 

combinatorial materials science. In this respect, a total of 21 

thin films with a different composition in Nb-Pd-Ti ternary 

system were deposited in a single experiment. This was 

achieved using a purpose-built magnetron sputtering 

deposition unit incorporating a 6-inch diameter substrate 

holder accommodating 21 individual samples in a triangular 

geometry underneath the sputtering targets, Figure 1. Here, 

Nb-Pd-Ti system was selected aiming to produce dominantly 

bcc membranes in the current study. 

Thin films covering a large compositional field in the ternary 

diagram were then screened by a four-probe resistivity 

measurement. This screening was applied in terms of a 

reactivity index defined as the ratio of resistivity under 

hydrogen to that of under argon in the same conditions. The 

compositions were also screened due to their lattice volume so 

as to determine the compositions with a reduced lattice volume 

to limit the hydrogen solubility. The two screening criteria 

were then mapped on the ternary diagram of selected system. 

The intersection of two maps; one reactivity index and the 

other lattice volume yield a field as possible compositions for 

separation membranes. 

References 

1. J.-Y. Han, C.-H. Kim, S.-H. Kim and D.-W. Kim, Adv.

Mater. Sci. Eng., 2014, 2014, 1–10.

2. F. Pişkin and T. Öztürk, J. Memb. Sci., 2017, 524, 631–

636.

3. S. Tosti, L. Bettinali and V. Violante, Int. J. Hydrogen

Energy, 2000, 25, 319–325.

4. A. I. Pereira, P. Pérez, S. C. Rodrigues, A. Mendes, L. M.

Madeira and C. J. Tavares, Mater. Res. Bull., 2015, 61, 528–

533.

5. F. Pişkin, H. Akyıldız and T. Öztürk, Int. J. Hydrogen

Energy, 2015, 40, 7553–7558.

6. M. D. Dolan, J. Memb. Sci., 2010, 362, 12–28.

7. F. Pişkin and T. Öztürk, J. Alloys Compd., 2019, 775, 411–

418.

Figure 1. Target-substrate holder alignment used in 

magnetron sputtering unit. 
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Abstract 
In this paper, we investigate Pd-Mn-Ag ternary system for potential compositions as separation membranes. For 

this purpose, thin film membranes of varying compositions were produced via magnetron sputtering. These were 

evaluated via four probe resistivity measurements up to temperature of 450 oC. A reactivity index 𝜌H2/𝜌Ar was 

used as a measure of suitability of the thin film as separation membrane. Here 𝜌H2 and 𝜌Ar are the resistivity of 

the film under hydrogen and argon respectively. The temperature at which this index was maximum was taken as 

potential operating temperature of the membrane. 

Introduction 

Hydrogen can be produced by a variety of methods; steam 

reforming of methane, biomass gasification etc [1]. The resulting 

mixtures can contain hydrogen which would vary depending on the 

case. In biomass gasification, hydrogen content is not more than 

40% [2]. In steam reforming of methane, hydrogen is typically 75 % 
[3]. More recently hydrogen generated via water electrolysis from 

renewable sources are injected into natural gas pipelines. where, 

the fraction can vary from 5 to 20% [4].  

To separate hydrogen from these sources in a purity level suitable 

for PEM fuel cells, it is necessary to use separation membranes 

adapted to the process. So, for steam reforming of natural gas we 

need separation membranes with typical operation temperature of 

450-550 oC [5]. This temperature in the case of hydrogen injected in

gas pipelines are close to ambient temperatures.

PEM fuel cell requires hydrogen which should be at least 99.97% 

pure, free from CO (< 25 ppm) and sulfur (< 2.5 ppm) [6]. Dense 

separation membrane already satisfies these requirements as it 

would separate hydrogen which is extremely pure. Currently 

separation membranes in use are Pd-Ag alloys, where Pd content is 

more than 75%.  

The current work was undertaken to investigate in Pd-Mn-Ag 

system so as to identify possible compositions suitable for high as 

well as low temperature separation purposes. Following the 

previous studies[7-9], the current work involves fabrication of thin 

film membranes via sputter deposition and fast screening of 

membranes via resistivity measurement.  

Experimental 

For sputter deposition, targets; palladium, silver and manganese 

were 2-inch diameter with the purity of 99.95%. Sputter targets 

were 150 mm apart. Above the targets we have 21 glass substrates 

each 18 mm in diameter placed in stainless steel holder in 

triangular form mimicking the targets underneath. Sputtering is 

carried out with 5mTorr ultra high purity argon where the base 

pressure was 5x10-8 Torr. In this geometry upon sputtering, each 

membrane has a different composition due to their different 

positions with respects to targets.  

Thin film membranes are first subjected to stabilization treatment. 

Structural stabilization is conducted under argon(1 bar ) where the 

samples are heated with 2.5 oK/min to 450 oC, then hold at that 

temperature for 9 hours and cooled with 1.6 K/min to room 

temperature.  

Thin films were then screened via resistivity measurement. The 

measurements were taken with 4 probe technique using Keithley 

2700 data acquisition system. Current was set as 10 mA. The 

measurements are first taken under argon while heating the thin 

film membrane up to 450 °C (heating rate: 3K/min) and then it was 

let to cool down to room temperature (approx. 1.6 K/min). The 

measurements were then repeated with hydrogen. Thus, argon was 

discharged, and hydrogen was loaded into the reactor.  

The resisvity values measured were used to determine a reactivity 

index (𝜌H2/𝜌Ar) where 𝜌H2 is the resistivity under hydrogen and 

𝜌Ar is the same under argon,. The index was determined at 

selected temperature.  
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Results and discussion 

Thin film membranes that are investigated in this work are 

tabulated in table 1. 

Table 1. Composition ofthin film membranes investigated in the 

current study.  

Sample no Pd 
(at. %) 

Mn 
(at. %) 

Ag 
(at. %) 

8 14 49 37 

11 6 23 71 

13 23 34 43 

16 6 19 75 

17 17 17 66 

18 23 24 53 

19 38 21 41 

Fig.3 XRD pattern of Sample 18 before and after annealing. The 

inset in the figure shows the change in resistivity as function of 

annealing time at 450oC. Peaks became stronger and narrower as a 

result of annealing implying that the crystallinity improves as a 

result of this stabilization treatment.  

Figure 3. XRD patterns of as-sputtered and annealed sample 

referring to the sample 18 ( see table 1). The inset is resistance 

change with aneealing time in the same sample  

As sputtered membranes are having well-ordered atomic 

arrangement with annealing process. This provides less electron 

scattering which results with a decrease in resistance. So, when the 

resistance change stops during treatment, it is taken as a sign of 

structural stabilization.  

Changes in electrical resistance under hydrogen and argon are 

reported in Fig. 4 for samples 11, 13, 16 and 17. These samples 

show almost the same resistance values under argon and hydrogen, 

implying that 𝜌H2/𝜌Ar has a vale close to the unity.  

More promising results are obtained from sample 8, 18 and 19. 

Fig.5 gives the resistance-temperature curves for samples 18 and 

19. By looking at electrical resistance change with respect to

temperature under different atmospheres, good hydrogen solubility

can be speculated for sample 18 and 19. At lower temperatures,

hydrogen solubility is seen very high for these samples and they

release hydrogen at higher temperatures and reaches the resistance

values of hydrogen free form.

Reactivity index for sample 19 at 70 oC reaches a value of 1.18. 

Around the same temperature, sample 18 exhibits similar behavior 

with a reactivity index of 1.04.  

Figure 4. Resistance vs temperature plots for argon and hydrogen 

atmosphere of a) sample 11, b) sample 13, c) sample 16, d) sample 

17. 

a) 

b) 

c) 

d)
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a) 

b) 

Figure 5. Resistance vs temperature plots for argon and hydrogen 

atmosphere of a) sample 18, b) sample 19 

In the case of sample 8, the bahaviour is different, Fig.6. Upon 

heating under hydrogen, the resistance traces almost the same 

curve as those recorded under argon, but upon reaching 450 oC, the 

resistivity jumps up to a higher value. While cooling, the resistance 

form a parallel line with down to room temperature. It can be 

speculated that hydrogen solubility in this membrane started at 450 
oC and absorbed hydrogen could not be released as this was the 

highest temperature tested in this study. Therefore while cooling, 

the absorbed hydrogen remained in the structure due to insufficient 

temperature therefore resistance difference is retained.  

Figure 6. Resistance vs temperature plots for argon and hydrogen 

atmosphere of sample 8 

. 

Concluding Remarks 

In this paper we reported preliminary results obtained for Pd-Mn-

Ag ternary system. The results imply the existence of possible 

compositions as hydrogen separation membrane with Pd content 

less than 54 %. The work is currently in progress to cover other 

compositions so as to fully evaluate the ternary system. Having 

identified suitable compositions based on reactivity index, the 

alloys will be prepared and rolled to foils of less than 200 micron 

and will be tested for permeability.  
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Adding oxygen and hydrogen gas to NiMH batteries extend cycle life and 
can be used for basic studies of reaction kinetics and hydrogen diffusion. 
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The limited lifetime of batteries is an issue for users. At the mESC-IS 2018 meeting in Belgrade we could report how 
prolong the lifetime of NiMH batteries by adding oxygen and hydrogen gas to the interior gas space of a battery.1 This is 
now developed into an industrial process that enables Nilar Hydride®batteries to handle considerably more charging cycles 
and thus store and deliver far more energy throughout their lifetime. This equates to a significantly reduced cost per kWh, 
which provides the lowest total cost of battery energy storage available on the global market. The robust, safe and 
environmentally friendly characteristics of the battery are unaffected by this breakthrough. 

The NiMH battery is developed from the nickel-hydrogen battery (NiH2). NiH2 batteries have a superior 
lifespan compared to other battery types. This is why they are used in satellites in orbit in space, where the batteries must 
function for decades without servicing. The Hubble space telescope is one example, but NiH2 batteries are also orbiting our 
neighbouring planets.  

In a NiMH battery, hydrogen is bound in a hydrogen storage alloy. This solution is effective, but the 
battery ages because it dries out as the alloy slowly corrodes and forms solid and inactive hydroxides (OH-groups). This 
consumes its water-based electrolyte and the battery dries out. The corrosion also interferes with the internal balance 
between the electrodes in the battery. Both these detrimental issues can be mitigated by separately adding oxygen and 
hydrogen to the battery.  

In the NiH2 battery and in the NiMH battery hydrogen atoms are transported bound in water molecules 
between electrodes during charge and discharge. Comparingly, adding hydrogen corresponds to a battery charge and oxygen 
addition to discharging the battery. By monitoring the open cell voltage concomitant with the pressure evolution during gas 
admission, we can model hydrogen diffusion between the active reaction sites and the bulk hydride. By varying the internal 
electrode balance, the reaction kinetics can be observed for different equilibrium pressures.    

A 144 Volt Nilar Hydride®battery  Nilar 11.5 kWh Cabinet 

[1] Y. Shen and D. Noréus, Starborg S. Int. J. Hydrogen Energy 2018; 43:18626-631
https://doi.org/10.1016/j.ijhydene.2018.03.020

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion                    Akyaka, Mugla Page 89

https://doi.org/10.1016/j.ijhydene.2018.03.020


Carbon/Metal Hydride and Carbon/Hydroxide composites for Ni-MH power 
sources 

Aleksei Volodin1,2, Artem Sleptsov1,3, Artem Arbuzov1, Pavel Fursikov1, Alexey Kazakov2, Dmitry 
Blinov2 and Boris Tarasov1 

1 Institute of Problems of Chemical Physics RAS, Chernogolovka, Russia 
2 Joint Institute for High Temperatures RAS, Moscow, Russia 

3 Lomonosov Moscow State University, Moscow, Russia 

Nickel-metal hydride (Ni-MH) power sources are widely 
used in portable electronic devices due to their high energy 
density, cyclic stability, resistance to overcharging and good 
environmental compatibility. The efficiency of the Ni-MH 
power source depends on the cathode and anode materials, 
the method of electrode preparation etc. 

AB5, AB3, and AB2 type alloys are widely used as working 
materials for Ni-MH power sources [1]. One of the problems 
in the operation of anode materials is the low condactivity. 
The conductivity of pure magnesium is 2.27×107 S/cm, and 
its hydride (MgH2) is 10–18...10–12 S/cm. Ni(OH)2 is used as 
the cathode material in all Ni-based power sources due to its 
low cost and good performance. However Ni(OH)2 has a very 
low conductivity (10–14...10–8 S/cm). Acetylene carbon black 
or graphite is usually added to improve the conductivity of 
electrode materials. It is necessary to introduce these 
additives in large quantities, which reduces the capacity of 
the electrodes, for a small amount does not lead to the desired 
effect. 

This report summarizes the results on the study of 
Carbon/Metal hydride and Carbon/Hydroxide composites for 
Ni-MH power sources. The prospect of using carbon 
nanostructures to increase the efficiency of the electrodes is 
considered. Composites of Ni(OH)2 and metal hydrides with 
various carbon materials – graphite (G), carbon nanotubes 
(CNT), carbon nanofibers (CNF), and graphene like material 
(GLM) were formed. It is shown that the conductivity of 
Ni(OH)2 with carbon nanostructures (3 wt.%) is much higher 
than that of the hydroxide with graphite (Table 1). 

Table 1. Carbon/Hydroxide composites characteristics. 

Component g/cm3 wt.% vol.% S/cm 
Ni(OH)2 3.45 −−−−− −−−−− 3.7×10–9 
G 2.24 3 4.5 1.3×10–7 
CNT 1.61 3 6.2 3.9×10–3 
CNF 1.39 3 7.1 6.8×10–3 
GLM 1.48 3 6.7 8.9×10–2 

It has been established that the use of Carbon/Metal hydride 
composites increases capacity of the electrodes by 10 – 20%. 
The obtained composites were used as materials for the 
electrodes of Ni-MH cells. The results obtained demonstrate 

the performance of composite electrodes in the composition 
of Ni-MH power sources (Figure 1). 

Figure 1. Specific capacity of the Carbon/Hydroxide 
composite electrodes. 

The efficiency of using combined Ni/GLM/MH composites 
to achieve maximum performance, both for reversible 
hydrogen sorption and for Ni-MH power sources, has also 
been established [2]. 
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There is an increasing demand for cost effective batteries 

with high energy and power densities for a number of 

applications. Efforts to improve the energy density as well as 

the cost reduction concentrates on alternative anode and 

cathode materials.  

For anode, rare earth free AB2 and Mg based alloys are 

candidates with potentials that go beyond the capacity 

achieved with the conventional rare-earth based AB5 

compounds. In a recent study [1] we have shown that an AB2 

alloy which is sluggish in its activation could readily be 

activated when it was surface modified with hot-alkaline 

treatment. This was attributed to positive effect of porous 

surface where hydrogen evolution was made difficult by the 

associated stabilizing effect. Similarly considerable 

improvement was achieved with Mg50Ni50 alloy via surface 

modification[2] 

As for cathode, efforts to reduce material cost concentrates 

more on additives than on the active material. Since Ni(OH)2, 

active material used in the cathode, is an insulating material it 

is necessary to prepare the positive electrode with a careful 

addition of ingredients ensuring that all active materials are 

within the conductive network. In this respect, Co is the 

additive of choice which when added as CoO or Co(OH)2 

irreversibly transforms to CoOOH upon first charging 

forming a conductive network on the active material 

surface[3].  

Although the effectiveness of Co additive is well proven, 

unfortunately it is quite costly and as a single ingredient Co 

makes up nearly half of the alloy cost [4].Thus there is a need 

to find alternative methods of ensuring conductivity which 

would ensure a full use of active material. 

In this study, as an alternative to Co additive, we have used 

four carbon derivatives. These were carbon black(CB), 

plasma black(PB)[5], carbon nanotube(CNT) and 

graphite(G). In mixing these additives with active powder, 

we employed two methods, ball milling and dispersion. In the 

latter, the additive was first added to acetone-DI water where 

they were dispersed and then Ni(OH)2 powders was added to 

the dispersion and let dry.  

Figure 1 Capacity versus cycle number in a positif electrode 

prepared by ball milling of Ni(OH)2 with 2-wt % plasma 

black (PB). 

Experimental results showed that dispersion method works 

well with CB and PB. It is also found that sequential 

processing, i.e. first using dispersion method with PB (or CB) 

than using ball milling with CNT (or G) additives, disturbs 

the initial carbon coating of the active material and adversely 

affects the electrochemical performance.  

At the time of writing, experiments with regard to using a 

mixture of PB and CB powders as additive as well as using 

triple additives CB-PB-CNT were in progress. 
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Low-Co AB5 intermetallic compounds for electrochemical applications 
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Multicomponent metal hydride materials are extensively 
investigated for their use in stationary and portable hydrogen 
storage [1, 2], metal hydride hydrogen compresssion [3], 
thermal energy storage [4] and Ni-MH batteries [5, 6]. 
Among all the applications, Ni-MH batteries have achieved 
the greatest commercial success and widespread use. In early 
1990s Ni-MH batteries based on AB5-type intermetallics as 
anode have replaced enviromentally hazardous Ni-Cd 
batteries. Another electrochemical application, where metal 
hydrides can be used, is alkaline metal hydride-air fuel cells 
[7-9] 
AB5 type alloys have high surface catalytic activity, easy 
activation and good cycle stability, however, electrochemical 
capacity is limited. Partial substitution La by mishmetal Mm 
(mixture of rare earth metals La, Ce, Nd, Pr) and Ni by Co, 
Mn, Al, Fe, Cr, Sn, etc. allow to reach higher electrochemical 
capacities and kinetics. Most popular commercially available 
alloy is MmNi3.55Co0.75Mn0.4Al0.3, where Mm = 
La0.62Ce0.27Nd0.08Pr0.03 [10]. The rare earth elements La, Ce, 
Pr and Nd are hydride forming metals and primarily provide 
H2 absorption, Ni provides catalytic activity for redox 
reaction, Co, Mn and Sn provide surface activity, and Al and 
Fe provide corrosion resistance [11, 12]. To achieve a good 
balance between various electrochemical properties, a 
conventional AB5 alloy usually contains expensive Co, Pr 
and Nd. Therefore, in order to make the Ni-MH battery cost-
effective versus its Li-ion rivals, two approaches were taken 
to reduce the raw material cost: elimination of Pr and Nd in 
the A-sites and reduction/elimination of Co in the B-sites. 
In present study, low Co AB5 alloys are prepared by arc 
melting under argon atmosphere and annealed at 1223 K. The 
general composition is La0.8-xCe0.2NdxNi4Co0.5-yMn0.3Al0/2+y, 
where x = 0 - 0.2, y = 0 - 0.1. The annealed samples are 
studied by XRD analysis, scanning electron microscopy, gas-
sorption and electrochemical analysis. The phase 
composition, microstructure, hydrogen sorption, 
thermodynamic and electrochemical performances (discharge 
capacities, high rate dischargeability, hydrogen diffusion) of 
alloys are investigated. All alloy samples are single phase 
with CaCu5 crystal structure. For PCT measurements, 
samples are activated under vacuum at 150°C for 30 minutes. 
Then one cycle of full absorption-desorption was performed. 
The  PCT measurements were performed at 20, 50 and 80°C 
(293, 323 and 353K). Hydrogen storage capacities of the 
alloys are in the range of 1.1 – 1.2 %wt. H2 at room 
temperature.  
For electrochemical measurements, a three-electrode cell 
with a 6M KOH electrolyte solution at room temperature was 
applied. MH electrodes was firstly activated by fully charging 
at current density 100 mA/g for 5h and then discharging at 

100 mA/g to 0.5 V (5 cycles). The maximum capacities after 
the activation for the annealed alloys at current density of 100 
mA/g are 300 - 315 mAh/g, what are in a good agreement 
with literature data. Thus, elimination of Pr and Nd, reduction 
of Co content in AB5 alloy do not strongly influence the 
discharge capacity of preapred metal hydride alloys. 
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Influence of electrostatic field on the interaction of AB5-type alloy 
LaNi4.4Al0.3Fe0.3 with hydrogen
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AB5-type intermetallic compounds (IMC) are widely used for 
hydrogen energy systems as materials for solid-state hydrogen 
storage and electrochemical applications. Despite the low mass 
content of hydrogen and the relatively high cost, AB5 - type 
alloys have a number of significant advantages that make their 
use relevant today. These advantages include: the conditions of 
interaction with hydrogen close to ambient, the ability to vary the 
properties of the material by modifying the composition in a very 
wide area, high cyclic stability, tolerance to a number of 
impurities that can be contained in hydrogen and safety. 
The effect of the electrostatic field on hydrogen sorption has 
been studied for a number of materials based on carbon or metal 
oxides [1,2]. However, no such studies have been carried out for 
IMC. This work is devoted to the study of the reaction with 
hydrogen of LaNi4.4Al0.3Fe0.3- alloy in an external electrostatic 
field. The main task is to study whether the electrostatic field 
affects the equilibrium pressure of absorption and desorption of 
hydrogen in the plateau region. 

The base of the experimental stand is the installation for PCT - 
isotherms measuring by the Sievert’s method. This installation 
allows measuring hydrogen absorption and desorption isotherms 
with high accuracy at temperatures from 243 to 673 K and 
hydrogen pressure up to 15 MPa. A cylindrical polypropylene 
working vessel, which does not conduct electricity, was 
constructed for the experiments. The inner diameter of the 
working vessel was 26.6 mm, the outer is 40 mm. the Volume of 
the working area was 58.5 cm3. The reactor was pressurized at 
hydrogen pressure up to 0.5 MPa. Hydrogen was supplied to the 
reactor through a copper tube with a diameter of 6 mm, which 
simultaneously served as one of the electrodes to create an 
electrostatic field. The tube was separated from the sample by a 
layer of insulation with a thickness of 2 mm. As the second 
electrode, a nickel plate with a thickness of 0.2 mm wrapped 
around the working zone was used. Thus, an electrostatic field 
was created between two cylindrical electrodes with a common 
axis and a diameter of 6 and 40 mm, respectively, between which 
the IMC sample was located. 
For safety reasons, it was planned to conduct an experiment at a 
hydrogen pressure of about 0.1 MPa, in addition, in this area, the 
accuracy of the pressure measurements is maximum. The object 
of study was chosen IMC of LaNi4.4Al0.3Fe0.3 composition with 
low equilibrium pressure of hydrogen absorption and desorption 
at room temperature.  

 
At the preliminary stage, the alloy sample was activated by 
cycling at a hydrogen pressure of up to 3.5 MPa and a 
temperature of up to 473 K in a steel working vessel. Next, the 
sample vessel was placed in a dry box with an inert atmosphere, 
where the powder was extracted from the vessel. The sample was 
then divided into two. The first sample weighing 50 g was used 
as a reference sample. For it, hydrogen absorption and desorption 
isotherms were measured at temperatures of 313.333 and 353 K. 
The second sample weighing 50 g was placed in a polypropylene 
working vessel inside the dry box for experiments with an 
electrostatic field.  
The sample was a ring filling of fine powder with an internal 
diameter of 8 mm (6 mm of the copper tube and 2 mm of the 
insulation) with an external diameter of 26.6 mm and a height of 
about 20 mm, and was located between two cylindrical 
electrodes. The closed working vessel with the sample was 
connected to the control and measuring system of the installation 
with the help of a polymer hose and installed in a vertical 
position in a thermostat filled with non-conductive transformer 
oil. After careful vacuuming, hydrogen was fed into the working 
vessel until the equilibrium pressure over the sample reached a 
value that corresponds to the middle of the plateau on the PCT 
isotherm at a given temperature. Then voltage was applied to the 
electrodes by means of a high voltage source, which allows 
supplying up to 50 kV with different polarity to the electrode, 
and the pressure change in the system was recorded. 
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A promising application for metal hydrides (MH) is hydrogen 
storage and its supply to Proton Exchange Membrane Fuel 
Cells (PEMFC’s) in material handling units, underground 
mining vehicles and marine applications. Of the numerous 
MH materials, AB2 type alloys (A=Ti+Zr; 
B=Mn+Cr+V+Fe+Ni+…) have shown to be very promising. 
Hydrogen sorption properties of these materials can be easily 
tuned by the variation of their composition.  
The effects of stoichiometry and alloying elements on the 
hydrogen storage properties of Ti based AB2 alloys have been 
extensively investigated, both in the past [1,2] and more 
recently [3,4]. The recent studies were mainly focused on the 
development of efficient MH materials for hydrogen storage 
and compression applications. It has been shown that small 
changes in the composition of the alloys significantly 
influence on the PCT properties of the MH and the usable 
hydrogen capacity at the operating pressure – temperature 
conditions.  
A multi component AB2 type hydrogen storage intermetallic 
alloy (A=Ti0.85Zr0.15, B=Mn1.22Ni0.22Cr0.2V0.3Fe0.06; V and Fe 
were introduced as a commercial Ferrovanadium) was 
investigated in this work. The alloy was prepared by arc-
melting followed by annealing. The intermetallic specified 
above was also modified by oxygen to yield the composition 
AB2O0.05. The oxygen was introduced by adding TiO2 to the 
charge, with corresponding descrease of the Ti amount, 
followed by arc melting and annealing at the same conditions 
as for the oxygen free AB2-type alloy.  

0.0 0.5 1.0 1.5 2.0 2.5
0.1

1

10

100

Pr
es

su
re

 (b
ar

)

H2 wt.%

 AB2- Absorption at 20oC
- Desorption at 20oC

 AB2O0,05 - Absorption at 20oC
- Desorption at 20oC

Figure 1. H2 absorption and desorption isotherms for the 
studied AB2 type alloys. 

The hydrogen absorption and desorption isotherms for the 
studied AB2 type intermetalllic alloys are shown in Figure 1. 
It can be seen that the oxygen modification did not 

significantly change the hydrogen sorption performance, 
except for slightly higher H2 equilibrium pressures for the 
oxygen-modified intermetallic.  
Figure 2 illustrates the H2 absorption kinetics for the studied 
alloys. It can be seen that despite slightly slower kinetics for 
AB2O0.05 as compared to oxygen-free AB2 after activation by 
vacuum heating to 300 °C during 1 hour, it starts absorb H2 
in the non-activated state immediately while the non-
activated oxygen-free sample has an incubation period about 
30 minutes.  
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Figure 2. H2  absorption kinetics (T=20 °C, P(H2)= 20 bar) 
for the studied AB2 type alloys. 

Both alloys have shown to be promising hydrogen storage 
materials due to their relatively high H storage capacity (1.8 
wt. %) and plateau pressures at room temperature below 5 
bar. The latter is important for the development of hydrogen 
storage systems characterised by low H2 refuelling pressures 
thus simplifying the refuelling infrastructure, reducing its 
costs and improving operational safety. 
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The main obstacles from wide usage of Mg as a hydrogen 
storage media in a combination with PEM fuel cells 
operating at low temperatures are high thermodynamic 
stability and slow dehydrogenation reaction of MgH2 [1,2]. 
So, for now its application is limited to high temperature fuel 
cells and stationary application. Mg has high gravimetric 
hydrogen storage capacity that together with its high 
abundancy and low price compared to hydrides such as the 
AB (e.g. TiFe), AB2 (e.g.TiCr2) and AB5 (e.g.LaNi5, CaNi5) 
are the strong motives for continuous research and 
improvement of its properties. Alloying of Mg with different 
elements led to certain enhancement, especially with Ni [3], 
but the gravimetric capacity of these alloys is low. On the 
other hand, alloying with Al retains the low price and 
gravimetric capacity of 4.44 wt.%. Besides, adding Al 
improves the Mg resistance towards oxygen contamination 
together with the heat transfer to the hydride bed, which is 
important for the fast dehydrogenation process [4, 5]. It was 
found that enthalpy of hydride formation in Mg-Al-H system 
is -62.7 kJ/molH2 for Mg2Al3, and -77.7 kJ/molH2 for 
Mg17Al12. On the other hand, the hydrogenation and 
dehydrogenization kinetics is significantly improved in 
Mg17Al12 since the formation of Al grains during the 
hydrogenation of Mg–Al prevents the formation of stable 
hydride film that blocks the hydrogen diffusion [6]. 

Figure 1. XRD of Mg17Al12 intermetallic compound 

Here, we were studied the effect that addition of VO2(B) 
catalyst that induced the great improvement in MgH2 kinetics, 
has on the hydrogen storage properties of Mg-Al system and 
compared it with the impact of pyrophyllite as a natural and 
abundant material. As a starting material was used Mg17Al12 
intermetallic, whose XRD is given in figure 1. Composites 
are synthesized by mechanical milling, and their structural 
and hydrogen sorption properties were characterized by XRD, 
SEM, particle size analysis, DSC and Hydrogen Sorption 
Analyzer. The mechanism of hydrogenation and 
dehydrogenation reactions was also studied.  
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To develop sustainable hydrogen storage materials, a 
comprehensive knowledge of the mechanisms of hydrogen 
motion at atomic level is required. It is obvious that 
development of novel materials for solid state storage is 
related to tailoring of several properties such as alloy 
composition, surface properties, microstructure and grain 
size. Even though the final goal is to produce large amounts 
of materials that can reversible store hydrogen, thin film 
processing is an optional method that offers the possibility to 
produce material with well-defined microstructures and 
dimensions. Thin films allow investigating in detail the 
surface state (presence of oxides, hydroxides) on H-
absorption/desorption steps. Magnesium obtained significant 
attention as hydrogen storage material due to high 
gravimetric and volumetric capacity, low cost and high 
availability. However, the majority of the studies are related 
to materials obtain by ball-milling which prevents detailed 
surface sensitive characterization.  Mg prepared in form of 
thin films does not suffer from embrittlement and/or 
decrepitation as bulk materials do. This allows the study of 
cyclic absorption and desorption. The problem of pure Mg
thin films is that for hydrogenation the elevated temperature 
and pressures are needed. Capping the Mg thin films with Pd 
is proposed to overcome some drawbacks. Due to capping 
with palladium, the films exhibit a fast dissociation rate and 
good transport properties. The problem of capped films on 
the other hand  is that the rate of absorption decrease with the 
increase of pressure and this is attributed to the fact that there 
is a MgH2 layer formed at the interface. This hydride layer 
hinders further uptake of hydrogen due to the fact that 
hydrogen diffusion in magnesium hydride is the rate limiting 
step.  To avoid this interface problem we have used 
alternating layers of Mg and V with 10 nm and 1 nm 
thickness respectively. Vanadium was used because it is 
known that the diffusivity of hydrogen in this element is 
extremely high even at ambient temperature. Further, to 
increase the hydrogenation rate and to introduce defects 
(Frenkel pairs) in the near-surface region, ion irradiation with 
H- ions at 3keV and ion fluence of 1017 ion/cm2 has been
applied. Ion irradiation with hydrogen was performed at 
FAMA ion source at Vinča Institute of Nuclear Sciences. The 
hydrogenation of thin films was done at HAS-UNLS sorption
analyzer for 3h at 300 oC.

To investigate the H content depth profile in hydride, ERDA 
(Elastic Recoil Detection Analysis) equipped with time of 
flight (TOF) detector has been applied. The major advantages 
of TOF-ERDA spectroscopy is the ability to distinguish 
contributions in the spectrum that come from different ions 
having same energies. In the present work hydrogen content 
in Mg-V thin films has been investigated by TOF-ERDA 
using 20 MeV 127 I6+ beam. Preliminary results for irradiated 

. 

Figure 1. TOF –ERDA depth profile of 300 nm films. 

only 300 nm sample (Fig. 1 down) show predominance of 
Mg in the film, as expected, while the distribution of V is 
uniform, the consequence of insufficient resolution and 
probably pronounced Mg-V diffusion. The H concentration 
exhibits typical, two peaks behavior: sharp surface peak 
followed by more diffused bulk peak, the latter corresponding 
to theoretical SRIM calculated depth profile. After 
hydrogenation (Figure 1 up), the situation is substantially 
different: H concentration now has uniform distribution 
through entire film, while relative concentrations of other 
elements have decreased. The change of film width is the 
consequence of hydride volume expansion and change in film 
density (metallic Mg vs. MgH2).It can be concluded that 
sandwich Mg-V thin films are fully hydrogenated at given 
conditions. 
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Recently, combination of renewable energy sources and 
hydrogen fuel is considered as promising alternative capable 
to create closed energy cycle. Therefore, reliable, safe and 
cost-effective hydrogen storage must be ensured [1]. Metal 
hydrides attract large interest among scientists because of 
high safety and gravimetric capacities. Mg-Ni alloys are 
considered as one of the most promising candidates for solid-
state hydrogen storage. Mg2Ni shows the moderate 
gravimetric hydrogen storage capacity (3.6 wt%) and the high 
theoretical electrochemical capacity (up to 1000 mAh/g) [2]. 
However, some questions about hydrogenation mechanism 
are still not fully investigated. 

The formation of metal hydrides can be described as a multi-
step process, which involves physical adsorption of hydrogen 
molecules on the metal surface, dissociation into atoms, 
chemisorption and altered layer formation, diffusion of 
hydrogen atoms into the bulk where nucleation and growth of 
metal hydride begins [3]. It also requires activation of initial 
metals for full transformation to metal hydrides. Due to many 
various processes induced during the hydrogenation, 
formation of metal hydrides becomes complicated and 
sometimes unpredictable. Processes at the materials surface 
plays one of the main roles for hydrogenation mechanism. 

The present study investigates Mg2Ni powder surface 
activation under plasma treatment and its influence on the 
hydrogenation kinetics. Low-temperature hydrogen gas 
plasma was used for alteration of Mg2Ni surface. Such 
plasma consists of hydrogen molecules, atoms, energetic 
ions, active radicals, electrons and photons that can create a 
very dynamic surface area as well as initiate a simultaneous 
formation of defects vacancies and dislocations. Two main 
processes occur during plasma activation: change in 
elemental composition on nanoscale level due to surface 
cleaning and hydrophilic/hydrophobic compounds formation. 
Plasma activation might have an essential influence on 
hydrogen adsorption and leads to the formation of more 
transparent surface layer to hydrogen ions. Consequently, this 
improves kinetics of hydrogenation. 

In this work hydrogenation kinetics of initial and plasma-
activated Mg2Ni powder was estimated by Sievert PCT 
isotherm apparatus. Surface analysis of elemental 
composition and chemical bonds were performed by X-ray 
photoelectron spectrometer. Morphology was tested by 
scanning electron microscope. Surface energy changes were 

evaluated by water contact angle measurements. X-ray 
diffractometer was used for identification of Mg2Ni structural 
changes after activation and hydrogenation. 

Results showed that plasma treatment changed elemental 
composition of and invoked formation of oxygen polar 
groups (COO-, C-O) on the surface of Mg2Ni powders. 
Surface polarity is an important property, which determines 
surface energy. PCT isotherms showed that plasma activation 
improves hydrogen absorption into the bulk of Mg2Ni 
powder. Moreover, 1h of plasma treatment enhanced 
hydrogenation kinetics approximately two times comparing 
to non-activated initial powder (Figure 1). However, 
incomplete Mg2Ni hydrides was observed by XRD after 
hydrogenation process. 

Figure 1. Hydrogen absorption kinetic curves of initial and 
activated Mg2Ni powder. 
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It is known that magnesium is a promising material for 
reversible hydrogen storage, which is mainly due to the high 
mass content of hydrogen in MgH2 (7.6%). However, this 
material has several disadvantages, such as the high enthalpy 
of formation of the MgH2 phase, which leads to the sintering 
of powder particles during hydrogen sorption/desorption 
cycles, and the slow kinetics of these processes, which is 
caused by a high energy barrier (approximately 1 eV) of the 
splitting of H2 molecule on the metal surface and slow 
diffusion of hydrogen in the MgH2 phase. 

To solve these problems, powder composites of the Mg–Ni 
eutectic alloy with graphene-like material (GLM) were used 
in the present work. Here, the Mg2Ni phase can facilitate the 
splitting of H2 molecules and transport of H atoms, and the 
heat-conducting GLM with a high specific surface can 
prevent sintering of the powder composite particles. The aim 
of the work was to study the microstructure of composites, 
their hydrogen sorption-desorption performance, and to 
clarify the combined effect of GLM additives and the 
intermetallic Mg2Ni phase on these processes. 

For the synthesis of composites we used a previously 
characterized Mg–Ni alloy (77 wt.% Mg and 23 mass% Ni) 
with an eutectic microstructure that was melted and then 
modified according to the procedure described in [1], and a 
carbon material with graphene-like structure having a specific 
surface area of ca. 620 m2/g, the synthesis procedure and the 
results of characterization of which are described in detail in 
[2]. Hydrogen-containing powder composites were obtained 
by mechanochemical synthesis in a planetary ball mill at 
30 bar H2, the GLM/alloy mass ratio was 1/9. The 
microstructure and phase composition of the composites were 
investigated by X-ray diffractometry (XRD), high-resolution 
transmission electron microscopy (TEM) and electron 
microdiffraction (EMD). The kinetics of sorption (at 10 atm) 
and desorption (at 1 atm) of hydrogen was studied on an in-
house Sieverts-type apparatus in temperature ranges of 290–
310°C and 340–360°C, respectively. Mathematical 
processing of the kinetic curves was carried out using the 
Avrami-Erofeev equation. 

According to XRD, the as-prepared composites contain only 
three crystalline phases: α-MgH2 with the rutile-type 
structure, pseudo high temperature hydride Mg2NiH4 with a 
disordered cubic structure, and a solid solution of hydrogen 
in the intermetallic compound, Mg2NiHx (x ≤ 0.3), with the 
hexagonal crystal structure of the metal sublattice. The study 
of the microstructure showed that the Mg and the 

intermetallic Mg2Ni phase having a common interface, are 
jointly situated on domains of about 1 μm in size. Particular 
attention was paid to circumvent experimental difficulties 
caused by the fact that, under the electron beam, magnesium 
hydride decomposes (radiolysis) with the subsequent 
oxidation of the metal by residual gases in the microscope 
chamber. 

During the sorption-desorption cycles under the above 
conditions the complete hydrogenation of the composites is 
not achieved, which was separately confirmed by XRD. It 
was found that, under the above conditions, in the case of 
sorption, the GLM additives decrease the absorption rate of 
hydrogen by composites, and in the case of desorption, 
GLMs practically do not affect the rate of hydrogen release. 
From the data obtained by mathematical processing of kinetic 
curves taken at different temperatures, apparent activation 
energies Eact were estimated, which made it possible to 
conclude that the desorption process presumabely proceeded 
in the kinetic mode (Eact = 130±20 kJ/mol H2) and its limiting 
stage is the decomposition reaction phase α-MgH2. On the 
contrary, the hydrogen sorption, for which Eact is several 
times lower, proceeds in the diffusion mode. Due to the 
topological features of the composite microstructure, the 
effect of the Mg2Ni phase on the rate of hydrogen sorption 
and desorption increases: it has catalytic centers on its surface 
that facilitate dissociation of the H2 molecules into atoms and 
provides channels for the transport of H atoms across the 
Mg2Ni/Mg interface. Thus, the presence of the heat-
conducting phase Mg2NiHx (x ≤ 0.3) eliminates the positive 
effect of GLM additives on the rate of hydrogen evolution. 
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Abstract: 

Protonic Ceramic fuel cells (PCFCs) offer a low-pollution 
technology to directly convert fuels to electricity 
electrochemically with high efficiency when compared to that 
of combustion engines [1]. PCFCs also offer the advantage 
over oxide-ion conducting solid oxide fuel cells of keeping 
the fuel electrode (anode) undiluted, with the water formation 
taking place at the air electrode (cathode) side. Thin 
electrolyte membranes are preferred, to reduce the ohmic 
losses during the fuel cell test [2], with the most common 
protonic ceramic electrolyte materials being alkaline earth 
doped cerates, zirconates and their solid solutions, due to 
high proton conductivity and low activation energy. 
Nonetheless, the chemical instability of BaCeO3 in acidic 
atmospheres and the high sintering temperature and resistive 
grain boundaries of BaZrO3 are the main problems currently 
limiting their application in PCFCs [3].  

As a consequence, to improve the processing of these 
materials, liquid phase sintering (LPS) induced by the 
addition of transition and alkali metal oxides as sintering 
additives, has been proposed as an effective way to promote 
densification, where the benefits of LPS may be further 
extended when this method is used in combination with solid-
state reactive sintering (SSRS) to reduce the fabrication time 
and cost. Nonetheless, recent literature has highlighted that 
the addition of these sintering additives can have highly 
negative secondary impacts on bulk transport properties and 
overall fuel cell performance. 

The current work, therefore, will present and discusses some 
of the most recent developments and innovative methods 
employed to overcome the processing difficulties in these 
materials, including diverse potential sintering methods, the 
effect of different sintering additives and their impact on 
densification, ionic transport and electrochemical properties.  

The work will subsequently focus on the use of ZnO and NiO 
additives as some of the most promising potential sintering 
aids for these materials, with efforts to outline their distinct 
mechanisms of operation. Key features of these additives on 
alterations of microstructure and influence on conduction 
properties will be emphasised. Discussion will progress to 

highlight the most promising methods for the addition of 
these sintering additives to maximise final performance and 
implementation into potential electrochemical devices.  
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In addition to well-known potential applications, such as fuel 
cells, electrolyzers and sensors, ceramic proton conductors have 
also been suggested for chemical synthesis, where hydrogenation 
or dehydrogenation reactions can be tailored electrochemically 
towards a desired chemical product [1]. Yttrium-doped barium 
cerate, BaCe1-xYxO3-δ, (BCY) stands out as one of the most 
interesting materials to use at lower temperatures, due to its 
superior proton conduction under these conditions [2]. 
Nonetheless, BCY is commonly discarded due to its poor 
chemical stability towards hydroxide or carbonate formation [2]. 
Moreover, the use of humidified atmospheres may not be 
feasible for many chemical synthesis, due to undesired side 

reactions. 
Figure 1. Thermodynamic equilibrium for the formation of 

carbon dioxide from a hydrocarbon-based mixture and water. 

For prospective application of barium cerate-based materials in 
hydrogenation/dehydrogenation reactions that involve 
carbonaceous atmospheres, it will be necessary to avoid potential 
equilibrium reactions with oxygen or water vapor that could 
otherwise undesirably lead to pCO2 levels that exceed these 
stability limits. Figure 1 assesses the maximum water vapor 
partial pressure that could be tolerated in different chemicals to 
avoid generating levels of pCO2 that would lead to BaCeO3 
decomposition. We can predict that these values would be pH2O < 
~ 10-4 atm at 400 °C. 
Moreover, the proton conducting ceramic must continue to offer 
sufficient proton conductivity under these conditions of very low 
humidity and temperature. Figure 2 depicts the conductivity 
dependence on temperature for each species. The protonic 
conductivity is orders of magnitude higher than the oxide ionic 
and electronic conductivities between 350-400 °C. Nonetheless, 

as temperature rises, proton conductivity denotes a change in the 
slope for T ≥ 450-500 °C, where dehydration of the sample 
becomes significant and mixed conduction of both protons and 
oxygen ions is then relevant. 

Figure 2. Partial conductivities obtained for BCY10 in 
nominally dry H2. 

This peculiar characteristic of BaCe0.9Y0.1O3-δ allows competitive 
levels of proton conductivity to be obtained even in nominally 
dry gases is insufficiently highlighted in current literature, and 
yet is a highly desirable property for a wide range of chemical 
de-hydrogenation/ hydrogenation reactions. For these reasons, it 
is expected that BaCe0.9Y0.1O3-δ, and related doped barium 
cerates, can take a new role in the electrochemical promotion of 
chemical reactions in atmospheres of very low humidity, with 
significant impact on the future of proton-ceramic conductors. 
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To achieve high performance in Solid Oxide Fuel Cells (SOFCs), 
the fuel electrode (anode) must allow fast electrochemical 
reactions. Composites consisting of an electrocatalyst (metallic 
Ni) and an oxygen ion conductor (Yttria stabilized zirconia-YSZ) 
are the most widely used anode materials. Because of the 
capability of the electrocatalysis of hydrogen and hydrocarbon 
oxidation, chemical and mechanical stability and low cost 
compared to other possible metals, use of Ni is inevitable. Since 
the electro-oxidation of fuel takes place at the intersection of the 
Ni-YSZ and gas phases (i.e., triple phase boundaries) the most 
reasonable research direction appears to be the development of 
novel ways to fabricate these anodes with extremely long triple 
phase boundaries.  

Conventionally, for anode fabrication NiO and YSZ powders are 
mixed with a binder and a solvent, deposited onto a YSZ 
substrate and sintered at high temperatures (e.g., 1350-1500°C), 
which yields coarse microstructures and hence, poor 
performance, as well as increased fabrication costs. Especially if 
the goal is to lower the operating temperature of SOFCs down to 
600 °C, the enhancement of the Ni-YSZ-gas triple phase 
boundary length becomes an even more dire need.   

In the present study, instead of powder-based techniques, 
polymeric precursor method was used to fabricate Ni-YSZ thin 
film anodes. The polymeric precursor method allows molecular 
level mixing and fine particle size without the need for high- 
temperature heat treatment. Fine particle size, in turn, leads to 
long triple phase boundary length, which provides high 
electrochemical performance.  

Polymeric precursors of NiO and YSZ prepared separately from 
Ni(NO₃).6H₂O (Sigma-Aldrich) and Y(NO₃)₃.6H₂O (Alfa Aesar, 
99.9%), and ZrOCl₂.8H₂O (Sigma-Aldrich, ≥99.5%) 
respectively, all mixed with water and ethylene glychol. The 
obtained polymeric NiO and YSZ polymeric precursors were 
mixed together in desired amounts to obtain a single polymeric 
precursor, which was deposited onto dense YSZ pellets by spin 
coating. The coatings were heat treated at ≤800 °C. 

For crystal structure analysis NiO-YSZ precursor dried at 120 °C 
and powders calcined at 600°C, 700°C, 800°C for 4 hours in air 
were used. It was observed that NiO and YSZ phases did not 
dissolve in each other and crystallized separately as cubic NiO 
and YSZ. Crystallization behavior of NiO-YSZ thin films were 
determined by DTA-TGA analysis, while their microstructural 
evolution was determined by advanced electron microscopy 
techniques. Electrochemical performance of the reduced Ni-YSZ 
thin films symmetrical half-cells heat treated at different 
temperatures was investigated with EIS respond. 0.75 ohm.cm² 
anode polarization resistance achieved at 550°C (Figure 1).  

. 

Figure 1. Nyquist plot showing the electrochemical performance 
of Ni-YSZ anodes prepared by polymeric precursor deposition, at 
550 °C, in 10%hydrogen-90% argon atmosphere. 
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Solid oxide fuel cells (SOFC) are electrochemical devices 
that convert the chemical energy of fuel directly into 
electricity and heat energy with high efficiency at high 
temperatures. When recent studies in the literature are 
considered, infiltration of different catalysts into porous 
electrolyte backbone have shown to improve anode and 
cathode performance due to increase in the triple phase 
boundaries, where the electrochemical reactions take place 
[1]. For example, Sm0.5Sr0.5CoO3_δ (SSC)-impregnated 
cathodes were produced by via infiltration of metal nitrates 
and the peak power density of the cell (20 wt% SSC-
infiltrated SDC) was obtained to be 936 mW cm-2 in ref [2]. 
Zhang et al. [3] reported peak power densities of 0.52 and 
2.2 Wcm-2 at 650 and 800 oC, respectively with 
SrTi0.3Fe0.6Co0.1O3-δ (STFC) as a catalyst applied via 
infiltration process. However, in order to obtain adequate 
amount of catalyst loading, the infiltration and sintering steps 
need to be repeated several times. This may lead to high 
fabrication cost and time. Therefore, in this study, in order to 
increase the number of triple phase boundaries in the SOFC 
anode, Gd-doped ceria (GDC) layers fabricated via tape 
casting were added into tape cast anode functional layer. In 
this respect, the effects of various number of GDC tapes (1-3) 
and the amount of pore former content (wt. % 5-15 with 
respect to GDC powders) of GDC tape casting solution on 
the performance of anode supported cell with 16cm2 active 
area are studied. For comparison, an anode supported cell 
without GDC interlayers is also fabricated and tested.  

Fig.1-Cell performances at 800 oC with GDC interlayers 
having 5 wt. % pore former 

Fig. 2- Cell performances at 800 oC with GDC interlayers 
having 10 wt. % pore former  

Fig. 3- Cell performances at 800 oC with GDC interlayers 
having 15 wt. % pore former  

The results obtained at 800 oC for different pore former 
contents are compared in Fig. 1-3, respectively. A maximum 
power density was obtained to be 582 mWcm-2 at an 
operating temperature of 800 oC from the cell having single 
layer of GDC with 15 wt. % pore former sandwiched 
between two NiO/YSZ anode functional layers.  
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The solid oxide fuel cell (SOFC) is an electrochemical power 
devices that converts the chemical energy to electrical 
energy. The SOFC electrolyte is a solid oxide based such as 
yttria-stabilized zirconia (YSZ) and porous anode is a 
ceramic-metal composite of nickel and zirconia (Ni-YSZ). 
The porous cathode is a composite of ceramic materials such 
as strontium-doped lanthanum manganite and yttria-stabilized 
zirconia (LSM-YSZ) [1]. Each of these layers consists of 
different materials and mechanical properties such as 
elasticity modulus, Poison's ratio and the coefficient of 
thermal expansions (CTE). Thus high temperature gradients 
occurred during the cell operation may result in micro/macro 
cracks in the cells due to these differences [2].  
In this study, the synthetic microstructures are generated for 
the anode supported SOFC cells by statistical approach based 
“Dream 3D” (Digital Representation Environment for 
Analyzing Microstructure in 3D). The generated 
microstructures are used for the determination of the 
interactions between Ni-YSZ phases and LSM-YSZ phases. 
The stress distributions and the delamination of the anode 
electrode/electrolyte and cathode/electrolyte interfaces at 
800°C operating temperatures. 
The grains in the microstructure generation process were 
selected as the ellipsoid form and their sizes were determined 
by our previous work [3]. The grain sizes of the phases were 
varied as between 1-3 µm for Ni, YSZ and LSM. Similarity 
of the synthetically generated microstructure is very 
satisfactory in the view of grain sizes and distributions of the 
phases as it can be seen in Fig. 1a.  
The anode supported SOFC microstructure is generated in 
20x20x20 voxel size and having 10x10x10 µm3 volume. A 
reference case with 50% Ni/50% YSZ/30% pore composition 
was chosen based on our previous experimental experience. 
The established phases in Dream3D were imported to 
Comsol in order to mesh as solid part with the tetragonal 
elements. The number of element is 80,000 and element 
density is presented in Fig. 1b. 
Fig. 2(a-b) shows the maximum thermal stress fields (bottom 
and upper sides are cathode and anode layers respectively.) 
calculated by the temperature from 800 °C.  
It means the the micro cracks due to the differences in the 
thermal expansion of the phases may be initiated at some 
Ni/YSZ interfaces at anode side.  

Figure 1. a) Synthetically generated microstructure anode 
supported SOFC, b) mesh distribution 

Figure 2. a) The stresses between Nickel/YSZ/LSM grains at 
800°C (Standard distribution-MPa) 

The numerical results show the stresses are calculated at the 
electrodes/electrolyte interfaces and Ni/YSZ, LSM/YSZ 
grain interfaces in the anode supported SOFC. This study is 
for understanding of the defects in the porous electrodes 
structure as a result of the thermal expansion related to 
stresses and thus the degradation of an anode supported solid 
oxide fuel cell. 
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Solid oxide fuel cells (SOFCs) are energy conversion 

devices based on oxygen ion conducting ceramic 

membranes. The most widely preferred electrolyte 

(membrane) material is yttria-stabilized zirconia (YSZ) 

because of its high chemical stability at operating 

conditions and the transference number of unity. For 

effective operation as an SOFC electrolyte, YSZ must be 

fabricated in a dense, thin form to ensure gas tightness 

(thus high open circuit voltage) and low ohmic resistance 

respectively.  

For the fabrication of dense YSZ electrolytes a number of 

techniques have been used. Methods based on the 

sintering of slurries containing YSZ powders deposited 

onto anode substrates usually suffer from crack 

formation. Due to the fact that a previously sintered 

substrate would expand while the powder containing 

slurry must shrink to densify during heat treatment [1]. 

This method also requires heat treatments at very high 

temperatures (ca. 1400 °C) to achieve high density, which 

limits its use to Ni-YSZ anode substrates due to a 

potential chemical reaction with an alternative substrate.  

Alternatively, sol-gel method or its derivatives such as 

polymeric precursor deposition has also been proposed to 

fabricate dense YSZ coatings [2]. Despite being attractive 

as low-temperature routes, they are only effective for 

very thin films (those with less than 2 µm thickness) 

while crack formation is generally observed in thicker 

coatings, again, due to large shrinkages. Methods 

involving gas phase deposition, such as sputtering [3] and 

pulsed laser deposition [4] are also available, however, 

they require high investment costs.  

In the present work, we attempt to combine the powder 

containing slurry and polymeric precursor methods by 

preparing a suspension consisting of a clear solution of 

YSZ polymeric precursor and commercially purchased 

YSZ powder dispersed in it. The deposited coating, in 

this case, will consist of YSZ powder particles connected 

by an amorphous YSZ phase originating from the 

polymeric precursor. This combined method ensures high 

sinterability at low temperatures, i.e., ≤1100 °C for YSZ, 

which allows for deposition onto ionic conductors with 

low melting temperature (e.g., Bi2O3) to serve as a 

hydrogen barrier layer.  

Here, spin-coating has been selected as the method to 

deposit the suspension onto the desired substrates. For 

electrical conductivity and densification studies, the YSZ 

suspension has been coated onto polished Al2O3 surfaces, 

while the open circuit potential measurements were 

carried out on YSZ coatings deposited onto a previously 

sintered NiO-YSZ substrates.  

In addition, YSZ coatings were formed on dense yttria 

doped bismuth oxide ceramics to test the applicability of 

these coatings as hydrogen barriers. Fig 1, shows the 

scanning electron microscopy images of a) the interface 

between Bi2O3 electrolyte with YSZ coating and b) the 

topsurface.  
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The effect of crystal orientation, altering the surface energy and the oxygen vacancy concentration, on the segregation 

of dopants in La0.6Sr0.4CoO3 model system was investigated. Scanning electron microscopy and electron backscattering 

diffraction methods were used to systematically evaluate the cation segregation on La0.6Sr0.4CoO3 pellets. The 

respective area coverage of precipitates, following the annealing procedures, on the grains having {001} orientation 

was determined as more than 3 times higher compared to {101} and {111} orientations. This grain orientation 

dependent behavior indicates the exposed facet has a significant impact on the cation segregation. 

1. Introduction

Perovskite oxides having mixed electronic and ionic 

conductivity have been extensively studied as catalysts for 

applications such as solid oxide fuel cells (SOFCs) or 

electrolyser cells [1]. In particular, ABO3 perovskite-type 

oxides, such as (La,Sr)CoO3 (LSC) and (La,Sr)MnO3 (LSM) 

find application as an ideal cathode materials due to their high 

oxygen reduction activity and oxygen ionic conductivity [2,3]. 

It is known that the cation chemistry at cathode surfaces 

mainly governs the reactivity and stability for oxygen 

reduction reactions [4]. In order to maintain high energy 

conversion efficiencies in typical SOFCs, it is important to 

possess surfaces that are highly active for these reactions. It is 

also important that the electrode surfaces in question should 

retain a long-term stability. However, the cathodes in question 

suffer from the surface degradation due to their chemical 

instability under operational conditions. This degradation 

typically reduces oxygen reduction reaction kinetics more than 

two orders of magnitude. 

Surface degradation of perovskites often takes place in the 

form of dopant cation segregation, and the formation of 

secondary phases at the surface. The secondary phases that are 

rich in dopant cations exhibit insulating behavior, thus they 

cause rises in resistance [5]. 

La0.6Sr0.4CoO3 (LSC64), as one of the promising cathode 

materials, having indeed a very low area specific resistance of 

0.01 Ohm.cm2 at 600 °C. However, it is not stable and 

undergoes dopant segregation and phase separation at elevated 

temperatures [5]. Sr segregation and precipitation of SrO-like 

insulating phases at the cathode surface may result in complete 

coverage of the surface. This surface coverage reduces the 

effective surface area and blocks the electron transfer and 

oxygen exchange pathways. It also leaves a dopant-poor 

subsurface and reduces electrochemical performance. 

In the current study, the effect of crystal orientation, altering 

the surface energy and the oxygen vacancy concentration, on 

the segregation and phase separation of dopants in LSC64 

model system was investigated. 

2. Experimental

Commercial LSC64 powder was uniaxially pressed into disk 

shape with a pressure of 100 MPa and sintered at 1350 °C in 

stagnant air for 12h. Two identical pellets with a diameter of 

~25mm and ~5mm thickness were produced with the same 

procedure. One surface of pellets was polished using alumina-

based suspensions having a particle size of 1, 0.3 and 0.05 µm, 

respectively. Pellets were then annealed at 800 °C in air for 

different period of time, 2h and 5h. 

In order to investigate and compare the cation segregation 

behavior at the surface of the pellets, scanning electron 

microscope (SEM) employed. Typically an area of 120x140 

µm2 was selected on the surface of annealed pellets and was 

then analyzed by electron backscatter diffraction (EBSD) 

technique to identify the crystal orientation of the grains in the 

related area. Following to the determination of grain 

orientations, the related regions weree investigated by SEM in 

order to analyze the cation segregation behavior on each grain. 

Several micrographs were taken for each grain to visualize the 

whole area of the related grain. The micrographs were 

processed by a software so as to determine the number density 

of precipitates, and the respective area coverage of the 

precipitates within the particular area. In the current study, 

more than 300 grains were investigated for the statistical 

evaluation. 

3. Result and Discussion

SEM images of annealed pellets exhibited the formation of 

secondary particles on their surfaces following the annealing 

procedure. It was observed that size of the precipitates were 

not identical, and they varies with the annealing duration. As 

expected, the longer annealing periods resulted in the 

formation of larger precipitates on the surface. This reveals 

that the precipitates are mobile and capable of gathering and 
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coarsening with time at the chosen annealing temperature. It is 

a remarkable that the precipitates formed during the sintering 

at 800 °C were occurred in a different manner on each grain. 

This behavior was observed for each sintering duration of 2h 

and 5h. While some of the grains host many precipitates on 

their surface, the others have only very limited amount of  

precipitates, or have none. This reveal that different crystal 

orientations, having different surface energy, may play a role 

in the dopant cation segregation. 

The grains located in EBSD maps were examined in more 

detail by SEM. Several micrographs were recorded to examine 

the entire area of each grain. The micrographs then were 

processed to identify the total number of particles and the 

respective area coverage of the particles in the selected areas. 

This statistical evaluation of SEM-EBSD study indicates that 

all orientations scanned have a very similar precipitation 

behavior in terms of the number density. The distribution of 

the number density of the precipitates according to the grain 

orientations is given in Figure 1 [6]. 

The area coverage of precipitates on each grain was also 

calculate. The results were matched with the grain orientations 

in the similar manner. The evaluation over 300 grains in total 

indicates that the orientations that are close to {001} have 

much higher precipitate area coverage compared to {101} and 

{111}. The distribution of precipitate area coverage according 

to grain orientations is given in Figure 1. It was observed that 

the area coverage of precipitates exhibits a grain orientation-

dependent behavior, whereas this is not the case for the number 

density. This reveals that the secondary phases precipitated on 

{001}-oriented grains are relatively larger in their size. This 

resulted in higher area coverage by secondary phased as 

compared to {101} or {111}-oriented grains. 

4. Conclusions

In the current study, the effect of crystal orientation on the 

dopant segregation behavior in LSC64 pellets was 

investigated. The results indicate the correlation between the 

crystal orientation and the dopant segregation occurred at high 

temperatures. It was observed that all grain orientations, 

processed in SEM-EBSD study, exhibited a very similar 

precipitation behavior in terms of the number density. On the 

other hand, the statistical evaluation showed that grains having 

orientations close to {001} have more than 3 times higher area 

coverage by precipitates on their surface as compared to other 

orientations, {101} and {111}. This clarifies that different 

grain orientations have very similar effect on the nucleation of 

secondary phases, while they have a strong effect on their 

growth. 
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Figure 1. (a) Average of particle number density and (b) average 

of particle area coverage on the three selected orientations, 

{001},{101} and {111}, at the surface of LSC64 pellets. 
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ABSTRACT 

Solid oxide fuel cells (SOFCs) should to be able to 
operate with high performance, at low 
temperatures (<700 °C) in order for industrial scale 
production and widespread use. Only this way, 
microstructural and chemical degredation that occurs 
at high operating temperatures (700-900°C) can be 
prevented and the cost of SOFCs can be reduced. 
However, at lower temperatures, the electrochemical 
reactions occurring at the SOFC electrodes are much 
slower, resulting in high electrode polarization 
resistances. Because of this, it is necessary to develop 
new production methods which yields electode 
microstructures that can allow for high performance 
at low temperatures. 

In this work, we aim at the fabrication of a mixed ionic 
– electronic conductor SOFC cathode material,
more specifically, La0.6Sr0.4CoO3 (LSC), in the
form of thin films with high surface area and chemical
homogeneity by a facile and cost-effective method.
Deposition of polymeric precursors prepared by the
chelation of the desired cations to into a polymer
chain onto the desired electrolytes is such an
approach an is utilized in this work to form thin
film LSC electrodes. The low processing
temperatures required to form these thin films can
potentially yield a nanoscale morphology and thus, high
electrochemical activity, even at 600 °C.

Polymeric LSC precursors were deposited onto dense 
Y2O3-doped ZrO2 (YSZ) electrolyte substrates with and 
without gadolinia doped ceria (GDC) interlayers, also 
prepared by the polymeric precursor method, and heat 
treated at 600-800 °C.  The influence of heat treatment 
temperature on the phase development, microstructure 
evolution, elemental distribution and electrochemical activity 
has been investigated.  Our results show that LSC thin films 
fabricated via polymeric precursor route consists of a 
mixture of tetragonal and rhombohedral phases after heat 
treatment. Cathode polarization resistances as low as 0.36 
Ω.cm2 at 600 °C are obtained from LSC cathodes prepared 
by the proposed method.

Figure 1. Electrochemıcal Performance Of Lsc/Gdc/Ysz 
Half Cell 
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The composition and microstructure of cathode materials has 

a large impact on the performance of solid oxide fuel cells 

(SOFCs). A main goal in SOFC research is the development 

of cathodes with a sufficiently low electrochemical resistance 

( ̴ 0.15 Ω.cm2) at operating temperatures significantly below 

800°C. Focus has been shifted to particularly mixed 

conducting perovskites of which La1-xSrxCoO3—δ (LSC), 

La1−xSrxMnO3±δ (LSM), LaxSr1−xCoyFe1−yO3−δ (LSCF) family 

has attracted considerable interest [1].  

TEM micrograph of (La,Sr)CoO3/(LaSr)2CoO4 synthesized via 

thermal plasma processing from the precursor solution prepared 

from their nitrates. 

Following the reports of Crumlin et al.[2] and Sase et al. [3] 

that hetero-interfaces enhances ORR kinetics, composite 

cathodes have attracted considerable attention. Thus it was 

shown that mixed (La0.8Sr0.2)CoO3/(La0.5Sr0.5)2CoO4 

(LSC113/LSC214) had superior ORR performance in the 

temperature range from 700oC-500 oC[4]. Furthermore we 

have recently shown that the sputter deposited dual phase 

cathode yield the best performance at mid-compositions 

where hetero-interfaces were expected to be the most 

dominant[5]. Interestingly the mixture obtained as a result of 

this sputter deposition had amorphous structure.  

A striking feature of these structures were that they were 

highly stable and resisted crystallization at low temperatures 

and that when recrsytallized e.g. prolonged use at 700oC, 

formed an ill-defined nanocrystalline structure where 

thecrystal size was not more than 10nm[6]. Furthermore, this 

amorphous/ nanocrystalline structure was resistant to 

strontium segragation and thus LSC113/LSC214 composite 

could be used as cathode for IT-SOFCs oprating at 

temperatures as low as 575oC[6]. 

The current study examines wether or not the favourable 

properties obtained via sputter deposition can be obtained 

through other methods. Thermal plasma would enable the 

synthesis of powders at nanoscale and therefore it might be 

an alternative to sputter depostion.  

LSC powder were synthesized from a precursor solutions 

prepared by mixing nitrates, namely La(NO3)3.6H2O, 

Sr(NO3)2 and Co(NO3)2.6H2O mixed according to the 

targeted stochiometric proportions and fed to thermal plasma 

reactor . This has yielded a mixed LSC113/LSC214 powder 

with an average size of 45 nm.  

The powder synthsized via thermal plasma was tested for its 

electrochmeical performance on symmetric cells and 

compared with those obtained with sputter depositon .  
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For solid oxide fuel cells (SOFCs) to be commercially 
viable, they must exhibit acceptable performances at ≤650 
°C, instead of the conventional operating temperatures of 
700-900 °C, to hinder or eliminate the chemical and
microstructural degradation that result in power density loss
with time. Since it is now well-known that cathode
polarization resistances dominate the total cell resistances at
≤650 °C [1], we focus our studies on the development of
these electrodes.

La0.8Sr0.2FeO (LSF) with the perovskite structure has been 
used as the oxygen reduction electrocatalyst in SOFC 
cathodes. LSF exhibits mixed ionic – electronic conductivity, 
the latter being the dominant conductivity type. Therefore, to 
date, LSF-based cathodes have been used either in the form 
of porous, single-phase coatings or composite layers 
containing an ionic conductor phase added to enhance the 
ionic conductivity of the electrode. Single phase LSF and 
LSF-ionic conductor composite cathodes have generally 
been fabricated by sintering of coatings deposited onto 
electrolyte substrates in the form of slurries at relatively high 
temperatures (1100-1300 °C), yielding coarse 
microstructures [2]. The coarse microstructures result in low 
surface area and short triple phase boundary length in the 
single phase LSF and LSF-ionic conductor composites 
respectively, causing poor electrode performance.  

To obtain better performance in LSF-ionic conductor 
composites, infiltration of solutions containing the cations of 
LSF has been infiltration into previously sintered, porous 
ionic conductor matrices [3]. The LSF phase is formed after 
a low temperature (ca. 1000 °C) calcination step in the 
infiltration route, allowing relatively fine microstructure and 
improved electrochemical performance.   

In this study, we investigated the fabrication of 
La0.8Sr0.2FeO3-Ce0.8Sm0.2O2 (LSF-SDC) composite cathode 
thin films by a polymeric precursor solution method, where 
the film forming precursors of LSF and SDC are mixed prior 
to deposition onto electrolyte substrates. The molecular level 
mixing of the ionic conductor and the electrocatalyst cations 
along with the mutual insolubility of the two phases allow 
the formation of the nanocomposite structure on an ionic 
conductor electrolyte, yttria stabilized zirconia (YSZ) in the 
present case, upon heat treatment at the relatively low 
temperatures of 600-800°C.  

The effect of heat treatment temperature on the phase and 
microstructure evolution of the LSF-SDC composites has 
been investigated via x-ray diffraction and advanced 
microscopy techniques, including transmission electron 

microscopy-energy dispersive x-ray analyses on samples 
prepared by focused ion beam-scanning electron microscopy. 
Assessment of the electrochemical performance has been 
carried out on symmetrical half-cells in the 
electrode/electrolyte/electrode configuration via 
electrochemical impedance spectroscopy (EIS) 
measurements at 450-650 °C, in stagnant air. Figure 1 shows 
a typical impedance data presented as a Nyquist plot. Our 
initial measurements show that cathode polarization 
resistances of ca 0.5 Ω.cm2 could be obtained from the 
polymeric precursor-derived LSF-SDC composite cathodes 
at 650°C, in air.

Figure 1. Nyquist plot of a the impedance data obtained 
from symmetrical half-cells with LSF-SDC electrodes 
sintered at 700°C 
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Abstract 
La0.8Sr0.2FeO3-δ , La0.5Sr0.5MnO3-δ , Sc0.15Zr0.85O2-δ nanocrystalline particles have been sythesized by modified Pechini method and 

calcined at 800 to 1100 0C with 100 0C increments to be used as electrode and electroyte materials for intermediate temperature solid 

oxide fuel cells. It is found that suitable calcination temperature is 900 0C for LSF and ScSZ and 1000 0C for LSM. After sythesizing 

the ScSZ powders, porous NiO-ScSZ anode is tape casted onto glass surface. This was followed by tape casting of dense ScSZ 

electrolyte which were then placed over the anode and pressed to form bilayer. The double layer obtained was then co-sintered at 

1350oC..  

1.Introduction

Solid oxide fuel cells are appealing energy conversion 

devices as a result of their high efficiency, low emission and 

flexible fuel choice. The commercialization of this 

technology is challenging due to its cost and durability. To 

overcome this, it is necessary to reduce the operating 

temperature of SOFC’s (intermediate temperature SOFC, IT-

SOFC) down to the range of 500- 700 0C [1,2]. Hence, 

finding novel cathode materials with high catalytic activity 

for ORR is important. 

In the classical approach, since both anode and cathode are 

porous, the key factor for decreasing operation temperature is 

the electrolyte. Therefore, there are two approaches to 

decrease the operating temperature of a SOFC. One is to 

choose better electrolyte in terms of ionic conductivity, the 

other is to lower the electrolyte thickness so as to decrease 

the resistance of the electrolyte. In this respect, the use of 

ScSZ instead of classical SOFC electrolyte, YSZ, provides a 

significant advantage [3].  

As it is known, META Nickel-Cobalt Company operates 

lateritic nickel-cobalt deposits in Manisa-Gördes region in 

Turkey. An important additional element in this production is 

scandium. The company is expected to produce a significant 

amount of scandium in the near future. If the total world 

production of scandium is considered to be around 10 tons, 

the share of planned production in the total is relatively high 

[4].  

In SOFCs, the cathode has two functions. One is the 

reduction of oxygen and the second is the transfer of the 

reduced oxygen to the electrolyte. It is noted that the oxygen 

reduction reaction will take place at triple (air-cathode-

electrolyte) phase boundary in the conventionally formed 

porous cathode and that the ionized oxygen will be released 

into the electrolyte. In other words, the transport of oxygen 

by the porous cathode is not a primary function since the 

oxygen will form on the contact surface of the electrolyte. 

Almost all of the cathodes used recently in SOFC are 

materials with mixed ionic and electronic conductivity 

(MIEC). In these materials, the cathode surface undertakes 

the reduction of oxygen and the reduced oxygen is ionically 

carried by the cathode layer to the electrolyte. In this way, a 

oxygen reduction rate is significantly improved as it spreads 

to the entire cathode surface( not limited to TPB), and the 

operating temperature of the solid oxide fuel cells is 

significantly reduced [5]. 

The electrolyte selection is not independent of the anode and 

cathode selection. At the operating temperature, these 

components should be stable, and they should not react with 

each other. Additionally, they are required to have similar 

thermal expansion coefficients. Otherwise, cracking of 

components will occur due to different expansions during 

cooling and heating after several cycles. It may be mentioned 

that, the thermal expansion coefficient of 8ScSZ is similar to 

that of the 8YSZ and has a value of 11.9 x 10-6 K-1 [6].  

The above evaluation provides guidelines for the selection of 

the cathode material. Composite cathodes have superior 

performance in terms of kinetics of oxygen reduction 

reaction[7-9]. This would also allow tailoring of thermal 

expansion by adjusting the phase fraction so as to make it 

compatible with that of electrolyte. For example, it is possible 

to balance the LSM expansion coefficient (12.6 x 10-6 K-1) 

with that of LSF (11.1 x 10-6 K-1). Both of the cathode 

materials mentioned here have perovskite (ABO3) structure. 

Without a doubt, in terms of ionic conductivity, LSC is far 

superior to both LSF and LSM. But this choice is not possible 

as LSC reacts with zirconia based electrolyte [6].  

The aim of this work is to produce an anode/electrolyte 

double layer via tape casting for use in intermediate 

temperature solid oxide fuel cells. The choice was made for 

ScSZ as electrolyte. The electrodes chosen are accordingly a 

composite cathode, a mixture of LSM and LSF. Cathode, 

anode and electrolyte materials with the composition 

La0.5Sr0.5MnO3, La0.8Sr0.2FeO3 and Sc0.15Zr0.85O2 in the 
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respective order were prepared by modified Pechini method 

and characterized by XRD and SEM. 

2.Experimental

2.1. Synthesis of LSM,LSF and ScSZ 

Powders used in this study were synthesized by Pechini 

method [10]. Starting materials were: strontium nitrate 

(Sr(NO3)2), lanthanum nitrate (La(NO3)3.6H2O,), iron nitrate 

(Fe(NO3)3.9H2O), manganese nitrate (Mn(NO3)2.H2O), 

scandium nitrate (Sc(NO3)3.4H2O), zirconium oxynitrate 

(ZrO(NO3)2.6H2O). The stoichiometric amounts of nitrates to 

produce La0.5Sr0.5MnO3, La0.8Sr0.2FeO3 and Sc0.15Zr0.85O2 

were weighted and dissolved in distilled water, then citric 

acid and ethylene glycol are added to the solution and heated 

gradually on a hot plate up to 200 0C to obtain homogenized 

gel. The molar ratio of cations/citric acid/ethylene glycol is 

fixed at 1/3/12. Gels were dried at 250 0C for 2-3 hours to 

obtain powders ash color. Powders were calcined in air at 800 

to 1100 0C with 100 0C increments to find the suitable 

calcination temperature.  

Synthesized powders were characterized with XRD. 

Diffraction data were obtained from 20<2<900 with a scan 

rate of 10/min. Rietveld refinement was applied using Maud 

software. Microstructural characterization was made using 

scanning electron microscope (FEI SEM). Chemical analysis 

was carried with energy dispersive spectroscopy (EDS). 

XRD patterns and SEM micrographs of LSF calcined at 

different temperatures are shown in Fig. 2.1 and Fig 2.2 

respectively. As seen in Fig.2.2 with increase in calcination 

temperature there was a decrease in the porosity. XRD 

patterns in Fig.2.1 were compatible with the formation of a 

single orthorhombic phase (Pnma space group). This was the 

only phase present at all temperature, i.e. there are no second 

phases in the synthesized powder. At 800 0C, XRD peaks 

were slightly broadened, whereas those at 900 0C were quite 

sharp implying that the powder calcined at 900 0C is more 

crystalline. Therefore 900 0C was chosen as the suitable 

calcination temperature for LSF. 

XRD patterns and SEM micrographs of LSM calcined at 800 

to 1100 0C with 100 0C increments are given in Fig. 2.3 and 

Fig 2.4 respectively. SEM micrographs in Fig. 2.4 show, as 

expected, that as the calcination temperature increased,  

Figure 2.1 XRD patterns of La0.8Sr0.2FeO3-δ (LSF) 

synthesized via modified Pechini method. 

Figure 2.2 SEM images of La0.8Sr0.2FeO3 (LSF) calcined at 

a) 800 C - 5h, b)900 C - 5h, c)1000 C - 5h, d)1100 C - 5h 

particle size was also increased. The XRD patterns at all 

temperatures are similar toone another and consistent with 

perovskite structure a space group is Pm3m. The synthesized 

powder seems to be single phase at all temperature. It should 

be pointed out that an additional phase might be present in 

this powder with a tetragonal structure (space group 

I4/mcm)11,12. This was shows up with the splitting of the peak 

into two peaks, one {220} peak of cubic phase and the other 

{224} peak of the tetragonal phase. To check wether the

synstized powders were truly single phase, XRD pattern of

powder synthesized at 1100oC are replotted in the range

650<2<700. This plot is given in Fig.2.4. It is seen there is

no clear evidence of the peak splitting and therefore it is

concluded that the powder synthesized are single phaseat all

tempratures. Since the crystallinity is better at 1000oC , this

temperature was selected as the suitable temperature for

calcination.

Figure 2.3 XRD patterns of La0.5Sr0.5MnO3-δ (LSM) 

synthesized via modified Pechini method. 
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Fig.2.4 XRD peak profile between 67.5o<2q<70o recorded for 

LSM synthesized via calcination at 1100oC. 

XRD patterns and SEM micrographs for ScSZ calcined at 

800 to 1100 0C shown in Fig. 2.5 and Fig. 2.6 respectively. 

XRD pattern show high crystallinity at 900 0C. The calcined 

ScSZ showed a cubic phase with no other phases. After 

calcination at 900 0C, peaks are sharper meaning high degree 

of crystallinity. Therefore, suitable calcination temperature 

for ScSZ produced via Pechini method is 900 0C. 

Figure 2.4 SEM images of La0.5Sr0.5MnO3 (LSM) calcined at 

a) 800 C - 5h, b)900 C - 5h, c)1000 C - 5h, d)1100 C - 5h 

2.2. Tape Casting of NiO-ScSZ/ScSZ double layer 

Synthesized powders were used to tape cast anode (NiO-

ScSZ)-electrolyte(ScSZ) double layer. For this purpose, first 

electrolyte slurry was prepared. The powder synthesized at 

900oC was mixed with solvents (ethyl alcohol and butanone), 

dispersant (triethanolamine), binder (polyvinyl butyral), 

plasticizer (poly ethylene glycol) and stirred for 24 hours and 

then tape cast to desired thickness. The layer was let dry for 

24 hours.  

The anode was prepared in the same way. For this, first NiO 

and 8ScSZ powder were mixed in equal weight fractions and 

the slurry was prepared using the same additives as above, 

except for the fact that a rice starch was added as pore 

former. After stirring 24 hours, the slurry was tape cast to a 

desired thickness.  

Figure 2.5 XRD patterns of Sc0.15Zr0.85O2-δ (ScSZ) 

synthesized via modified Pechini method. 

Figure 2.6 SEM images of Sc0.15Zr0.85O2 (ScSZ) calcined at 

a) 800 C - 5h, b)900 C - 5h, c)1000 C - 5h, d)1100 C - 5h

Fig. 2.7 anode (NiO-ScSZ) and electrolyte(ScSZ) tape cast 

separately and ğlaced one over the other and pressed together 

to form double layer  
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Following drying for 24 hours, the layers were placed one 

over the other and were pressed under a pressure of 15 MPa.  

The bilayer obtained in this way was sintered at 1350 0C for 

2.5 hours Fig. 2.7 shows the cross-section of the sintered 

bilayer where both layers are clearly visible  

Currently the work is in progress to optimize the parameters 

of tape casting as well as the conditions of sintering to obtain 

a bilayer with acceptable porosity in anode side and fully 

dense electrolyte  
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Due to its high energy density, low operation temperature, 
and high conversion efficiency, the Polymer Electrolyte 
Membrane Fuel Cell (PEMFC) is probably the closest among 
all fuel cell types to widespread utilization in different 
devices, from phones to transport devices, auxiliary power 
units and combined heat and power units. One of the key 
components responsible for the longevity, performance and 
price of PEMFCs is the electrocatalyst. The best available 
catalysts belong to the Pt/C family; these are known to suffer 
from corrosion, which can only be compensated with 
extremely high Pt loading, keeping the price of the cells high. 

According to the literature, the stability of the electrodes can 
be improved primarily by increasing the stability of the 
catalyst support. A promising step towards a novel class of 
fuel cell electrocatalysts is the application of multifunctional 
mixed oxide-carbon composite supports. The preparation and 
the thorough characterization of Pt electrocatalysts deposited 
onto Ti(1-x)MxO2-C (M= W, Mo) composites is presented. 
Optimum experimental conditions were found to synthesize  
Ti(1-x)MxO2-C (M= W, Mo; x= 0.2-0.4) composites by a 
novel, multistep sol-gel method resulting in exclusive  
incorporation of the dopants into the TiO2-rutile lattice [1-7]. 
Upon using novel electrocatalysts enhanced CO tolerance 
along with considerable stability and corrosion resistance was 
achieved. The electrochemical stability tests revealed that the 
degradation rate of the composite supported catalysts is much 
smaller than that of the Pt/C and PtRu/C [1, 7]. 

It was demonstrated that the electrooxidation of CO adsorbed 
on the surface of Pt/Ti(1-x)MxO2-C catalysts starts at an 
exceptionally low potential value (ca. 50 mV) [1,5]. Due to 
the oxidation of M dopant (polarization to a potential of more 
positive than 400 mV), the ability of the catalyst to oxidize 
the CO at low potential is eliminated, and it can be restored 
only after the removal of the carbon monoxide layer covering 
the entire platinum surface [5]. 

Upon investigation of molybdenum modified platinum model 
surfaces, it was demonstrated that only Pt model surface 
containing Mo (IV) is active in low potential CO oxidation. 
The irreversibly bound molybdenum oxidized to the (VI) 
state at a potential more positive than 550 mV can be re-
reduced and the activity of the Pt-Mo catalytic surfaces can 
be restored. However, the reduction requires clean, CO-free 
Pt surface [6].  

 

The assessment of the electrochemical properties of the 
composite supported catalysts revealed a clear correlation 
between the degree of M dopant incorporation, hydrogen 
spillover effect, stability and CO tolerance. No significant 
difference in the activity, short-term stability and CO 
tolerance was found between the W- and Mo-containing  
Ti0.7M0.3O2-C composite supported Pt catalysts, if the 
oxophilic doping metals were completely incorporated. Better  
performance of the Pt/Ti0.7M0.3O2-C catalysts in a single 
cell test device using hydrogen containing 100 ppm CO 
compared to the reference Pt/C and PtRu/C catalysts was also 
demonstrated [3]. 
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For wide range utilization of Polymer Membrane Fuel Cell 
(PEMFC) combined heat and power (CHP) systems, it is 
essential to produce low-cost catalyst and long-term 
durability and performance.  Pt-based anode electrocatalysts 
that are usually used in cogeneration systems are easily 
poisoned by a small amount of CO, present in reformate 
leading to performance losses affecting lifetime.  Costly 
Pt/Ru catalyst are utilized to overcome poisoning issues. 
There is still need for highly stable electrocatalysts with long 
life, low cost and better electrochemical activity along with 
decreased Pt content.  Recently, the combination of the 
highly stable TiO2 with MoOx, was reported to have high 
electronic conductivity and relative stability in acid solutions. 
(Nguyen et al.). The effectiveness of the MoOx@Pt core-
shell and well-defined Pt0.8Mo0.2 alloy electrocatalysts to 
improve anode performance with higher CO tolerance and 
durability was demonstrated by Hu et al.  Preparation of 20 
wt.% Pt/Ti0.8Mo0.2O2-C are shematically shown in Figure 1 
(Vass et al.).  It has been demonstrated that different Mo 
species have critical importance on the electrocatalytic 
performance both in hydrogen oxidation and CO tolerance.  
The Ti/Mo atomic ratio of 80/20 has been suggested as an 
optimal composition having the largest ratio of 
incorporated/non-incorporated Mo species. The described 
results demonstrate that the idea of combining the high 
surface area and good conductivity of active carbon with the 
excellent stability of TiO2 and with the beneficial co catalytic 
properties of Mo indeed a feasible way to develop a new 
generation of Pt-based electrocatalysts for PEM fuel cells. 

Fig.1 : Flow chart of the catalyst preparation 

Single fuel cell measurements were carried out with 5 cm2 
hardware.  Cathode was loaded with 0,6 mg/cm2 Pt and 
anode with 0,5 and 0,85 mg/cm2 Pt for comparison. 
Polarization measurements were taking first under hydrogen 
gas. Polarization response was similar for both loading under 
different back pressures.  Then, reformate gas (25 ppm CO, 
16% CO2, 8% CH4, 42% H2, 34% N2) was fed to the cell 
before polarization measurements (Fig.2).  Polarizaiton 
curves indicate catalyst was performing well with 25 ppm 
CO, especially at higher cell back-pressures.  Higher Pt 

loading was very effective with reformate for higher 
performance. 

Fig.2. Polarization curves at different back pressure with 
reformate gas 

Further details and more experimental results will be 
discussed in the meeting. 
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Abstract 

The amount of Pt in the fuel cell cathode electrode is a major problem in terms of cost. Using Magnetron Sputtering resulted 

in a decrease in the amount of the catalyst used which directly affects the cost. In this study, it is aimed to use magnetron 

sputtered Nickel (Ni) at different sputtering time intervals of 60 and 300 seconds nearby the commercial Pt/C catalyst at 

different catalyst loadings as cathode electrode material. The changes in the electrodes are investigated by using SEM, XPS 

and Contact angle measurements. In situ PEM fuel cell performance tests are carried out in order to determine the activity of 

the prepared cathode electrodes. It was seen that the electrodes prepared at 60 s Ni sputtering times gave better results than 

300 s. PEM fuel cell performance tests also showed that lower Pt loaded cathode electrodes performed better than the ones 

having higher Pt loadings. 

1.Introduction
 Fuel cell technology is gradually developing. The main 

factor determining the fuel cell performance is the catalyst, 

and the platinum is determining the performance of the 

catalyst. The location, distribution, surface morphology and 

amount per square centimeter are the most important factors 

in terms of catalytic activity. Particle size and catalyst surface 

structure are effective parameters in terms of adjusting the 

catalytic activity of the platinum [1]. 

The highest cost of the fuel cell is based on the Pt-based 

catalyst. Platinum (Pt) nanoparticles is known as the best 

catalyst for especially oxygen reduction reaction (ORR) at 

the cathode side. 

Electrodes are significant parts of the cost of the PEM fuel 

cells. Considering the large volume annual production will 

occur in the fuel cell system, the cost of catalyst among the 

components exceeds 40% of the total cost due to the Pt 

catalyst used. As can be seen from Figure 1 [2] that, although 

the cost of fuel cell technology has decreased by 60% over 

the last decade, the biggest problem with fuel cell vehicles is 

still cost and durability [3]. 

Figure 1. Fuel cell cost breakdown [2] 

The original goal of the new prepared catalysts is to 

accelerate the cathode reaction kinetics by reducing the 

amount of platinum, as well as to reduce the cost. In this 

respect, we developed Ni/Pt based electrodes with sputtering  

method to reduce the Pt loading. 

The study has a concrete objective in terms of reducing the 

platinum amount, which is a major cost problem in fuel cell 

technology, and examining the synergistic effect of Pt with 

different metallic metals.  

The volcanic graph showing the binding energy of atomic 

oxygen to different metals is given in Figure 2. It is seen that 

the highest activity belongs to Pt and some cheap metals 

come from subsequent to Pt.  

the highest activity belongs to the Pt and some cheap metals 

come from subsequent to Pt.  

Figure 2. Oxygen reduction activity as a function of oxygen 

binding energy [4] 
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Magnetron Sputtering technique is a simple, flexible 

operating ranged, easily controllable, highly efficient and cost 

effective method used to provide remarkable achievements in 

the desired direction to prepare the catalyst. The sputtering 

method is based on the fact that the surface of the target 

material is bombarded with high energy gas ions in an atomic 

size accelerated by plasma , the atoms are sputtered from the 

surface and the atoms removed from the surface of the target 

material are transferred to the vapor phase and deposited on 

the backing material. In the magnetic field sputtering method, 

plasma is created in front of the target material with 

permanent magnets and electric energy effect. The magnetic 

field formed by the permanent magnets enables the collection 

of electrons close to the surface of the target material, thereby 

increasing the ionization and sputtering rate. The ions 

accelerated in the plasma allow the atom and molecules to 

splatter from the surface of the target material and then 

accumulate onto the backing material.[5] 

In this study, magnetron sputtering was used in order to 

prepare thin Ni films at 60 and 300 s time intervals over the 

commercial Pt/C catalysts having different loadings as 

cathode electrodes. Physical and electrochemical 

characterization of the prepared electrodes were carried out in 

order to determine the catalyst having the best activity.  

2. Experimental

2.1 Preparation of Anode Electrodes 

Anode electrodes, with an active area of 4.41 cm2, were

prepared with conventional catalyst ink that includes carbon 

supported platinum catalyst, Nafion solution, and solvents 

with spraying method. In this study, 67.5 wt. % Pt/C, 15 wt% 

Nafion solution, deionized water and isopropanol were used 

in the catalyst ink. The ink was mixed by using sonicator. 

Then the ink was sprayed onto the gas diffusion layer. At the 

end of this process, anode electrode having 0.4 mgPt cm–2 Pt

loading was achieved. 

2.2 Preparation of Cathode Electrodes 

The cathode electrodes were prepared by following two 

routes. In the first route, commercial Pt/C electrodes were 

prepared by spraying method having Pt loadings of 0.05 , 0.1 

, 0.2 , 0.3 and 0.4   mgPt cm-2 at the electrode over gas 

diffusion layer (GDL34BC, Sigracet). Magnetron sputtering 

was then used to coat Ni over these electrodes at 60 s and 300 

s time intervals and the electrodes were called with respect to 

their Pt loading and sputtering times. 

2.3 Preparation of Membrane Electrode Assembly 

Sputtered electrodes were used at the cathode side of the 

MEA. The catalyst layer is in direct contact with the 

membrane and the GDL. The catalyzed anode and cathode 

electrodes and Nafion 212 membrane were hot-pressed at 135 
oC and 10 bar  for 5 min to form the MEA. 

2.4 Characterization of  MEA and Fuel Cell Measurements 

SEM, XPS and contact angle measurements were performed 

for the characterization of the prepared electrodes.  These 

electrodes were tested in PEM fuel cell test station. 

Polarization curves show the trend of the PEM fuel cell 

performances. The effects of different  Pt  and Ni  loadings at 

the cathode side,  on cell performance were investigated 

using polarization curve. The tests were conducted at 70 oC 

cell temperature with the same anode and cathode 

humidification temperature. In all fuel cell tests, pure H2 and 

O2 were used as fuel and oxidant. Humidified hydrogen and 

oxygen gases were fed to the fuel cell with the same flow rate 

of 0.25 sccm. Nitrogen was fed to the anode and cathode 

sides after setting the humidification and cell temperatures 

for 1 hour. Finally, performance of each electrode were 

recorded with backward and forward measurements. 

3- Results and Discussion

3.1. Microscopic Visualization  Results of the Electrodes 

Scanning electron microscope (SEM) images of the Ni 

sputtered at different time intervals and different Pt loadings 

from surface and cross sectional area of the MEAs are shown 

in Figure 3. The formation of Ni  is observed. The dense Ni 

layer with an increase in the sputtering time is observed from 

the images. 

(a)
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(b) 

(c) 

(d) 

Figure 3. a) Surface SEM images of the catalysts for 300 second 

sputtering time b) Cross-sectional  SEM images of the MEAs for 300 

second sputtering time c) Surface SEM images of the catalysts for 

60 second sputtering time d) Cross-sectional  SEM images of the 

MEAs for 60 second sputtering time 

3.2.Effect of Nickel Sputtering on Contact Angle 

Contact angles of the cathode electrodes prepared via 

Magnetron Sputtering were examined.  

(a)
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(b) 

Figure 4. Contact angles of  Nickel  sputtered on cathode 

electrodes for a) 300 s b) 60 s 

The electrodes having Ni sputtering at 300 s shows that as the 

amount of Pt increases the contact angle decreases. 

For the same amount of nickel, the increase in the amount of 

Pt resulted in a hydrophilic structure. The electrodes having 

Ni sputtering at 60 s shows that the contact angles increase 

with increasing Pt loading. For the same amount of Ni, the 

increase in the amount of Pt was characterized by 

hydrophobic  structure. Magnetron Sputtering resulted in 

hydrophobic character in thin coatings for 60 s and 

hydrophilic character for thick coatings for 300 s as Pt 

loading increased. 

3.3. XPS Results of the Electrodes 

The contents of the cathode electrodes were also examined by 

XPS. The broad survey scan was conducted within binding 

energies from 1400 to 0 eV and excitation energy of 1486.71 

eV. XPS provides information about the  changes in the 

composition. The electrodes having Ni sputtering at 300 s 

shows that the amount of Ni bonding increases as the Pt 

amount increases. The increase in the amount of Pt causes 

Ni2p  bond structure to increase (Figure 6.a). As the Pt 

amount increased, an increase in the amount of oxygen and a 

decrease in the amount of carbon was observed. 

The presence of Ni2p peak for all prepared catalysts is clearly 

seen at 855.5 eV. Two strong satellite peaks around 861 and 

873 eV binding energies, corresponding to Ni(II)2p3/2 and 

Ni(II)2p1/2 signals, proved the presence of the electron 

correlation in system 

(a) 

. 

     (b) 

Figure 5. XPS spectra of the electrodes having Ni sputtering 

at a)  300 s b)  60 s 

It was observed that the amount of oxygen and carbon in the 

samples increased in direct proportion with an increase in the 

amount of Pt for the electrodes having Ni sputtering at 60 s 

(Figure 6.b). The increase in the amount of Pt causes Ni2p  

bond structure to increase 

3.4. Effect of Nickel  Sputtering on Fuel Cell Performance 

The fuel cell performance prepared with the commercial 

catalyst Tanaka were taken as reference. The electrode 

having the lowest Pt amount showed the best fuel cell 

performance. The electrode having the highest Pt amount 

resulted in the lowest performance for the electrodes having 

Ni sputtering at 60 s. 

All samples except the one having 0.4 mg Pt sputtered for 60 

s gave better results than the commercial catalyst. Samples 
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containing  0.05 and 0.1 mg Pt of 300 s sputtering samples 

gave better results than commercial catalyst. 60 s sputtering  

time showed better fuel cell performance than 300 s.  

(a) 

Figure 6.a) Fuel Cell Polarization Curve Sputter300Ni 

(b) 

Figure 6. Fuel Cell Polarization Curves for a) 300s b) 60 s 

4-Conclusions

Magnetron sputterimg technique was used to prepare the

PEM fuel cell cathode electrode by sputtering Ni over

commercial Pt/C catalysts. SEM images confirmed the

existence of the electrode layers. Differences in coating 
thickness of 300 seconds and 60 seconds are clearly observed. 
The contact angles of the electrodes were significantly 
changed depending on the electrode prepared at different 
sputtering times. The effect of the coating thickness on 
hydrophilic or hydrophobic character was examined by 
contact angle measurements. The performance differences of 
the MEAs formed in the polarization curves were examined 
and compared with commercial catalyst. The electrode having 
the lowest Pt amount showed the best fuel cell performance 
for both 60s and 300 s.

The electrode having the highest Pt amount resulted in the 

lowest performance for both 60 s and 300 s. 60 s sputtering 

time showed better fuel cell performance than 300 s. Higher 

Pt amounts resulted in higher contact resistances and 

also lower fuel cell performances. The activity of the 

electrodes can be controlled by changing the amount of the 

Pt/C based catalyst and the sputtering time of the second 

metal. Future efforts include a careful evaluation of 

cost of these electrodes when compared to the 

conventional Pt/C electrodes. As an overall view this 

constitutes a remarkable development in the cost 

problem  of PEMFC cathode electrodes by using cheap 

metals and low Pt loadings. 
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Design parameters such as flow field configuration or 
channel size (width, depth) are key factors for Proton 
Exchange Membrane Fuel Cells operation due to their impact 
on performance and durability. Ensuring a good distribution 
and uniformity of reacting species, minimization of pressure 
loss or a better water and heat magement are just few critical 
challenges which can be met by using an optimum design for 
the flow channels. There are several flow fields design such 
us: serpentine, parallel and interdigitated that can lead to 
various pressure drops or species uniformity. A larger 
pressure drop can efficiently remove the accumulated liquid 
water in the flow field channels but increases the auxiliary 
power required for the fuel cell stack operation. The smallest 
pressure drop can be found in parallel flow channels, but they 
are prone to flooding, while the serpentine channels have a 
bigger pressure drop due to larger channel length, although 
the flooding can appear in the bending zones. In an effort to 
optimize the flow field design and to maintain a balance 
between water removal and pressure drops the serpentine-
parallel flow field design is necessary and investigated in this 
paper. Such a configuration is presented in Figure 1 where 
two types of flow channels are considered, one with 7-steps 
channels and another one with 14-steps channels. 

Figure 1. Serpentine-parallel fluid flow  channels with 
(a) 7 channels and (b) 14 channels.

A computational fluid dynamics (CFD) model based on 
ANSYS MULTIPHYSICS software and PEM fuel cell 

Module have been used to investigate the effect of flow field 
design on a 170 cm2 PEM fuel cell performance. 

The three-dimensional, steady-state, multi-phase CFD model 
takes into account all major transport phenomena occuring 
inside the cell: the fluid flow through the porous anode and 
cathode, the multi-component diffusion of the gaseous 
species inside the cell, the phase change and multiphase flow, 
the migration of the protons through the membrane, the 
electrical charge transfer, and the heat and mass transfer. 
Mass, momentum, species and charge transport conservation 
equations are considered in the numerical model for 
describing all physical and electrochemical phenomena that 
take place inside a fuel cell. 

Using the CFD model it was determined that the 14-step 
serpentine-parallel fuel cell has the best performance. At 
0.6V potential difference between the anode and the cathode 
an increase with 12.5 % ın current densıty was achieved as 
compared wıth the 7-steps fuel cell. Based on the optimum 
configuration a variation of the channel depth have been 
considered, resulting in 4 geometries with 0.25 mm, 0.4 mm, 
0.6 mm and 0.8 mm depths and the effect on the current 
density is presented in Figure 2. A 5% increase in 
performance was achieved by decreasing the channel depth 
from 0.8 mm to 0.25 mm. Smaller channel depth leads to 
lighter bipolar plates that will make possible integration of 
fuel cell stacks in application that requires low volume and 
weigth, such as mobile and portable applications. 

Figure 2. Current density as function of channel depth. 
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Abstract 
In this study, cubic shaped platinum (Pt) nanoparticles were synthesized and supported on nitrogen (N) doped carbon 
black. N doping of the commercial carbon black was conducted at different annealing temperatures such as 600°C, 
700°C, 800°C, 900°C under argon atmosphere. The melamine was chosen as nitrogen source for N-doping. The cubic 
shaped Pt nanoparticles were successfully synthesized by using Pt(acac)2 as Pt precursor and oleyl amine (OAm) and 
oleic acid (OAc) pairs as both surfactant and reducing agent. The cubic shaped Pt nanoparticles supported on N-
doped carbon (@900°C) showed the best electrocatalytic activity for the oxygen reduction reaction (ORR).  

1.Introduction
Platinum based catalysts are commonly used in various 
applications especially fuel cells because of high catalytic 
activity of this metal. Beside, scarcity and also the high cost 
of Pt catalysts hinder the utilization of them in daily-life 
applications. To date, so many efforts have been made to 
reduce Pt amount in the catalytic systems without 
compromising of catalytic activity. Tailoring the Pt 
nanoparticle shape will aid the reducing Pt amount in 
applications because the particle size and catalyst surface 
structure are determinant factors for the electrocatalytic 
activity so the enhanced catalytic activity can be obtained 
with the proper nanoparticle shape together with the less 
amount of Pt [1]. 

There are some studies about the utilization of the selectively 
shaped Pt nanoparticles as electrocatalysts. Dixon et al. 
achieved the supporting cuboctahedral Pt nanoparticles over 
the carbons and tried this catalyst in real fuel cell set-up. 
According to the power density curves normalized to the Pt 
loading, the produced catalyst was superior than the 
commercial catalyst by a factor of 4 [2]. Wang et al. reported 
the facile synthesis of Pt nanoelectrocatalyst with urchinlike 
morphology by using simple wet chemical route. The 
synthesized Pt electrocatalyst showed the excellent catalytic 
activity for the methanol oxidation [3]. Yu et al. developed 
the high performance Pt nanoflower electrocatalyst supported 
on carbon black for the fuel cell vehicle in order to use the 
less amount of Pt. The mass specific activity of the Pt-
nanoflower/C towards oxygen reduction reaction (ORR) was 
found as 2.4 times higher than the commercial Pt catalyst [4]. 
Sui et al. conducted the in-situ Pt nanowire (Pt-NW) growth 
induced by Pt nanoparticles in carbon matrix. 89.6 A gPt-

1specific current density was obtained with the Pt-NW 
catalyst though the low amount of total Pt loading such as 
0.205 mgPt/cm2 [5]. Tuning the crystal shapes of the Pt 
nanoparticles will continue to be of interest. 

Oleylamine (OAm) has versatile functional tasks such as 
acting solvent, surfactant or reducing agent for the synthesis 
of nanoparticles. OAm facilitates the washing procedures of 
the synthesized nanoparticles due to the being liquid at room 
temperature. Oleylamine forms metastable complexes with 
metal ions in the metal precursor, which then leads to the 
formation of the desired crystal structure upon subsequent 
degradation of these complexes. Generally OAm/Oleic acid 
(OAc) binary mixture was used as reducing agent or 
surfactant for the synthesis of various shape controlled metal 
nanoparticles [6]. 

It has been highlighted that nitrogen (N) doped carbon based 
materials improve the reaction mechanism in which the 
reduction reaction of oxygen proceeds over 4 e- pathway. The 
activity comes from nitrogen functionalities and edge plane 
defects within the carbon materials. It has stated that the 
nitrogen atom incorporated in the carbon structure increases 
the electron mobility and thereby promotes the formation of 
new active sites from the catalytic point of view. This is due 
to the fact that the nitrogen atom carries the adjacent carbon 
atom positively charged and this positive charge density has 
the effect of improving the catalytic activity [7]. Studies in 
which N doped carbon materials are used as catalysts or 
catalyst support materials are available in the literature. The 
N-doped hierarchically porous carbon material was
synthesized by Tao et al. in order to be used as metal-free
catalyst for ORR. It was stated that the new catalyst has high
relative content of pyridinic N which encourages the ORR
activity of the material. Additionally, the 4 e- pathway
mechanism of the ORR was promoted with this metal-free
catalyst [8]. Bae et al. proposed the using N containing
carbon material as Pt catalyst support. N-doping was
conducted by the pyrolsis of acetonitrile on carbon black. The 
increased activity and stability of the Pt catalyst for hydrogen
oxidation reaction (HOR) was attributed to the strong metal-
support interaction by means of N-doping [9].

Ayşenur Öztürk 
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In this study, N-doped carbon supported cubic shaped Pt 
nanoparticles were synthesized by using OAm and oleic acid 
(OAc). The catalytic activity of the ultimate Pt catalysts 
supported with N-doped carbon black will be explored. It is 
predicted that both the shape of Pt and N-doping of the 
support develop the catalytic activity of the catalyst for 
oxygen reduction reaction (ORR). 

2. Experimental
2.1. Nitrogen Doping of the Carbon Supports  
The commercial carbon black (Cabot, Vulcan XC 72R) was 
physically mixed with melamine (Sigma Aldrich) in a mortar 
during at least five minutes. The melamine was chosen as 
nitrogen source for N-doping. The mass ratio between the 
carbon and melamine was adjusted to the 1:5. The mixture 
was placed to the crucible in the tube furnace. Before the heat 
treatment, the tube was purged with the argon gas through 20 
minutes. Then the system was started to heat. The heating 
rate was approximately 12°C/min. After the arrival to the 
desired temperature, the sample was thermally annealed 
through 1 h in the furnace. The samples were annealed at four 
different temperatures such as 600°C, 700°C, 800°C, 900°C 
under argon atmosphere. At the end of the time, the heating 
was finished but the argon gas flow was maintained until the 
samples were cooled to the room temperature. The N-doped 
carbon supports were ultimately obtained and called in a 
pattern of “Vulcan-Melamine(Temperature)” through the 
study.  

2.2. Synthesis of Cubic Shaped Pt Nanoparticles 

120 mg Pt(acac)2, 12 mL OAm, 48 mL OA and 60 mL 
benzyl alcohol were collected in the volumetric flask that was 
connected to the condenser. The reaction solution was stirred 
through 3 h at 190°C with 250 rpm stirring rate. The solution 
was refluxed during the mixing time. The slow reaction 
kinetic promotes the formation of cubic shaped Pt 
nanoparticles. At the end of the time, the solution was 
allowed to cool to room temperature. The color of the 
solution was light yellow before the reaction taking place, 
after the reaction completed, the color changed to the dark 
orange. Fig. 1. shows the brief demonstration of the reaction 
recipe [10].  

Fig. 1. The synthesis recipe for cubic shaped Pt nanoparticles. 

2.3. Deposition of the Cubic Shaped Pt Nanoparticles on 
N-Doped Carbon Black

120 mg bare carbon black and N-doped carbon blacks were 
separately added to the cooled solution including the cubic 
shaped Pt nanoparticles and the ultimate solution was stirred 
at 400 rpm through 2 h in a closed system. Pt nanoparticles 
were deposited over the support material spontaneously in 
solution media with the nominal loading value of 20 wt. %. 

2.4. Centrifugation and Washing Procedures 

30 mL toluene and 60 mL ethanol were added into the 
obtained solution after the third step in order to facilitate the 
precipitation of the cubic shaped Pt nanoparticles deposited 
on N-doped carbon supports. This solution was mixed at 500 
rpm for a while and then was centrifuged at 3000 rpm 
through 10 minutes. After the centrifugation, the supernatant 
was removed and the solid particles were dried overnight in 
drying oven.  

2.5. Characterization 

The nitrogen contents of the support materials were detected 
by LECO CHNS 628 model elemental analysis device. The 
Raman spectrums of the support materials were recorded 
with the WITech alpha 300R model device at 532 nm 
excitation wavelength. X-Ray Diffraction (XRD) analysis 
was conducted with PANalytical Empyrean Diffractometer 
by using Cu Ka radiation operating at 45 kV. Micromeritics 
3Flex model Brunauer-Emmett-Teller (BET) device was used 
for the determination of the surface areas and pore volumes 
of the support materials. The shape of the synthesized Pt 
nanoparticles was observed with the FEI TALOS F200S 
TEM device operated at 200 kV. 

2.6. Electrochemical Characterization 

The synthesized cubic shaped Pt nanoparticles supported with 
the N-doped carbon blacks were electrochemically 
characterized by using typical three-electrode cell system. 
Cyclic voltammograms (CV) were obtained with the 
VersaSTAT 3 Potentiostat-Galvanostat electrochemical 
analysis instrument. Glassy carbon (GC) electrode, Ag/AgCl 
and Pt wire were respectively used as working, reference and 
counter electrodes. 0.5 M H2SO4 solution was used as 
electrolyte. The prepared catalyst ink was dropped over the 
GC at a certain amount (28 µgPt/cm2) and was allowed to dry 
at ambient temperature. CV were carried out under the 
condition of N2 saturated electrolyte. The ORR performances 
of the prepared catalysts were also evaluated by the rotating 
disk electrode measurements under O2 saturated electrolyte. 

3- Results and Discussions
Table 1. Nitrogen Contents of the N-Doped Carbon Supports 

Carbon Supports Nitrogen Content 
(%) 

Vulcan 0.67 

Vulcan-Melamine (600 °C) 40.15 

Vulcan-Melamine (700 °C) 5.49 

Vulcan-Melamine (800 °C) 1.91 

Vulcan-Melamine (900 °C) 1.51 

Table 1. shows the nitrogen contents of the carbon samples 
according to the elemental analysis. The bare Vulcan has the 
0.67 % nitrogen while the N-doped Vulcan samples have the 
higher amount of nitrogen. N % percents of the support 
materials decreased with the increasing temperature.   
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Fig. 2. shows the Raman spectrums of the N-doped carbon 
supports. The two main characteristic peaks were observed at 
1350 cm-1 and 1580 cm-1 attributed to the D band which is 
related with the disorder of the carbon structure and G band is 
related with the ordered graphitic carbon structure, 
respectively. ID/IG peak intensity ratios were considered for 
determination the order of the structure and these were given 
in the Table 2. According to the results, it can be said that 
Vulcan-Melamine (800 °C) and Vulcan-Melamine (900 °C) 
N-doped carbon supports have the higher graphitization
degree due to the lower ID/IG peak intensity ratios in
comparison to the other N-doped carbon supports [11].

Fig. 2. The Raman spectrums of the N-doped Carbon 
Supports 

Table 2. ID/IG peak intensity ratios of the N-Doped Carbon 
Supports 

Carbon Supports ID/IG peak intensity 
ratios 

Vulcan 1.011 

Vulcan-Melamine (600 °C) 1.015 

Vulcan-Melamine (700 °C) 1.014 

Vulcan-Melamine (800 °C) 1.004 

Vulcan-Melamine (900 °C) 1.008 

Table 3. BET Results of the N-Doped Carbon Supports 

Carbon Supports Surface Area 

(m2/g) 

Pore Volumes 

 (cm3/g) 

Vulcan 241.04 0.442 

Vulcan-Melamine 
(600 °C) 

142.98 0.213 

Vulcan-Melamine 
(700 °C) 

156.84 0.405 

Vulcan-Melamine 
(800 °C) 

200.77 0.435 

Vulcan-Melamine 
(900 °C) 

187.18 0.428 

Table 3. shows the BET results of the carbon supports. The 
N-doped Vulcan samples have the lower surface area values
according to the bare Vulcan probably due to the thermal
annealing procedure. According to the Table 2., pore volumes
of all the samples are close to each other except the Vulcan-
Melamine (600 °C) carbon support.

Fig. 3. and Fig. 4. show respectively the XRD patterns of the 
carbon support materials and their cubic shaped Pt 
nanoparticles deposited cases. The strong diffraction peak 
located at 26.04 in XRD spectrum in Fig. 3. is characteristic 
peak of crystalline graphite (002) plane. The other diffraction 
peak located at 43.67 is assigned to (101) plane of graphite 
carbon [11]. In Fig. 4., The broad diffraction peaks of the 
XRD pattern at 2θ=47.4° and 81.2°, corresponding to the 
reflections (200) and (311) respectively, which are consistent 
with the face centered cubic (fcc) structure of platinum [12]. 
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Fig. 3. XRD Results of the N-Doped Carbon Supports 
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Fig. 4. XRD Results of the Pt Catalysts Supported N-Doped 
Carbons 

Fig. 5. illustrates the TEM images of the cubic shaped Pt 
nanoparticles. It was seen that the desired cubic shaped Pt 
nanoparticles were successfully synthesized. 
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Fig. 5. TEM Images of the Cubic Shaped Pt Catalysts 

Fig. 6. CV Curves of the Pt Catalysts Supported N-Doped 
Carbons 

(50 mVs-1, 3 cycles, N2 saturated 0.5 M H2SO4 electrolyte) 
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Fig. 7. ORR Curves of the Pt Catalysts Supported N-Doped 
Carbons 

(5 mVs-1, 1 cycle, 1600 rpm, O2 saturated 0.5 M H2SO4 electrolyte) 

Fig. 6. shows the CV curves of the cubic shaped Pt 
nanoparticles supported on N doped carbon materials. The 
hydrogen adsorption/desorption peaks were not detectable 
presumably due to the relatively lower Pt amount than the 
nominal value (20 wt. %) over the N-doped carbon supports. 
It was seen that the double layer capacitances were started to 
decrease after the N-doped Vulcan:Melamine (700°C) sample 
which means that the surface oxide groups over the catalyst 

surface were decreased with the increasing annealing 
temperature [13]. Additionally, as the annealing temperature 
increases, the carbon oxidation peak of around 0.6 V 
decreases. This shows the stability of the N-doped 
Vulcan:Melamine (900°C) carbon support [14]. Fig. 7. shows 
the ORR curves of the prepared catalysts at the 1600 rpm 
rotating speed. The Pt catalyst supported on 
Vulcan:Melamine (900°C) carbon black showed the best 
ORR catalytic activity among the N-doped carbon blacks. 

4- Conclusions

In this study, cubic shaped Pt nanoparticles were synthesized 
by using Pt(acac)2 as Pt precursor and OAm/OAc binary as 
both surfactant and reducing agent. The synthesized Pt 
nanoparticles were in-situ deposited over the N-doped carbon 
samples. N-doping was conducted with the thermally 
annealing the carbon samples with melamine under argon 
atmosphere. Nitrogen content of the carbon supports 
increased by means of thermal annealing procedure. The 
cubic shaped Pt nanoparticles were successfully synthesized 
according to the TEM images. XRD spectrum of the Pt 
catalysts also prove the presence of face centered cubic (fcc) 
structure of platinum peaks. CV results show that the 
Vulcan:Melamine (900°C) carbon support exhibited the more 
stability against to carbon oxidation and also Pt catalyst 
supported on Vulcan:Melamine (900°C) N-doped carbon 
gave the best electrocatalytic activity based on ORR curves.  
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Among the other type of fuel cells, polymer electrolyte 
membrane fuel cells (PEMFC) is one of the most attractive 
energy conversion sysytems due to its pollution-free 
operation in transportation, high effiency, and compact 
structure [1]. Therefore, design and development of  robust, 
durable and low cost materials for PEM fuel cells are still-
continuing one of the most important research area [2]. In this 
regard, proton conductive membranes which located at the 
core of membrane-electrode assembly (MEA) is very 
important to maintain high mechanical strength, advanced 
ionic conductivity, and low swelling. Commonly used 
perfluorosulfonic acid based membranes (commercial 
Nafion® membrane) are very expensive, ionic conductivity is 
strongly based on humidity of environment, and degrade 
easily under low humidity condition. For that reasons, 
investigation of novel membranes with different composition 
and architecture are required for the commercialization of 
PEM fuel cells. 
Since electrospinning is a versatile technique for fabricating 
nanofiber mats, it has been utilized for the development of 
hybrid or composite membranes. This technique enabled to 
modify the proton exchange membranes and improve their 
performance [3]. Hybrid membrane fabrication with organic 
and inorganic constituents via electrospinning technique  is 
considerably attactive due to long-range 3D organisation of 
hydrophilic and hydrophobic parts in the nano-scale [2]. 
Compared to other hybrid or composite membranes, silica-
based PEMFC membranes have lots of advantages such as 
low cost, high water retention capacity, and relatively high 
ionic conductivity [4].  
In this work, sulfonated silica (S-SiO2) nanoparticles (NPs) 
which are cheap, stable at low humidity are synthesized, and 
integrated to membrane network using one-step 
electrospinning Here, poly(vinylidene fluride) (PVDF) and  
poly(vinylidene fluride-co-trifluoroethylene) (PVDF-TrFE) 
are used as carrier polymers. After obtaining nanofiber based 
hybrid mat, it is hot pressed into a dense and defect-free 
membrane form. Consequently, membranes with 
homogeneously distributed nanofibers and assembled in nano 
scale, are achieved. These novel hybrid membranes also 
possess superior ionic conductivity  at low humidity. 
Scanning Electron Microscopy (SEM) technique is used to 
analyze electrospun fibers structure and morphology. The 
typical morphology of PVDF/S-SiO2 nanofibers is shown 

Figure 1. As seen in SEM micrograph, sulfonated silica NPs 
are homogeneously distributed along the nanofibers. After 
electrospinning of hybrid polymer/S-SiO2 nanofibers, 
nanofiber mats hot pressed to form compact membrane, and 
ionic conductivity, mechanical strength are investigated. 
Moreover, MEAs are  are fabricated by using hybrid 
electrospun membranes and evaluated in the PEMFC in 
different humidity condition for their performance. 

Figure 1. SEM micrograph of PVDF-Sulfonated Silica 
nanofibers. 
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Abstract 
The critical component of a PEM fuel cell is the catalyst where the fuel cell reactions occur. Support materials are 
used fort he catalysts in order to increase the surface area of the Pt metal which is the best performing PEM fuel cell 
catalyst. Recently many studies are devoted to increase the support material activity by doping with heteroatoms. In 
the scope of this study, nitrogen-doped carbon nanoparticles were synthesized by using ZIF-8 based material which is 
a kind of zeolitic metal organic framework (MOF).   The purpose of this study is to synthesize Nitrogen-dopen 
carbon materials from zeolitic imidazolate frameworks (ZIF-8). Nitrogen adsorption/desorption isotherms (BET) 
analysis, Elemental analysis,  X-ray diffraction (XRD), Raman Spectra and scanning electron microscope (SEM) 
were examined in order to characterize the materials.  

1.Introduction

The fuel cell converts the fuel energy directly into electrical 
energy through an electrochemical reaction. Generates 
electricity from externally supplied fuel (anode side) and 
oxidant (cathode side). There are many different fuel cell 
types, however the proton exchange membrane fuel cell 
(PEMFC) attracts the attention of many fuel cell researchers 
due to their low temperature operating and promising 
potential applications in modern vehicles [1].  

Carbon supporting materials have been extensively studied as 
electrode catalyst component for PEMFC. One of the main 
challenge faced by PEMFC technology is probably low 
oxygen reduction reaction (ORR) performance. Presently, 
platinum is used as ORR catalyst, unfortunately Pt is limited 
and expensive, therefore researchers are investigating much 
cheaper and abundant materials to replace it. Among most 
interested is metal organic frameworks (MOFs) based 
materials, which are ideal to substitute Pt and enhance ORR 
catalyst acitivity in PEMFC [2]. Metal Organic Frameworks, 
is constructed from connecting metal ions with organic 
ligands, and have recognisable structure, adaptable porosity 
and consists of all needed elements (such as N, C, and 
metals). MOFs precursors such as ZIF-8 and ZIF-67 derived 
N-doped carbon possess nanoscaled pores and have been
studied as a template to produce nanoporous carbon based
materials for improving ORR activity. The distinguishable
properties of ZIF-8 and ZIF-67 such as high nitrogen content,
tunable porosity, high surface area, and uniform structured
features made them an ideal precursors to synthesize N-
doped carbon material as Pt catalyst support nanoparticles
revealed the highest cataytic activity for the oxygen reduction
reaction (ORR) [3].

2. Experimental

2.1. ZIF-8 Crsytal Synthesis 
In a typical synthesis of ZIF-8 was prepared in methanol 
solution similar to [3]. The ZIF-8 was synthesized as shown 
in Fig. 1 using the specific metal solution (Zn(NO3)2·6H2O   
in methanol combined with the ligand solution (2-
methylimidazolate) under stirring with a magnetic bar. The 
precipitated product was separated by centrifugation at 7000 
rpm for 40 min and washed with methanol three times. The 
solid products were dried to remove the solvent at room 
temperature under vacuum overnight. The obtained crystal 
products were white powder for ZIF-8. 

Fig. 1. ZIF-8 Synthesis Procedure. 
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2.2. Pyrolysis: N-Doped Carbon Synthesis from ZIF-8  
To synthesize N-doped Carbon Materials, Pyrolysis was 
performed as previously reported by [4]. Initially before 
pyrolysis, the ZIF-8  samples were placed in a pyrolysis 
furnace under N2 at 300 ° C for 1 hour to exclude air. 
Afterwards, the samples were pyrolyzed under a flowing N2 
atmosphere at different temperatures (600, 800 and 1000 ° C) 
(Fig. 2.) for 5 h with a heating rate of 5 °C min -1.  

Fig. 2. Different N-doped Carbon Materials. 

2.3. Characterization 
The SEM images of the prepared ZIF-8 morphological 
structures was examined by using the ZEISS SIGMA 300 
instrument). To determine the atomic and molecular structure 
of ZIF-8 crystal, X-ray diffraction XRD analysis (PANalytcal 
Empyrean X-Ray Diffractometer) in the ranges of 5°≤2θ≤70° 
was carried out. To further understand the chemical makeup 
of N-doped carbon, Raman spectra was utilized with WITec 
alpha300 Series Raman Spectroscopy with 531.9 nm 
excitation wave length. BET analysis was carried out by 
using Micromeritics 3Flex Instrument. Elemental Analysis 
was also utilized. 

3- Results and Discussion
As shown in Fig. 3. the nanocrystals of white ZIF-8  powder 
observed under SEM, exhibits a well-constructed rhombic 
dodecahedron-shaped structures which are similar 
morphological shapes with those ZIF-8 reported in previous 
studies [5]. It was previously reported that catalytic acivity of 
MOFs depends on its hierachical structures, thus the 
morhology like rhombic dodecahedron-shaped ZIFs are 
useful in designing high porous materials for heterogenous 
catalysis with fast internal and external diffusion rate  [5]. 
The obtained length frames for both ZIFs nanoparticles was 
from 1 µm to 200 nm. 

Fig. 3. SEM Images of ZIF-8. 

XRD characterization was measured to investigate the 
crystalline structure and phase purity of the synthesized ZIF8 
nanoparticles. XRD pattern in Fig. 4.,  revealed that the 
obtained nano Zn-ZIF (ZIF-8) display sharp peaks (011, 002, 
112, 013, and 222) and also maintain crystallinity with 
similar morphology of the sodalite structures of ZIF-8 
discussed in previous studies . 

Fig. 4. XRD Result of ZIF-8. 

The results of BET analysis using nitrogen 
adsorption/desorption measurement showed that synthesized 
ZIF-8 nanoparticles was between 2-50 nm in size, and 
therefore qualified to be mesoporous materials as shown 
Table 1, in addition isotherm profiles of all samples were 
matched type-IV isotherm as shown Fig. 5. BET surface area 
observed indicates high surface area of catalyst which could 
enhance accesibility of reactants to catalytically active sites  

Fig. 5. Nitrogen adsorption/desorption Isotherm of ZIF-8. 

Table 1. Structural Properties of ZIF-8 

Sample 
no. 

BET 
surface 

area 
(m2/g) 

Micropore 

Volume 
(cm3/g) 

Adsorp.Average 
Pore diameter 

(nm) 

Desorp. 
Average 

Pore 
diameter 

(nm) 

ZIF-8 1.479,8 0.63 2.69 3.32 
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The results of BET analysis using nitrogen 
adsorption/desorption measurement showed that synthesized 
N-doped carbon nanoparticles are in between 2-50 nm in
size, and therefore qualified to be mesoporous materials as
shown Table 2. Isotherm profiles of all samples were
matched type-IV isotherm as shown Fig. 6. BET surface area
observed indicates high surface area of catalyst which could
enhance accesibility of reactants to catalytically active sites
to increase  ORR in PEM fuel cell.

Fig. 6. Nitrogen adsorption/desorption Isotherm of N-doped 
Carbon Materials. 

Table 2. Structural Properties of N-doped Carbon Materials. 

SEM images revealed that ZIF-8 rhombic dodecahedral 
morphology  features changed into hierarchical l structure 
after carbonization into different temperatures Fig. 7. (a) 600 
°C , (b) 800 °C and (c) 1000 °C. This shows that ZIF-8 
crystal is completely converted into N-doped carbon 
materials.  

Fig. 7. SEM Images of N-doped Carbon Materials (a) 600 °C, 
(b) 800 °C and (c) 1000 °C.

On the other hand XRD (Fig. 8.) reaveals All the materials 
displayed only two broad peaks located at around 22 °C and 
44  °C that were assigned to the characteristic carbon (002) 
and (100)/(101) diffractions, respectively, revealing the 
presence of long-range two-dimensional ordering in the 
carbon matrices along with some graphitization. A large 
intensity increase in the low-angle scatter shows the presence 
of a high density of nanopores. 

Fig. 8. XRD Results of N-doped Carbon Materials. 

According to the results of elemental analysis , the total N-
content of different N-doped carbons is decreasing downward 
trend  as calcination temperature increased  (Table 3) this 
shows that the particle size increased as previouly reported 
by[4].  

Table 3. Elemental Analysis of N-doped Carbon Materials 

The Raman spectra of all the obtained N-doped carbon 
samples are shown in Fig. 9., and they exhibit D and G bands 
centered at 1355 cm-1 and 1590 cm-1, respectively, which is 
similar results obtained by Chao et al, 2017. The G band is a 
characteristic feature of graphitic layers, while the D band 
corresponds to disordered carbon or defective graphitic 
structures. In our carbon samples, the relative intensity ratio 
of the D band to the G band (ID/IG) gradually increased from 
ZIF-C-600 to ZIF-C-800, indicating that large amounts of 
defects are generated during betwen these two stages. 

Sample  BET 
surface 

area 
(m2/g) 

Micropore 
volume 
(cm3/g) 

Ads. 

average 
Pore 

diameter 
(nm) 

Des. 
Average 

Pore 
diameter 

(nm) 

600 0C 259.7 0.082 3.26 6.02 

800 0C 653.2 0.175 3.33 4.47 

1000 
0C 

900.9 0.284 2.85 3.85 

Elemental Analysis (wt %) 

N C H 

ZIF-C-600 18.60 32.26 2.36 

ZIF-C-800 12.86 31.44 2.00 

ZIF-C-1000 6.97 42.13 2.22 
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  Fig. 9. Raman Spectra of N-doped Carbon Materials 

4- Conclusions
This study provides that N-doped carbon nanoparticles 
derived from ZIF-8 having exceptional properties like; 

• high surface area and
• different amounts of nitrogen content

which are ideal to use as platinum catalyst support for 
enhancing ORR performance in PEM fuel cells 
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Polymer electrolyte membrane fuel cells (PEMFC) utilizes 
carbon supported platinum (Pt) as state of the art catalyst.  
Cost of Pt has put restrictions on large-scale 
commercialization of PEMFCs (Rabis et al,2012).  Amoung 
many alternative development to replace Pt, porphyrin and 
phthalocyanine (Pc) compounds, in which a central transition 
metal is surrounded by four nitrogen atoms, make the catalyst 
highly active for oxygen reduction reaction (ORR) by 
creating a synergy between electron sharing of d-band and 
electron delocalizing ability of the N4 matrix.(Tiwari et 
al,2017).  Among them, cobalt phthalocyanine is the most 
attractive candidate for ORR.  Excellent resistance to CO 
poisoning, inertness to methanol oxidation, low cost are the 
main advantages.  

Various catalyst support such as carbon black, carbon 
nanotubes and graphene have been studied for TM-N4 
macrocycle materials in order to stabilize the system by 
creating strong π- π interactions between the carbon materials 
and transition metal N4-macrocycles (Liu et all,2016). In 
particular, graphene as a catalyst support has attracted great 
interest in oxygen reduction reaction due to superior 
properties such as large surface area, excellent electrical 
conductivity and chemical and mechanical stability.  Kim et 
al (2012) studied cobalt[tetrakis(o-aminophenyl)porphyrin] 
covalently anchored graphene, single-walled carbon 
nanotubes and multiwalled carbon nanotubes via diazonium 
salt reactions. Graphene anchored with CoTAPP showed the 
most efficient electrocatalytic performance for ORR. Müller 
et al (2012) studied thermal modification of the cobalt 
phthalocyanine on carbon black. 

In this research, transition metal (TM) complexes (Co-
porphyrins or Co-phthalocyanines) were explored as possible 
catalyst for oxygen reduction in acid electrolytes.  CVD 
graphene supported Co-NX macrocycles were prepared by 
impregnation method using different solvents.  Different 
pyrolysis temperatures and support materials were 
investigated for better catalytic activity and stability.  
Rotating Disk Electrode (RDE) and single fuel cell 
measurements were carried out.  Open circuit voltage (OCV) 
was in the range of 0.5-0.6 V (vs. SCE) indicating oxygen 
reduction reaction may proceed through formation of 
hydrogen peroxide (H2O2).   

O2+2H+ +2e- = H2O2 E=0,695 V (SHE) 

Cobalt phthalocyanine(CoPc, TCI), graphene, sulphuric acid 
were used to prepare the electrocatalyst. Electrode 
preparation is schematically shown in Figure 1. This 
electrocatalyst was used for RDE measurements and as 
cathode electrode of PEM fuel cell. 

Fig.1 : Flow chart of the catalyst preparation 

Acknowledgements:  The authors would like to 
acknowledge financial support provided by the TUBITAK 
ARDEB through 1003 program under contract # 215M302 

References 

A.Rabis, P. Rodriguez, J. Thomas, TJ. Schmidt,
Electrocatalysis for Polymer Electrolyte Fuel Cells: Recent
Achievements and Future Challenges,2, p. 864-890,(2012)

B.R. Tiwari, M.T. Noori, M.M. Ghangrekar, Carbon 
supported nickel-phthalocyanine/MnOx as novel cathode 
catalyst for microbial fuel cell application, Int. J. Hydrogen 
Energy, 42 (2017), p. 23085-23094 

K. Müller, M. Richter, D. Friedrich, I. Paloumpa, U.I.
Kramm, D. Schmeißer, Spectroscopic characterization of
cobalt–phthalocyanine electrocatalysts for fuel cell
applications, Solid State Ionics, Volume 216, 2012, p. 78-82,

S.K. Kim, & S. Jeon, Improved electrocatalytic effect of 
carbon nanomaterials by covalently anchoring with CoTAPP 
via diazonium salt reactions. Electrochemistry 
Communications, 22, 141-144 (2012) 

Y.Y. Liu, X. Yue, K. Li, J. Kiao, D.P. Wilkinsone, J. Zhang, 
PEM fuel cell electrocatalysts based on transition metal 
macrocyclic compounds, Coordination Chemistry Reviews, 
V 315, p. 153-177 (2016) 

Assoc. Prof. Mehmet Suha Yazici is Chief Research Scientist at TUBITAK Marmara Research Center.  He 
has lectured at Gebze Technical University (2008/2012) and Bahcesehir University (2012) on 
electrochemical energy conversion, hydrogen and fuel cell systems. His professional experience includes 
UNIDO (Istanbul, Turkey (2007/2012), GrafTech International (Cleveland, USA (2001/2007), Procter & 
Gamble (P&G, Cincinnati, USA (1998/2001) and AIST National Laboratories (Osaka, Japan (1997/1998). 
He has several patents/publications on electrochemical systems in power generation and energy storage. 

Corresponding author: M. Suha Yazici,   e-mail: suha.yazici@tubitak.gov.tr,  tel: +90-555-846-4575 

mESC-IS 2019,  4th  Int. Symposium on Materials for Energy Storage and Conversion                    Akyaka, Mugla Page 131

mailto:suha.yazici@tubitak.gov.tr


Ayşenur Öztürk 

Ayşenur Öztürk received her BS degree from Hacettepe University in 2013, MS degree from Atatürk 
University in 2016. She has been working as Research Assistant in Chemical Engineering Department of 
Atatürk University since 2014. She is currently Ph.D. candidate in the same department. She is related in 
developing high performance catalyst for PEM fuel cell by synthesis shape-controlled Pt nanoparticles. She 
is also the undergraduate student at the Chemistry Department of Science Faculty in Atatürk University by 
year of 2018. 

Corresponding author: Ayşe Bayrakçeken Yurtcan, e-mail: ayse.bayrakceken@gmail.com tel: 0442 231 46 39 

Synthesis of Platinum Nanocrystals in Different Shapes Assisted by Various 
Reductant Concentration and Utilization as PEM Fuel Cell Catalyst 

Ayşenur Öztürk1, Ayşe Bayrakçeken Yurtcan 1,2 
1Atatürk University, Faculty of Engineering, Chemical Engineering Department, 25240, Erzurum, Turkey 

2 Atatürk University, Department of Nanoscience and Nanoengineering, 25240, Erzurum, Turkey 

Abstract 
The different shaped platinum (Pt) nanoparticles were synthesized by adjusting the mass ratio between the oleylamine 
(OAm) and polyvinylpyrrolidone (PVP). The (OAm:PVP) mass ratios were determined as (1:2), (1:1), (2:1). 
Pt(acac)2 was used as Pt precursor. It was seen the transition from the Pt nanospheres towards the nanocubes when 
the OAm amount was increased instead of PVP. The nanosphere Pt nanocrystals containing the lowest amount of 
OAm (1:2) gave the best catalytic activity for the oxygen reduction reaction (ORR).  

1.Introduction
In recent years, shape control of platinum (Pt) nanoparticles 
has become an attractive issue for many research groups. The 
main goal of the synthesis of shape-selective Pt nanoparticles 
is developing high catalytic activity Pt catalysts and using 
these Pt nanoparticles more effectively with lower amount. Pt 
is one of the expensive and scarce noble metals. This case 
manipulates the researchers to reduce Pt catalyst amount in 
various applications such as sensors, photochemistry, fuel 
cells, etc., in order to both reduce the high cost of Pt catalyst 
and alleviate the inconvenience of Pt accessibility [1], [2]. 

Shape and size of nanocrystals greatly affect the catalytic 
activity of Pt catalyst. Various experimental recipes have 
been established to produce Pt nanocrystals with different 
morphologies such as cubic, cuboctahedrons, polypods, star-
like etc. Fig. 1. shows the brief demonstration of the 
frequently encountered Pt nanocrystals shapes [3]. Cubic 
shaped Pt nanoparticles are generally highlighted because of 
the consistency between shape and stability. The main 
mechanism underlying the synthesis procedures for catching 
different morphologies is the reduction of the platinum 
precursor in the presence of an organic surfactant or 
polymeric stabilizer. Surfactant materials bind to the crystal 
faces of Pt nanoparticles and tailor the growth of nanocrystal 
through the special crystal planes such as (100), (110) and 
(111) [1], [2].

Fig. 1. Common Pt Nanocrystal Shapes [3]. 

Oleylamine (OAm) is long-chain primary alkylamine. It can 
act as electron donor at elevated temperatures. OAm can take 
part as surfactant or reducing agent in the nanoparticles 
synthesis media. OAm presents in the liquid form at room 
temperature so the washing procedures of the nanoparticles 
synthesis are getting easy with this material. It is also cheap. 
OAm is favorable material for the synthesis of selectively 
shaped metal nanoparticles due to the having an effect on the 
mediating the crystal shape of nanoparticles [4].  

The control parameters on the synthesis of different shaped 
nanoparticles can be classified as different categories such as 
stabilizer amount, precursor amount, reductant amount, 
reaction temperature and foreign ion additive. The changing 
the reductant amount in the synthesis media can be very 
effective in the emerging very different shaped metal 
nanoparticles. Niu et al. synthesized the various shape of 
palladium (Pd) nanocrystals such as icosa‐, deca‐, octa‐, 
tetrahedron, and triangular plate by changing the OAm 
amount. It was expressed the role of OAm on the balancing 
the crystal strain and surface energy. The synthesized Pd 
nanocrystals were evaluated for the oxidation of formic acid 
[5]. Zhang et al reported the facile route for the synthesis of 
rhodium (Rh) nanocrystals with different shape from 
tetrahedron, to concave tetrahedron and to nanosheet via 
tuning the volume ratio of the OAm/1-octadecene (ODE). 
The nanosheet Rh nanocrystals that were synthesized with 
the 1.5/1 (OAm/ODE) volume ratio were announced as the 
promising catalyst for water splitting [6].  

In this study, Pt nanoparticles in various shapes were 
synthesized by adjusting the OAm:Polyvinylpyrrolidone 
(PVP) mass ratio. Pt(acac)2 was used as the Pt precursor. The 
microwave irradiation technique was preferred because of the 
rapid reduction of the Pt salt to the metal form. OAm amount 
affected the shape of the Pt nanoparticles in the presence of 
PVP. The shape of Pt nanoparticles were transformed from 
the nanospheres to the nanocubes accompanying with the 
increased amount of OAm. The catalytic activity of the 
ultimate Pt catalysts were investigated. The nanocube Pt 
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nanoparticles revealed the highest cataytic activity for the 
oxygen reduction reaction (ORR). 

2. Experimental

2.1. Synthesis of Various Shaped Pt Nanoparticles 
The experimental procedure of the study executed by Dai et 
al. [7] was adopted to the this study. In brief, 0.5 mL (0.04 
M) Pt(acac)2 precursor solution was added to 9.5 mL
dimethylformamide (DMF) solvent as the total volume of the
solution was completed to the 10 mL. Three different mass
ratios for the OAm/PVP were determined such as 1:2, 1:1 and
2:1. The adjusted amounts of OAm and PVP were also added
to the first mixture and this was allowed to stirring (500 rpm)
through 30 minutes in the 60°C water bath. At the end of the
time, the ultimate solution was exposed to the microwave
irradiation by using domestic type microwave oven at 800 W
for 2.5 minutes. Microwave irradiation provides the rapid
reduction of the metal precursor to its metallic form. Finally,
the obtained light brown colored solid particles were cooled
to the room temperature naturally and were used as different
shaped Pt nanocrystals. Fig. 2. illustrates the schematic
explanation of the experimental procedure.

Fig. 2. Schematic explanation of the experimental procedure. 

2.2. Characterization 

X-Ray Diffraction (XRD) analysis was conducted with
PANalytical Empyrean Diffractometer by using Cu Ka 
radiation operating at 45 kV. The synthesized different
shaped Pt nanoparticles were observed from the images taken
at different magnifications by FEI TALOS F200S model
TEM device operated at 200 kV.

2.3. Electrochemical Characterization 

Electrochemical characterization of the synthesized various 
shaped Pt nanocrystals were conducted with typical three-
electrode cell system. Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) measurements 
were obtained with the VersaSTAT 3 Potentiostat-
Galvanostat electrochemical analysis instrument. Ag/AgCl 
and Pt wire were respectively used as reference and counter 
electrodes. The drop from the prepared catalyst ink (5µL) 
casted glassy carbon (GC) electrode was used as working 
electrode. The catalyst loading amount over the GC was set 
to 28 µgPt/cm2 value. 0.5 M H2SO4 solution was used as 
electrolyte and purged with N2 gas before the CV and EIS 

measurements. ORR performances of the prepared catalysts 
were also evaluated by the rotating disk electrode 
measurements at different rotating speeds under the condition 
of O2 saturated electrolyte. 

3- Results and Discussion
Fig. 3. shows the XRD spectrums of the various shaped Pt 
nanocrystals. The apparent diffraction peak of the XRD 
pattern at 2θ=26° represents the crystalline graphite (002) 
plane. The peaks at approximately 2θ=40° and 2θ=46° were 
indexed to the (111) and (200) planes of the face-centered 
platinum [8]. 
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Fig. 3. XRD Results of the Various Shaped Pt Nanocrystals. 

TEM images of the various shaped Pt nanoparticles were 
given in Fig. 4. The images were aligned according to the 
increased amount of OAm. The relatively excess OAm in the 
solution media triggers the formation of Pt nanocubes 
predominantly. Pt nanospheres were mostly occurred when 
the least amount of OAm was utilized.  

(a) OAm:PVP (1:2) nanospheres

(b) OAm:PVP (1:1) nanospheres + nanocubes 
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(c) OAm:PVP (2:1) nanocubes 

Fig. 4. TEM Images of the Various Shaped Pt Catalysts 
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Fig. 5. CV Curves of the Various Shaped Pt Catalysts 

(50 mVs-1, 3 cycles, N2 saturated 0.5 M H2SO4 electrolyte) 
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Fig. 6. ORR Curves of the Various Shaped Pt Catalysts 

(5 mVs-1, 1 cycle, 1600 rpm, O2 saturated 0.5 M H2SO4 electrolyte) 

Fig. 5. shows the CV curves of the various shaped Pt 
nanocrystals. The lower amount of Pt as a catalyst may leads 
to the disappearance of the hydrogen adsorption/desorption 
peaks in the range of 0-0.2 V. Carbon oxidation peak around 
of 0.6 V become to pronounce with increase amount of OAm 
due to the presence of reactive surface oxide groups [9]. Fig. 
6. shows the ORR curves of the prepared catalysts at the
1600 rpm rotating speed. The lowest amount OAm included
Pt nanocrystals (nanospheres) has more catalytic activity for 
the ORR. Nyquist plots of the various shaped Pt nanocrystals
were also given in the Fig. 7. The diameters of the
semicircles indicate the charge transfer resistance. According
to the plot, the highest amount OAm assisted Pt nanocubes
have the lowest charge transfer resistance with respect to the
other nanocrystals [10].

Fig. 7. Nyquist Plots of the Various Shaped Pt Catalysts 

(1 Hz-100 kHz, 0.9 V, N2 saturated 0.5 M H2SO4 electrolyte) 

4- Conclusions
This study deals with the facile synthesis route of various 
shaped Pt nanocrystals by adjusting the OAm:PVP mass ratio 
in solution media. (1:2), (1:1) and (2:1) mass ratios were 
utilized between the OAm and PVP in order to mediate the 
crystal growth in the way of different shapes. The least 
amount of OAm promotes the formation of Pt nanospheres 
however, increased OAm dominates the Pt nanocubes 
formation. It can be concluded that the Pt nanospheres 
synthesized with the assistance of 1:2 (OAm:PVP) mass ratio 
is the most active catalyst for the ORR. Further study is 
needed in order to determine the effects of different shapes 
on the catalytic activity. 
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Graphene based nanomaterials are highly important due to 
their unique properties such as high contact surface area, high 
electrical conductivity, and enormous stability. Graphene and 
related materials have been used as promising catalyst 
supports in energy conversion and storage applications. 
However, in order to produce more efficient catalyst 
supports, we have modified graphene with various active 
functional groups such as RGD peptide and thiophene by 
chemical functionalization of graphene oxide. Furthermore, 
the modified graphene have been used as efficient supports 
for platinum nanoparticles in PEM fuel cells application. The 
characterization techniques such as XPS, FTIR and Raman 
showed graphene oxide (GO) was successfully functionalized 
by active functional groups while XRD results showed 
successful deposition of Pt nanoparticles on the modified  

graphene by polyol reduction method. TEM results showed 
that the modified graphene supports enabled controlled and 
homogeneous dispersion of Pt nanoparticles which in turn 
greatly enhanced their electrochemically active surface area 
(ECSA) and oxygen reduction reaction activity (ORR) as 
depicted in cyclic voltammograms and linear sweep 
voltammetry, respectively. They showed better durability and 
PEM fuel cell performance as compared to just graphene 
support. Multi-functionalization of GO is being carried out by 
the combination of active functional groups such as RGD 
peptide, thiophene and fluorosilane for PEM fuel cells. 
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Graphene, as a unique, single-atom thick layered structure of 
carbon, can be utilized for various applications especially for 
energy including fuel cells, batteries and supercapacitors. The 
previous reports have revealed that graphene and its derivatives 
with spectacular theoretical electrical, and mechanical properties 
could be used as highly efficient electrodes in various energy 
related applications. Nevertheless, the crucial role of graphene-
based materials in providing the reliable solid-state support for 
fuel cells, Li-air and Li-ion batteries should be explored. 

Polymer electrolyte membrane (PEM) fuel cells are attractive for 
portable, stationary and automotive applications while there are 
still challenges because of cost and durability issues. Especially, 
platinum (Pt) nanoparticles, used as catalyst in PEM fuel cells, 
have high cost, performance and durability problems and low 
abundance as well. Catalyst support materials are of great 
importance in regulating the properties of catalyst nanoparticles 
such as shape, size, and dispersion. Carbon black, the most 
commonly used commercial catalyst support, has several 
limitations which cause the degradation of catalyst activity and 
performance. The use of graphene as the catalyst support due to 
its high surface area, high conductivity and chemical stability, 
could lead to an improvement in both catalytic activity and 
catalyst utilization in PEM fuel cells [1]. The deposition of metal 
nanoparticles on graphene layers results in formation of a 
heterogeneous catalyst system which further leads to decrease in 
metal catalyst consumption, and leaching, while increasing the 
catalytic activity via high charge mobility of the graphene-based 
support. In the present work, graphene nanoplatelets, reduced 
graphene oxide, functionalized graphenes and various hybrids of 
graphene have been employed as the catalyst support. Graphene 
supported Pt nanoparticles were prepared by means of 
impregnation-reduction, microwave-assisted deposition, 
photocatalytic deposition, supercritical carbon dioxide 
deposition, surfactant assisted deposition methods. Highly 
dispersed and uniformly decorated 2-3 nm Pt nanoparticles with 
significantly better electrocatalytic activity and fuel cell 
performances compared to commercial carbon black 
nanoparticles were achieved [1,2]. 

Graphene based materials are also promising candidates for 
energy storage applications such as Li-ion and Li-air batteries, 
especially when used as a substrate for metal oxides, because of 
their high theoretical capacities. We aimed to simultaneously 
enhance the electronic and ionic conductivities of the active 
material in the anode by adding graphene as a conductive 
component. For a stronger attachment, titania nanotubes are 
hydrothermally grown on nitrogen doped graphene oxide (NrGO) 
sheets in an aqueous medium. This novel 3D architecture resulted 
in a reduction of conductive additive components, such as carbon 
black, and enhanced the overall performance of the anode [3]. 
Moreover, cerium oxide-based catalysts were decorated on NrGO 
in order to achieve structures with stable capacity for Li-air 
batteries.  
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Fuel cell powered forklifts have several advantages over the 
battery powered ones. They possess higher productivity by 
eliminating time consuming battery swap and can be refueled 
in 5-10 minutes. Fuel cell powered forklifts maintain constant 
power throughout entire shift as there is no voltage drop as 
compared to battery powered ones. They have higher initial 
cost but lower total logistic costs. 
So far, almost all demonstrated FC powered utility vehicles 
used compressed H2 stored in gas cylinders at pressures up to 
350 bar. As a result, FC powered modules are too light, and 
additional balast is required for proper vehicle 
counterbalancing. Use of metal hydrides (MH) for the on-
board hydrogen storage is promising alternative to solve this 
problem [1].  
In 2012-2015, HySA Systems integrated a metal hydride H2 
storage extension tank in a commercial GenDrive 1600-
80CEA fuel cell power module (Plug Power Inc.) which was 
installed in a 3 tonne STILL electric forklift [2]. This 
prototype is in operation at Impala Platinum refineries in 
Springs, South Africa, since September 2015, and the 
malfunctions identified were mainly related to Lithium nickel 
manganese cobalt oxide (NMC) battery. 
In this work, we present a prototype fuel cell power module 
for 3-tonne electric forklift developed by HySA Systems and 
integrated by Hot Platinum (Pty) Ltd, South Africa. Main 
specifications of the power module are listed in Table 1. 
Table 1. Power module main specifications. 

Donor vehicle STILL RX60-30L 
Bus voltage 80 VDC 
Output power ~15 kW average, 30 kW peak 

Dimensions 840 mm (W) x 1010 mm (D) x 777 
mm (H) 

Weight 1800…1900 kg 

Stack 14.5 kW closed cathode PEMFC 
stack (Ballard); 

H2 storage Integrated MH storage unit, 20 Nm3 
Battery bank Deep cycle lead-acid, 8…10 kWh 

The BoP was designed around Ballard 9SSL/75 Cell FC 
stack, and its main components included: air supply, H2 

storage and supply, the closed circuit liquid stack cooling / 
MH heating, and power conditioning and control subsystems. 
The MH tank has dimensions of 704 mm (W) x 970 mm (D) 
x 270 mm (H), weight ~1200 kg and combines functions of 
H2 storage and vehicle ballast thus adding flexibility to the 
layout of the BoP components within strict space constrains 
of the application. Direct integration of the MH tank in the 
power module allowed to decrease minimum H2 pressure on 
the high-pressure side of H2 subsystem from 13.5 to 3-4 bar 
and to use more stable MH resulting in a lower refuelling 
pressure (100-150 against 185 bar) at the similar useable H2 
storage capacity and refuelling time as compared to the 
commercial FC power module with MH extension tank [2].  

Figure 1. Fuel cell powered module before its installation 
into the forklift compartment (left), tests under 
VDI2198/VDI60 protocol (right).  
The power module provided stable operation of the forklift 
during 60 complete cycles of the VDI60 test carried out at 
ambient temperature of 27 °C. MH tank temperature during 
the test was as high as 50 °C indicating sufficient supply of 
heat released during the stack operation to the MH. Load 
energy consumption at 60 VDI cycles/hour was 9.564 kWh/h 
compared to 7.5 kWh/h claimed by forklift manufacturer that 
indicates more aggressive driving. BoP consumption during 
60 VDI cycles was 5.138 kWh/h. 
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In recent years, growing worldwide attention has been paid to 
renewable energy sources: solar, wind, small-scale hydro, 
geothermal, etc. These systems are characterized by non-
uniformity of power generation which fluctuates in time. In 
order to manage the fluctuations and utilize surplus electric 
power, the most promising way is in the use of hydrogen as 
an efficient energy carrier. When the surplus electric power is 
available, hydrogen is produced by water electrolysis and 
then stored. When the electric power generation is 
insufficient (e.g. during periods of low solar radiation), the 
stored hydrogen is oxidized in a fuel cell to produce on-
demand electricity. 
A major problem in the power-to-hydrogen technology is a 
safe storage and transportation of the produced hydrogen. 
The simplest solution is to store hydrogen as compressed gas 
in light composite containers, yet the most compact and safe 
way is its storage in metallic or “organic” hydrides. 
Hydrogen storage in metal hydrides is based on the reversible 
reaction of hydrogen with metals, alloys and intermetallic 
compounds [1]. A number of the hydrogen storage materials 
were elaborated and studied in our works [2-5]; their system 
integration issues have been discussed by the authors as well 
[6-8]. 
On the basis of results of these studies, various metal hydride 
hydrogen storage systems were developed (fig. 1). 

IPCP
6 Nm3

HySA Systems
10 Nm3

IPCP
25 Nm3

Figure 1. Examples of metal hydride hydrogen storage tanks 
developed at IPCP RAS and HySA Systems 

Presently, we develop a hydrogen-based energy storage 
system which consists of a PEM electrolyzer generating 
hydrogen when electricity is in excess, a metal hydride 

hydrogen storage system, and a low-temperature hydrogen-
air fuel cell, where the chemical energy of hydrogen 
oxidation is converted into electricity. (fig. 2). 

Solar 
panel

Electrolyzer MH
hydrogen storage

Fuel cell stack
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consumers

Figure 2. Renewable power storage system using hydrogen as 
an energy carrier. 

Power-to-hydrogen technologies can be used not only to 
increase the efficiency of renewable power sources but also 
for the balancing of power grids and smoothening 
intermittences of electricity generation and consumption [9-
11]. 
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It is well known that at ambient temperatures below -15 oC 
cold start of any internal combustion engine can be compared 
to 150 – 200 km of mileage from the operational wear - out 
viewpoint. Beside that, winter start failure is a commonplace 
due to a number of reasons: lubricant viscosity growth, 
battery capacity decrease and others. The existing 
technologies for start-up preheating of coolant or lubricating 
oil are of great demand on the most territory of Russia but all 
having a number of disadvantages connected with the 
necessity to arrange external electric power source or use the 
power of on-board battery, depleted by low temperature or 
use combustion of fuel (safety and ecology). 
Relatively high reaction heat of metal hydride formation and 
the possibility to keep the comfortable temperature of 
preheating by variation of metal hydride composition show 
some perspective to implement metal hydride on-board 
preheater (MHP), which is free from the above mentioned 
disadvantages, uses the waste heat of ICE, time independent 
in operation start and does not require any service (Figure 1).   

Figure 1. Metal hydride on-board preheater operation. a) heat 
accumulation, b) “idle” mode c) preheating. 

MHP operation in general can be devided in three modes 
when MeH reactor is discharges hydrogen to vessel, the 
mode when both devices are interconnected with equal 
pressure inside and preheating mode when hydrogen stored in 
the vessel is discharged to MeH reactor releasing the reaction 
heat. The following main problems however should be 
addressed at the development of MHP: 

- system total weight that fits the requirements of
mobile application;

- efficient heat transfer from the low conductive fine
dispersed metal hydride bed to the coolant of ICE;

- safety issues at presence of pressurised hydrogen in
the system.

Metal hydrides are potential candidates for the storage of heat 
at low, medium and high temperatures for solar and other 
heat generating applications [1]. The technical barriers 
mentioned above can be overcome by the development of 
new materials from all the variety of low- and high - 
temperture metal hydrides that give the optimized 
characteristics for MHPs of various scales.  
The presented study is based on the long-term experience in 
the R&D in metal hydride hydrogen storage [2] and hydrogen 
electric energy storage systems [3] of JIHT RAS H2Lab 
research team and includes: 

- the development of new hydride forming materials
from AB5 family with sorprtion and
thermodynamic properties like PCT to fit the
requirements of MHP;

- modeling and experimental research of heat and
mass transfer at hydrogen sorption/desorption in
the conditions of liquid cooling of metal hydride
reactor with respect to scaling and geometry
phenomena [2] for the design of optimized metal
hydride reactor for MHP experimental sample ;

- system integration of MHP components and
calorimetric experiments for the proof-of-concept
of the proposed technology.

The results of experimental investigations of heat and mass 
transfer at hydrogen sorption/desorption by fine-dispersed 
beds of novel hydride forming materials for MHP, the first 
law analysis of the system, control strategy of MHP and the 
possible application variants for existing internal combustion 
engines as preheater are presented and discussed. 
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Thermochemical heat storage materials use endo/exothermic 
chemical reactions to store/restore tremendous amount of 
heat. The past decade has witnessed a rapid growth in 
fundament and applied research of promising 
thermochemical materials, targeting high chemistry 
performance (high operating temperature, high heat storage 
density, fast kinetics, etc.). Among these materials, metal 
hydrides have attracted worldwide interest as an 
environment-friendly and reliable solid-state cadidates for 
energy storage applications.   

Heat storage systems based on 2 tanks thermochemical heat 
storage are gaining momentum for their utilization in 
concentrated solar power plants (CSP) or industrial waste 
heat recovery, since they can efficiently store heat for future 
use[1]. However, their performance is generally limited by 
reactor configuration, design and optimization on the one 
hand and most importantly on the selection of appropriate 
thermochemical materials [2] on the other hand. Mg-based 
hydrides, although at the early stage of research and 
development (in heat storage applications), can offer several 
advantages over other thermochemical materials (salt 
hydrates, metal hydroxides, oxide and carbonates) such as 
high energy storage capacity (0.32-0.79 kWh/kg or 500-800 
kWh/m3) and power density[3,4]. In this study, we present a 
system that combines latent heat and thermochemical heat 
storage based on two-tank metal hydrides. The systems 
consists of two metal hydrides tanks coupled (See Figure 1).  

Figure 1. Concept of combined thermal energy system, a) 
computational model, b) Temperature distribution during the 

heat charging 
During the heat charging the high temperature metal hydride 
(HTMH) desorbs hydrogen which in turn is stored in the low 
temperature metal hydride (LTMH). In the meantime, the 

heat generated from hydrogen absorption in the LTMH tank 
is stored as latent heat in a phase change material (PCM) 
jacket surrounding the LTMH tank, to be reused during the 
heat discharging.  For simulations of this heat storage system, 
a metal hydrides pair based on Mg2NiH4 (HTMH)-LaNi5 

(LTMH) and Rubitherm RT(Tm) based on commercial phase 
change materials are selected for discussion. The preliminary 
results of the simulation shows that the performance 
indicators such as energy density, power density and storage 
efficiency (As seen in Figure 2) is a function of the properties 
of the selected phase change material, more specifically the 
melting temperature, Tm. The using of RT42 leads to an 
output energy density of 133 MJ/m3 with specific power 
output of ~90 W/kg -Mg2Ni. In addition, an optimization 
process will be endeavored to determine the most influencial 
PCM properties on the system performance. 

Figure 2: Performance indicator as a function of PCM 
melting temperature 
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Latest Trends and Challenges in the Development of Commercial PEM Fuel 
Cells  

 Hüseyin Devrim 

TEKSİS İleri Teknolojiler Kimya İmalat ve Dış Tic.Ltd.Şti. 

The market for polymer electrolyte membrane (PEM) fuel 

cells are expected to grow approximately 16% during the 

forecast period of 2019 – 2024. Major factors would drive the 

market are increasing research & development (R&D) 

activities in the field of fuel cell, which has led to several 

technological advances, such as high power density, less time 

to refuel, longer storage durability, and more cycle life of 

PEM fuel cells over thier alternatives. However, the current 

cost of PEMFC technology is a major barrier to commercial 

applications. The adoption of fuel cell is also driven by 

government incentives and policies that are expected to boost 

consumer acceptance. A higher investment is needed from 

both, public and private companies. In China, PEMFC is one 

of the major focus areas of Energy Technology Revolution 

and Innovation Initiative(2016-2030). Asia-Pacific dominated 

the global PEMFC market in 2017, with China holding the 

major share. The major factors attributing to the growth are  

the policies initiated by various countries, like China and 

Japan to promote clean energy usage. Tokyo Metropolitan 

Government’s (TMG’s) plan to power several operations in 

2020 Olympic and Paralympics games, using fuel cell 

technology has further created opportunity for investment in 

PEM fuel cell. Other countries in the region, such as India are 

also focusing on a road map for the use of hydrogen energy 

and fuel cell technology in the transport sector. It is 

anticipated that this will create market opportunities for 

PEMFC business in near future. Within the scope of the 

presentation, the problems encountered in the development of 

commercial PEM Fuel Cell willbe highlihted together with 

solutions brought to the problems. In addition, general 

information about the problems and challenges awaiting 

solutions will be given. Issues that should be focused on for 

researchers will be highlighted. 
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until 2002, he founded, his first company representing manufacturers and suppliers of FC systems, 

components, test rigs, test stations. This allowed him to work closely with Hydrogen and Fuel Cell 

communities within the country and abroad. In 2007, he established TEKSIS, his second company, 

a firm dedicated to the development and production of fuel cell systems. Huseyin Devrim has taken 

active part in many national and international R & D projects on the development and production of all 

products in the hydrogen value chain. 
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