
Tartu 2016

ISSN 1406-0299
ISBN 978-9949-77-323-7

	
	
	

	
	

	
	

	
	

	
	
	

	
	

	

1

DISSERTATIONES 
CHIMICAE 

UNIVERSITATIS 
TARTUENSIS

159

SILVER SEPP

Influence	of	porosity	of	the
carbide-derived	carbon	on	the
properties	of	the	composite
electrocatalysts	and	characteristics
of	polymer	electrolyte	fuel	cells



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

159 
  



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS 

159 
 
 
 
 
 
 
 
 
 
 

SILVER SEPP 
 
 

Influence of porosity of the  
carbide-derived carbon on the  

properties of the composite 
electrocatalysts and characteristics  

of polymer electrolyte fuel cells 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



Institute of Chemistry, Faculty of Science and Technology, University of Tartu, 
Estonia 
 
Dissertation is accepted for the commencement of the degree of Doctor of 
Philosophy in Chemistry on December 12th, 2016 bu the Council of the Institute 
of Chemistry, University of Tartu.  
 
Supervisor:  Prof. Enn Lust, University of Tartu, Estonia 
  Ph.D. Jaak Nerut, University of Tartu, Estonia 
 
Opponent:  Prof. Pawel J. Kulesza 
  Department of Chemistry, University of Warsaw, Poland 
 
 
Commencement: January 19th, 2017 at 13.15. 14a Ravila Str., Tartu 
(Chemicum), auditorium 1021 
  
 
 
Publication of this dissertation is granted by University of Tartu, Estonia. 
 

 
 
 
 
 
 
 

 
Copyright: Silver Sepp, 2017 
 
University of Tartu Press 
www.tyk.ee 

 

 

 

 
ISSN 1406-0299 
ISBN 978-9949-77-323-7 (print) 
ISBN 978-9949-77-324-4 (pdf) 



5 

TABLE OF CONTENTS 
1. LIST OF ORIGINAL PUBLICATIONS ..............................................  7 

2. ABBREVIATIONS AND SYMBOLS .................................................  8 

3. INTRODUCTION .................................................................................  11 

4. LITERATURE OVERVIEW ................................................................  12 
4.1 Fuel Cells .......................................................................................  12 
4.2 Support materials for PEMFC electrodes ......................................  15 

4.2.1 Expectations and variety of possible supports ....................  15 
4.2.2 Carbide-derived carbon .......................................................  16 

4.3 Oxygen electroreduction reaction at fuel cell cathode ..................  17 
4.4 Methods for physical characterization of materials .......................  19 

4.4.1 Gas sorption for porosity characterization ..........................  19 
4.4.1.1 Brunauer-Emmett-Teller theory .............................  20 
4.4.1.2 Calculation of the total pore volume ......................  21 
4.4.1.3 The t-plot method ...................................................  21 
4.4.1.4 The non-local density functional theory .................  21 

4.4.2 X-ray diffraction ..................................................................  22 
4.5 Electrochemical characterization methods ....................................  23 

4.5.1 Cyclic voltammetry .............................................................  23 
4.5.1.1 Electrochemically active surface area of platinum 

catalyst ....................................................................  24 
4.5.2 Rotating disk electrode method ...........................................  25 
4.5.3 Electrochemical impedance spectroscopy ...........................  26 

4.6 Performance characteristics of a fuel cell ......................................  27 

5. EXPERIMENTAL ................................................................................  30 
5.1 Synthesis of carbide-derived carbon powders ...............................  30 
5.2 Preparation of Pt-nanoclusters activated catalysts .........................  30 
5.3 Structural characterization  of catalysts, catalyst supports and  

single cell electrodes ......................................................................  31 
5.4 Preparation of catalyst ink and electrodes .....................................  31 
5.5 Electrochemical measurements .....................................................  32 

5.5.1 Experiments in a three-electrode glass cell .........................  32 
5.5.2 PEMFC single cell experiments ..........................................  33 

6. RESULTS AND DISCUSSION ...........................................................  34 
6.1 Physical  characteristics of the materials .......................................  34 
6.2 Electrochemical characterization of carbon  and Pt-C materials  

on glassy carbon electrodes ...........................................................  39 
6.3 Electrochemical characterization of  Pt-C(Mo2C) electrodes in  

PEM single cells ............................................................................  42 
6.3.1 The polarization and power density curves .........................  42 
6.3.2 CV and EIS data for single cells studied .............................  45 
6.3.3 Time stability tests ..............................................................  47 



6 

7. SUMMMARY .......................................................................................  49 

8. REFERENCES ......................................................................................  50 

9. SUMMARY IN ESTONIAN ................................................................  56 

10. ACKNOWLEDGEMENTS ..................................................................  58 

PUBLICATIONS ........................................................................................  59 

CURRICULUM VITAE .............................................................................  124 

ELULOOKIRJELDUS ................................................................................  127 
  



7 

1. LIST OF ORIGINAL PUBLICATIONS 
I  S. Sepp, E. Härk, P.Valk, K. Vaarmets, J. Nerut, R. Jäger, E. Lust, Impact 

of the Pt catalyst on the oxygen electroreduction reaction kinetics on vari-
ous carbon supports, Journal of Solid State Electrochemistry, 18 (5) (2014) 
1223–1229. 

II S. Sepp, J. Nerut, K. Vaarmets, R. Kanarbik, I. Tallo, H. Kurig, E. Lust, 
The Impact of Pt-nanocluster Deposition and Nafion® Content on the 
Oxygen Electroreduction Kinetics on Molybdenum Carbide Derived Car-
bon Synthesized at 1000°C, ECS Transactions 61 (2014) 37–50. 

III S. Sepp, K. Vaarmets, J. Nerut, I. Tallo, E. Tee, H. Kurig; J. Aruväli, R. 
Kanarbik, E. Lust, Performance of Polymer Electrolyte Membrane Fuel 
Cell Single Cells Prepared Using Hierarchical Microporous-Mesoporous 
Carbon Supported Pt Nanoparticles Activated Catalysts, Electrochimica 
Acta, 203 (2016) 221–229. 

IV S. Sepp, J. Nerut, K. Vaarmets, R. Kanarbik, I. Tallo, H. Kurig, E. Lust, 
Enhanced Stability of Novel Hierarchical Carbon Supports in PEMFC 
Application, ECS Transactions, 75 (14) (2016) 789–799. 

V S. Sepp, K. Vaarmets, J. Nerut, I. Tallo, E. Tee, H. Kurig; J. Aruväli, R. 
Kanarbik, E. Lust, Enhanced Stability of Symmetrical Polymer Electrolyte 
Membrane Fuel Cell Single Cells Based on Novel Hierarchical 
Microporous-Mesoporous Carbon Supports, Journal of Solid State Electro-
chemistry, (2016) DOI: 10.1007/s10008-016-3448-4. 

 
Author’s contribution 
Paper I: The author performed the electrochemical measurements. The author 

participated in the analysis of data and preparation of manuscript.  
 
Paper II: The author performed the electrochemical measurements. The author 

is mainly responsible for analysis of data and preparation of manu-
script. 

  
Paper III: The author performed the electrochemical measurements. The author 

is mainly responsible for analysis of data and preparation of manu-
script. 

 
Paper IV: The author performed the electrochemical measurements. The author 

is mainly responsible for analysis of data and preparation of manu-
script. 

 
Paper V: The author performed the electrochemical measurements. The author 

is mainly responsible for analysis of data and preparation of manu-
script.  



8 

2. ABBREVIATIONS AND SYMBOLS 
ABBREVIATIONS 
ac alternating current  
AFC alkaline fuel cell  
BET Brunauer-Emmett-Teller 
C(Mo2C) carbon synthesized from Mo2C 
C(WC) carbon synthesized from WC 
CDC carbide-derived carbon  
CNT  carbon nanotube  
CV  cyclic voltammetry method 
CVs  cyclic voltammograms 
dc direct current  
DAFC  direct alcohol fuel cell  
DCFC  direct carbon fuel cell  
DMFC direct methanol fuel cell  
ECA  electrochemically active surface area   
EIS  electrochemical impedance spectroscopy 
FC   fuel cell 
GCDE glassy carbon disk electrode 
GDL  gas diffusion layer 
HRSEM  high resolution scanning electron microscopy 
HRTEM  high resolution transmission electron microscopy 
HSAG  high surface area graphite 
MCFC  molten carbonate fuel cell 
MEA  membrane electrode assembly 
NLDFT  non-local density functional theory 
OCP  open circuit potential 
ORR  oxygen electroreduction reaction 
PAFC  phosphoric acid fuel cell  
PEMFC  polymer electrolyte membrane fuel cell  
RDE  rotating disk electrode 
RH  relative humidity 
RHE  reversible hydrogen electrode 
rms  root-mean-square 
rpm  revolutions per minute 
SEM  scanning electron microscopy 
SHE  standard hydrogen electrode 
SOFC  solid oxide fuel cell 
wt%  weight percentage 
TEM  transmission electron microscopy  
TGA  thermogravimetric analysis 
XRD  X-ray diffraction  
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ROMAN SYMBOLS 
a  lattice parameter from XRD data 
ACS  molecular cross-section area of adsorbate  
 (0.162 nm2 for N2 at 77 K)  
c  constant in BET theory describing the adsorbent-adsorbate inter-

actions 

2bOc   concentration of O2 in the bulk solution  

 (1.13 × 10–6 mol cm–3 in 0.5 M H2SO4 at 25 °C)  
C  capacitance 
CCV  capacitance calculated from CV data 
Cd  differential capacitance of electrical double layer 
Cp  parallel capacitance 
Cs  series capacitance 
cf  O2 concentration in the Nafion® film 
d  Pt crystallite size calculated by Scherrer method  
  (Pt(220) reflection) from XRD data 
Df  O2 diffusion coefficient in the Nafion® film  

  diffusion coefficient for O2 in the bulk solution 
 (1.8 × 10–5 cm2 s–1 in 0.5 M H2SO4 at 25 °C) 
E0  amplitude of the sinusoidal voltage 
E  potential 
ΔE  potential difference 
Ep  peak potential 
f  frequency 
F  Faraday constant (96490 C mol–1) 
I  current 
i  imaginary unit i = √−1 
I0 amplitude of the sinusoidal current 
IC  capacitive current 
If  faradaic current 
Ip  peak current 
j  current density 
jD  diffusion step limited charge transfer current density 
jf  current density in the Nafion® film 
jK  kinetic current density 
K  constant in the Scherrer equation (K = 0.93) 
khet  electrochemical rate constant for ORR 
Lf  thickness of Nafion® film  
M  molar mass  
mad  mass of adsorbent 
mPt  mass of platinum 
n  number of electrons transferred  
NA  Avogadro constant (6.022·1023 molecules per mole) 
O  oxidized species 
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P  pressure 
P/P0  relative pressure 
QDL  calculated charge for double layer formation 
QH  calculated charge required for hydrogen adsorption at the Pt-nano-

particle surface 
QH, ref charge required to oxidize a monolayer of hydrogen atoms at flat 

polycrystalline Pt surface (0.21 mC cm–2) 
Qtot  calculated total charge transferred within the hydrogen adsorp-

tion/desorption potential region 
R  ideal gas constant (8.314 J mol–1 K–1) 
R  reduced species 
RP  parallel resistance 
RS  series resistance 
SBET  specific surface area 
Sext  external surface area 
Smeso  mesoporous area 
Smicro  microporous area 
t time 
T  temperature 
tstat  statistical thickness of the adsorbed layer 
Vads  volume of adsorbate 
Vmeso  mesoporous volume 
Vmicro  microporous volume 
Vmolar  molar volume of adsorbate (34.7 cm3 mol–1 for N2 at 77 K)  
Vtot  total pore volume 
W  mass of gas adsorbed at relative pressure 
W  pore width 
Wm  mass of gas absorbed in monolayer 
Z  impedance 
|Z| magnitude of impedance 
Z´ real part of the impedance 
Z´´  imaginary part of the impedance 
 
GREEK SYMBOLS 
 the full width at half maximum  
 phase difference between voltage and current 
θ ragg angle  
λ  wavelength 
ω  angular frequency 
v  potential scan rate 
υ  kinematic viscosity of the solution  
 (0.01 cm2 s–1 for H2O at 20 °C) 

 



11 

3. INTRODUCTION 
Polymer electrolyte membrane fuel cells (PEMFCs) are regarded as a promising 
alternative energy conversion devices for both mobile and stationary applica-
tions [1–4]. These environmentally clean cells generate water, heat, and 
electricity via an electrochemical reaction with hydrogen as a fuel and oxygen 
in the air as an oxidant [1–6]. Due to relatively high efficiency, low operating 
temperature and quick start-up time, PEMFCs are mostly used in automotive 
applications and in residential co-generation systems [1–4]. Main problem hin-
dering the wide-scale commercialization of PEMFCs is high overpotential for 
oxygen electroreduction reaction (ORR) at the porous cathode decreasing the 
efficiency of the fuel cell. Therefore, novel materials are being sought for 
PEMFC applications [5–7].  

Platinum is the most common catalyst material used for PEMFC electrodes. 
Apart from Pt, some other precious metals alloys with high stability have been 
investigated as alternatives to Pt in fuel cells [8,9]. Various precious metal free 
electrocatalysts have also been studied, but insufficient electrochemical stability 
is the main problem hindering the commercial application of these materials.  

The efficiency and stability of a electrocatalyst depends strongly on the 
selection of an appropriate support material. The demands for support material 
are suitable porosity for quick mass transport, high electrical conductivity and 
electrochemical stability [1–4,10]. Carbon is the most widely used support 
material for PEMFC catalysts because of its affordability, suitable porosity, 
high electrical conductivity and relatively high electrochemical stability [10]. 

The properties of the carbon support have significant impact on the PEMFC 
performance and the structure of catalyst layer should be carefully optimized in 
order to achieve further improvement in the fuel cell performance [10–12]. 
Corrosion of carbon support for conventional cathode catalysts is a critical 
problem for PEMFC durability under start-stop conditions in automotive appli-
cations [13–15]. Therefore different carbon supports have been tested during 
long-term catalyst optimization studies for quick start-up of PEMFC [13–17]. 

Carbon materials can be synthesized using various methods like the high 
temperature carbonization of carbon rich organic precursors which is the most 
widely utilized method [15]. In order to prepare carbon powders with very high 
specific surface area, selective extraction of non-carbon elements from carbides 
have been used [18–21]. Resulting carbide-derived carbons (CDCs) are unique 
materials in which the pore size, shape and other parameters can be controlled 
in a very exact manner [18,19,21]. It has been suggested that CDCs are viable 
fuel cell catalyst supports that are capable of realizing the full activity of Pt 
nanoparticles with superior corrosion stability [21–24].  

CDCs with well-defined properties are excellent objects to study the impact 
of carbon electrocatalyst support properties on the performance of a PEMFC. 
The main aim of this work was to study the suitability of the Pt nanoclusters 
activated CDCs in the fuel cell application and to compare the properties of 
these materials with commonly used commercial carbon support Vulcan XC72. 
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4. LITERATURE OVERVIEW 
4.1 Fuel Cells 

Fuel cell (FC) is an electrochemical device that converts chemical energy 
directly into electrical energy and some dissipative heat. The intermediate step 
of producing mechanical work is avoided. The efficiency of FCs is high, 
because unlike thermal external or internal combustion engines, there are no 
thermodynamic limitations of Carnot cycle. Depending on the chemical compo-
sition of the fuel and oxidant on which the FC is operated, different products 
can be generated. A traditional hydrogen-oxygen FC generates only water as the 
by-product. Possible fuels beside hydrogen are gaseous hydrocarbons (e.g. 
CH4), alcohols (e.g. CH3OH, C2H5OH) and other hydrogen rich organic com-
pounds or mixtures. Oxygen from air is mostly used as an oxidant. FCs generate 
electricity without involving any moving parts and with minimal generation of 
noise and pollutants [25–27].  

In 1838 Sir William Robert Grove experimented with electrochemically 
cleaned platinum wires, mineral-acid electrolytes and voltaic piles. As one 
upper half on Pt wire was exposed to hydrogen gas and the other to oxygen gas, 
galvanometer indicated the flow of electricity [25]. At the same time Cristian 
Friedrich Schöenbein recognized that it was caused by the electrochemical 
action between Pt wires and two gases applied. Today we refer to it as the first 
H2-O2 FC. During 1890s and the following decades, galvanic cells received full 
recognition as highly efficient energy conversion devices. In 1894 W.F. 
Ostwald provided basic theoretical understandings of how FC operates realizing 
that it could be more efficient energy conversion device than combustion 
engine, which is limited by the efficiency of Carnot cycle [25,27]. 

The first practical FC was developed by English engineer F.T. Bacon, who 
started working on FCs in 1932 and completed the construction of 5 kW FC 
stack in 1952 [27]. In early 1960s FC technology reached a turning point when 
NASA decided to develop alkaline FC for the Apollo space modules [25]. 
Subsequent milestone in FC technology included the development of chemi-
cally resistant perfluorinated proton exchange membranes, such as Nafion®, and 
the use of Nafion®-containing FC electrodes incorporating high-surface area Pt 
nanoparticles on catalyst support rather than low-surface-area Pt-black. Driven 
by automotive industry, PEMFCs have been receiving increased attention since 
the early 1990s as an alternative power source for vehicles [25,26,28]. 

The most common classification of FCs is based on the type of electrolyte 
used in the cells and includes [28]:  

1) polymer electrolyte membrane fuel cell, 
2) alkaline fuel cell (AFC), 
3) phosphoric acid fuel cell (PAFC), 
4) molten carbonate fuel cell (MCFC), and 
5) solid oxide fuel cell (SOFC).  
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The choice of electrolyte dictates the operating temperature range of the FC. The 
operating temperature and useful life of a FC determine the physicochemical and 
thermomechanical properties of materials used as the cell components (i.e., 
electrodes, electrolyte, interconnect, current collector, etc.) [28]. Depending on the 
electrolyte and temperature, different fuels and catalysts can or must be employed 
(Table 1). While hydrogen or a liquid organic compounds are the fuels for low-
temperature FCs, high-temperature FCs can be operated using wider range of fuels, 
including low molecular weight hydrocarbons or CO-contaminated feeds [25].  

 
 

Table 1. Summary of major differences of the fuel cells [29]. 

 PEMFC AFC PAFC MCFC SOFC 

Electrolyte Hydrated 
polymer ion 
exchange 
memrane 

Potassium 
Hydroxide 
in asbestos 
matrix 

Phosphoric 
Acid in SiC 

Liquid 
Molten 
Carbonate 
in LiAlO2 

Perovskites 
(Ceramics) 

Electrode 
matrix/ 
catalyst 
supports 

Carbon Transition 
metals 

Carbon Nickel and 
Nickel 
Oxide 

Perovskite 
and 
perovskite / 
metal cermet 

Catalyst Platinum Platinum Platinum Electrode 
material 

Electrode 
material 

Operating 
temperature 

40–80 °C 65–220 °C 205 °C 650 °C 600–1000 °C 

Interconnect Carbon or 
metal 

Metal Graphite Stainless 
steel or 
nickel 

Nickel, 
ceramic or 
steel 

Charge 
carriers 

H+ OH− H+ CO3
2− O2− 

Prime cell 
component 

Carbon-based Carbon-
based 

Graphite-
based 

Stainless-
based 

Ceramic 

 
 

In parallel with the classification by electrolyte, some FCs are classified by the 
type of fuel used, e.g. direct alcohol fuel cell (DAFC) or direct carbon fuel cell 
(DCFC). DAFC (more commonly direct methanol fuel cell or DMFC) refers to 
PEMFC-type FC, where methanol or another alcohol is used as fuel without 
external reforming. In DCFC, solid carbon powder is used as fuel in anode 
without gasification step. Concepts with solid oxide, molten carbonate, and 
alkaline electrolytes are all under intensive development [28]. Alkaline mem-
brane fuel cells are also under development, but highly conducting solid alka-
line membrane has remained elusive to date [25]. 
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Fig. 1 depicts schematically the structure of hydrogen FC device with proton 
conducting membrane (i.e. PEMFC). In this electrochemical cell the overall 
reaction can be separated to two half-cell reactions: molecular hydrogen is oxi-
dized at the anode and the resulting protons move through the membrane and 
react with oxygen to form water on the cathode. At the same time electrons 
move from anode to cathode through external electric circuit.  

 
 

 
Figure 1. Working principle scheme of H2-O2 fuel cell [30]. 

 
 

A PEMFC consists of two electrodes in contact with an electrolyte membrane 
(Fig. 1). The membrane is designed as an electronic insulator that separates the 
reactants and allows only the transport of ions and water. The electrodes are 
constituted of a porous gas diffusion layer (GDL) and a catalyst (usually plati-
num supported on high surface area carbon) containing active layer. This mem-
brane electrode assembly (MEA) is sandwiched between two electrically con-
ducting bipolar plates with integrated gas distribution channels [31]. The elec-
trodes host the electrochemical reactions within the catalyst layer and provide 
electronic conductivity, and pathways for reactant supply to the catalyst and 
removal of products from the catalyst.  

The GDL is a carbon paper or cloth that provides rigidity and support to the 
MEA. It incorporates hydrophobic material (e.g. Teflon®) that facilitates the 
product water drainage and prevents the gas paths from flooding. The active 
layer consists of catalyst particles, ionomer and pore spaces which form a three-
phase boundary where the electrochemical reaction takes place. Electrochemical 
oxidation of hydrogen and reduction of oxygen can only occur at interfacial 
boundary regions, where gas molecules reach catalyst surfaces that are con-
nected electrically to the external circuit through a conducting support (usually 
carbon) and are accessible to the proton-conducting medium (Nafion®) [30].  
A good electrode has to effectively facilitate the trade-off between enabling 
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high catalytic activity, retaining enough water to guarantee good proton con-
ductivity in the ionomer phase, and having an optimal pore size distribution to 
facilitate rapid gas transport. All the components of the MEA need to be stable 
(under both chemical and mechanical stresses) for several thousands of hours in 
the FC under the operating conditions [28,31].  

The main advantages of a PEMFC are: high fuel conversion efficiency  
(34–36%), rapid start-up due to low operating temperature, capability to gener-
ate high current and power densities, relatively long life, no moving parts and 
therefore quiet operation. Although, there are many significant future challenges 
in PEMFC design and development such as carbon corrosion, catalyst deactiva-
tion, thermal and water management and sensitivity to poisoning by CO and 
oxygen containing intermediates, sulphur containing components/species and 
NH3. Finally, hydrogen infrastructure needs great investments, being economi-
cal barrier for development and commercialization of PEMFC based technolo-
gies [25,27,28,32]. 

 
 

4.2 Support materials for PEMFC electrodes 

4.2.1 Expectations and variety of possible supports  

In PEMFC application highly dispersed Pt or Pt-based catalysts on a conductive 
support are commonly used as electrodes for hydrogen electrooxidation and 
ORR [33]. In such catalysts, the high surface area to volume ratio maximizes 
the area available for reactions [26]. The efficiency of a catalyst depends 
strongly on the selection of an appropriate support material. The main demands 
for a support material are high surface area to obtain high metal dispersion, 
suitable porosity (so-called open porosity) for quick mass transport, high elec-
trical conductivity and electrochemical stability (i.e. voltage cyclability) [1–3, 
14,26,34–36]. Various catalyst supports have been studied and discussed by 
Antolini et al. [15,36]. Carbon blacks are manufactured by the pyrolysis of 
hydrocarbons such as natural gas or oil fractions from petroleum processing. 
Due to its low cost and high availability, oil-furnace carbon black (e.g. Vulcan 
XC72) has been used widely as the support for platinum catalyst. High surface 
area graphite (HSAG) can be prepared from graphitized material by a special 
grinding process. Surface areas of 100–300 m2g−1 make this graphite an inter-
esting support material for precious metal clusters based catalysts [37]. Carbon 
nanotubes (CNTs), nanofibers, carbon gels, boron doped diamond and ordered 
mesoporous carbons have been studied as electrocatalyst supports as well 
[15,26]. The stability towards carbon oxidation/reduction process, known as 
carbon corrosion, is the major problem regarding their use in PEMFC applica-
tion [1,38,39]. The corrosion originates from the thermodynamic instability of 
carbon under the conditions of the PEMFC cathode as carbon can be oxidized to 
CO2 according to the net reaction: 
 
C + 2H2O → CO2+ 4H+ + 4e–   E0 = 0.207 V vs. SHE [38,39] 
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This process may be accelerated by the presence of Pt and by exposing the 
electrode to high potentials, which occur during FC start-up and shutdown via 
the so-called “reverse-current decay mechanism” [38]. 

To avoid carbon corrosion several ceramic materials have been investigated 
as catalyst supports [10]. Electrically conductive sub-stoichiometric metal 
oxides (e.g. Ti2O7 and Ebonex) and doped metal oxides such as doped TiO2 and 
SnO2, nanostructured metal oxides, such as TiO2 nanotubes and WO2 nanorods, 
metallic conductor RuO2 and d-metal carbides (e.g. WC) have been proposed as 
corrosion resistant catalyst supports. Although these materials have demon-
strated high electrochemical stability and the ability to act as co-catalyst, all 
ceramic materials mentioned have low specific surface area and low or only 
acceptable electron conductivity hindering their application as a catalyst support 
in PEMFC. The Pt nanoparticles have been also dispersed into polyaniline and 
other conducting polymer (e.g. polypyrrole, polythiophene) matrixes. However, 
the loss of electronic conductivity in the potential range for ORR is the major 
problem limiting their application as electrocatalyst supports for PEMFCs [26]. 
Therefore, carbon materials, including porous carbon powders, are the most 
widely utilized supports due to suitable electronic conductivity and porosity 
granting high dispersion of Pt nanoparticles [1,17]. 

Chai et al. [14], Antolini et al. [15,36] and Uchida et al. [11,12] have demon-
strated that the properties of the carbon support have significant impact on the 
PEMFC performance and the structure of the catalyst layer should be carefully 
optimized in order to achieve further improvement in the cathode performance. 
Uchida et al. concluded that the influence of the carbon supports on PEMFC 
performance is remarkable, indicating that carbon support is the key material in 
PEMFC [12].  

It has been reported that carbon materials with both high surface area and 
good crystallinity can not only provide a high dispersion of Pt nanoparticles, but 
also facilitate electron transfer, resulting in better device performance [15]. 
Under start-stop conditions the corrosion (oxidation/reduction) of carbon sup-
port for conventional cathode catalysts is a critical problem for PEMFC dura-
bility in automotive applications due to the elevated electrode potentials [10,13–
15,35,36]. Influence of structural parameters of PEMFC electrodes like the par-
ticle size, inter-particle distance and metal loading have been systematically 
tested and summarized in many papers [10–15,35,36,40]. The challenge is to 
develop carbon supports with high surface area, good electrical conductivity, 
suitable porosity to allow good reactant flux to catalytic centres, and high elec-
trochemical stability in fuel cell environment. Synthesis methods under studies 
and applications should be relatively simple and not too expensive [15] 

 
 

4.2.2 Carbide-derived carbon 

Well-defined hierarchical porous carbon materials with high specific surface 
area and bimodal pore size distribution can be prepared using the selective extr-
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action of non-carbon elements from metal and non-metal binary and ternary 
carbides [19–21,23,24,41–45]. High-temperature etching in halogen gas (e.g. 
chlorine) is prevalent synthesis method of carbide-derived carbons (CDCs). 
However, leaching in supercritical water, high temperature decomposition and 
vacuum decomposition can be used as well [46].  

Usually CDCs are synthesized via chlorination process according to follow-
ing reaction: 

 

2MC Cl MCl C,
2

t
x y

y
x  



 
 
where M is carbide forming element (e.g. Mo, W, Ti, Si, V, Cr, Fe, B, Al). 
Additional oxidation process with water vapour or CO2 can be applied to open 
the closed pores of carbon material prepared [41,45,47]. This is followed by 
high-temperature treatment with H2 or H2 mixture with inert gas during a few 
hours to remove residual chlorine and oxygen containing functional groups 
from the carbon surface [18,41,43]. 

Resulting CDCs are unique micro- and mesoporous materials with controlled 
graphitization level, size and shape of pores, ratio of micropore area to meso-
pore area, ratio of micropore volume to mesopore volume etc. Thus, different 
important parameters can be controlled in a very exact manner [19–24,41–45]. 
Various tunable hierarchical porous structures can be synthesized using differ-
ent precursors (Mo2C, WC, TiC, SiC etc.) and thermal treatment conditions. It 
has been suggested that CDCs are viable fuel cell catalyst supports that are 
capable of realizing the full potential and electrochemical activity of carbon 
supported Pt nanoparticles with superior corrosion stability [16,17,20–24].  

 
 

4.3 Oxygen electroreduction reaction at fuel cell cathode 

The main problem hindering the wide-scale commercialization of PEMFCs is 
high overpotential for oxygen electroreduction at the cathode, determining the 
efficiency of the FC. The identification of the mechanistic sluggishness and 
irreversibility of the ORR has been major challenge for decades [25]. The 
mechanism and kinetics of the ORR at cathode depend on many parameters, of 
which the most important are the chemical composition of the cathode and the 
electrode potential applied.  

Carbon supported platinum is commonly used as anode and cathode catalyst 
in PEMFCs. The need to modify the characteristics of the catalyst has emerged 
due to several factors, such as reducing the price of the active catalyst and 
increasing its activity, selectivity, and long-term stability.  

Novel materials prepared are usually first tested in a three-electrode cell on 
glassy carbon electrode as these experiments are less expensive and complex 
than the two-electrode experiments in completed single cells. Rotating disk 
electrode (RDE) and rotating ring disk electrode methods allow establishment 
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of the electrochemical activity of catalyst materials and determination of some 
reaction intermediates. Therefore, using these methods reaction mechanism of 
ORR can be proposed. In acidic aqueous solution the reaction can proceed 
through two plus two electron transfer pathway via H2O2 intermediate. It was 
determined that the two electron pathway reaction takes place on pure carbon 
support [48]: 

 
O2 + 2H+ + 2e– → H2O2     E0 = 0.69 V vs. SHE, 
 
H2O2 + 2H+ + 2e– → 2H2O.     E0 = 1.77 V vs. SHE 
 
However, electroreduction of H2O2 may also take place in solution or in FC:  
 
H2O2 → 2H2O + O2.  
 
For FC, the more preferred reaction pathway is the four-electron transfer re-
action. This is the expected pathway on Pt-nanoclusters activated carbon elec-
trodes: 
 
O2 + 4H+ + 4e– → 2H2O      E0 = 1.23 V vs. SHE [48,49]. 
 
Pt is is the most active and time-stable catalyst for ORR and therefore most 
commonly used metal catalyst in PEMFC [50]. Marković et al. [51] studied 
ORR on the different crystallographic orientations of Pt electrode surface in 0.1 
M HClO4 solution. They found that the activity for ORR decreases in the order: 
Pt(110) > Pt(111) > Pt(100). For all low-index Pt planes the Tafel-plot slopes 
were found to be −120 mV dec−1 at high current densities and −60 mV dec−1 at 
low current densities. It was proposed that oxygenated surface intermediates 
chemisorbed on Pt are the cause of the change in the Tafel-plot slope value [51]. 
The four-electron ORR, which is predominant in PEMFC with Pt catalyst, con-
sists of several elementary steps involving number of oxygenated surface inter-
mediates. One of the proposed mechanisms has been obtained using DFT-based 
calculations [52]: 
 
O2 + H+ + e– → HOOad,  
 
HOOad + H+ + e– → H2O + Oad, 

 

 

Oad + H+ + e–→ HOad, and 
 
HOad +H+ + e– → H2O.  
 
The surface intermediates reduce the rate of ORR and in the case of Pt the elec-
trochemical reaction is limited by too strong bond of adsorbed HOad [52]. The 
four-electron pathway is preferred in PEMFC, because H2O2 can oxidize carbon 
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support and proton conducting membrane reducing the time stability of FC 
materials. It is assumed that if ORR takes place on pure carbon support with 
different number of edge planes, the reaction can proceed via both pathways 
depending on the exact location of the reaction site. In that case the number of 
electrons transferred in the reaction (calculated using Koutecky-Levich equa-
tion) varies within the range from two to four. [17,21,23]. Compton et al. stud-
ied ORR in acid solution on several carbon materials including basal plane 
pyrolytic graphite and edge plane pyrolytic graphite [53]. They concluded that, 
within these graphitic structures, the substrates with a large number of edge 
plane sites have a higher activity towards ORR and therefore a higher tendency 
to produce H2O2 if used as a catalyst support in a PEMFC. It is therefore 
favourable to decrease the number of edge plane sites in carbon catalyst sup-
ports for PEMFC in order to reduce possible membrane and support degradation 
caused by H2O2 attack [53]. 

As CDCs can be synthesized with various tunable properties, it is possible to 
tailor the suitable support material for ORR [16,21]. Schlange et al. used TiC 
based CDCs as supports at DMFC cathode achieving 18% higher power density 
values compared with those for carbon black (Vulcan XC72R) supported cata-
lysts [54]. They related improved performance with the inhomogeneous cata-
lysts dispersion, a higher surface area of CDC support, the smaller platinum 
particles sizes compared to carbon black supported catalyst and the more gra-
phitic ordering of TiC–CDC reducing the electric resistance [55]. RDE data for 
various CDCs indicate, that Mo2C based carbon materials with variable physical 
properties are interesting and promising objects to be used as catalyst supports 
for PEMFC. [20,21,24] 

 
 

4.4 Methods for physical characterization of materials 

The composition and structure of FC catalyst and/or support have a significant 
influence on the performance, stability and cost of FC. Significant efforts have 
been made to obtain the structural information of the materials used in FCs and 
to link this information with the measured electrochemical data, in order to suc-
cessfully design and optimize the electrode surface and porous structure [26].  

 
 

4.4.1 Gas sorption for porosity characterization  

Gas sorption is one of the important and informative experimental methods 
employed for the characterization of the porous materials. Combined N2 and 
CO2 adsorption data at 77 K and 273 K are mainly used to characterize micro-
mesoporosity of carbon materials. It allows to access wide range of pore sizes, 
from 0.35 to 100 nm [56]. According to IUPAC nomenclature, pores can be 
classified according to the diameter (W): pores with W < 2 nm are micropores, 
mesopores diameter is within the range from 2 nm to 50 nm and macropores are 
larger than 50 nm [46,57].  
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4.4.1.1 Brunauer-Emmett-Teller theory 

The Brunauer-Emmett-Teller (BET) adsorption theory is widely used for cal-
culation of the specific surface area of catalyst and various other finely divided 
powders and porous materials [58–61]. The BET equation is given as: 
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where W is the mass of gas adsorbed at relative pressure P/P0, Wm is the mass 
of adsorbate in a monolayer. BET constant c is related to the adsorption energy 
of the adsorbed monolayer, i.e. it describes the adsorbent-adsorbate interactions. 
Thus, the BET plot (adsorption isotherm) in coordinates 1/{W[(P/P0)–1]} vs. 
P/P0 should be linear. However, for many materials the linearity is achieved 
within the P/P0 range from 0.05 to 0.35. The mass of adsorbate can be calcu-
lated from the slope and intercept of the BET plot (2): 
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The specific surface area, SBET, can be calculated using the Wm value by fol-
lowing equation: 
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where NA is the Avogadro constant (6.022·1023 molecules per mole), ACS is the 
molecular cross-section area of adsorbate (0.162 nm2 for N2 at 77 K [60,61]), M 
is the molar mass of adsorbate (28 g mol−1 for N2) and mad is the adsorbent mass 
i.e. mass of the sample. 
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4.4.1.2 Calculation of the total pore volume 

The total pore volume, Vtot, is defined as the liquid volume absorbed at certain 
relative pressure, when the sorption isotherm exhibits a distinct plateau. In this 
case, it is assumed that all pores are filled with liquid adsorbate and thus, the 
density of the adsorbate is equal to the density of the liquid bulk at saturation 
pressure [59,62]. At pressure P and temperature T, the total pore volume t can 
be calculated using the following equation: 

 

 RT

VPV
V molarads

tot 
, (6) 

 
where Vads is the volume of adsorbate adsorbed, Vmolar is the molar volume of 
adsorbate (34.7 cm3 mol–1 for N2 at 77 K) and R is the ideal gas constant 
(8.314 J mol–1 K–1).  

 
 

4.4.1.3 The t-plot method  

The t-plot method extends to higher relative pressures compared to the BET 
method and therefore enables determination of the so-called external surface 
area Sext of the adsorbent material, i.e. meso- and macroporous surface area 
[62,63]. The adsorbed gas volume Vads, is plotted against the statistical thickness 
of the adsorbed layer tstat to obtain the so-called t-plot. A convenient method to 
calculate tstat has been proposed by de Boer et al. [64]: 

 

 

stat

0

13.99

log 0.034
t

P
P




. (7) 
 

The Sext value can be calculated from the slope of the linear high-pressure area 
of the t-plot and the intercept extrapolated to the volume axis will provide the 
micropore volume (Vmicro). The surface area of micropores, Smicro, can be found 
from the difference of total surface area and meso-and macropore area: 

 
 Smicro = SBET – Sext.  (8) 

 
 

 
4.4.1.4 The non-local density functional theory 

One of the most accurate methods to describe pore size distribution of 
microporous-mesoporous materials is the non-local density functional theory 
(NLDFT) [65]. To practically apply this approach for the calculation of the pore 
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size distribution from the experimental adsorption isotherms, theoretical model 
isotherms have to be calculated using methods of statistical mechanics [56]. 
NLDFT describes objectively the local structure of the condensed adsorbate at 
the curved solid surfaces. The shape of the isotherm is determined by the inter-
molecular forces between liquid-liquid and liquid-solid interfaces. Generalized 
adsorption isotherm describes relation between isotherm shape and molecular 
forces: 
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where N(P/P0) is the experimental adsorption isotherm data point, W is the pore 
width and f(W) is the pore size distribution function. It is assumed that the final 
isotherm consists of many individual isotherms of single pores multiplied by 
their distribution function f(W) over the range of pore sizes expressed in porous 
structure [65,66]. 

 
 

4.4.2 X-ray diffraction  

X-ray powder diffraction (XRD) is a rapid analytical technique allowing quali-
tative and qualitative identification of the structure of the crystalline compound. 
The studied solid sample is mounted into a goniometer and illuminated with a 
finely focused monochromatic X-ray beam, producing a diffraction pattern. 
Information about the arrangement and the spacing of atoms in crystalline mate-
rials can be determined studying the XRD diffraction pattern characteristics, 
which are unique for each crystalline substance. Thus, if an exact match can be 
found between the reference pattern and the sample under study, the chemical 
and crystallographic identity can be assumed and thus verified. [67,68]  

XRD allows determination of the crystallite size of Pt catalyst used in 
PEMFC electrodes. The Lorentzian band shape and the Gaussian error-distribu-
tion function are usually used for approximation of the band shape with a 
meaningful mathematical function. The crystallite size d can be calculated by 
the Scherrer equation: 
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where K is a dimensionless shape factor (K = 0.93), λ is the X-rays wavelength 
of the beam used,  is the full width at half maximum of the reflections and θ is 
the Bragg angle [69]. 
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4.5 Electrochemical characterization methods 

4.5.1 Cyclic voltammetry  

Cyclic voltammetry (CV) is a potentiodynamic method in which a continuously 
cycling potential is applied across the electrode-electrolyte interface and the 
resulting current is measured. In the CV method the electrode potential is 
changed with fixed rate from the initial potential to the final potential and then 
inverted back to the initial potential. The corresponding relationship between 
applied potential and measured current is called cyclic voltammogram [26,70]. 

 
 

 
Figure 2. (a) Cyclic potential sweep and (b) resulting cyclic voltammogram if reversi-
ble oxidation/reduction process occurs.  
 
 
In the case of a reversible electron transfer (reduction) reaction of the type 
O + ne− → R (O is the oxidized form and R is the reduced form of an electro-
chemically active substance), an inverse peak appears in the reverse scan of 
cyclic voltammogram (Figure 2). The rate of the heterogeneous electron transfer 
and/or homogeneous chemical process accompanying electrochemical charge 
transfer step could be determined based on the measurement of peak potential, 
Ep, and peak current, IP, data as a function of electrode potential scan rate, v.  

It has been demonstrated that the CV can be used for describing the reversi-
bility of different redox processes by analysis of the difference between oxida-
tion and reduction Ep-values. The difference between corresponding peaks is 
58/n mV for a reversible process of n electrons transfer. In the case of partially 
reversible process, the distance between the peaks is wider and peak current 
values change. If the reaction is irreversible (e.g. ORR), no inverse peaks 
appear in the reverse potential scan [70].  

The total current measured (Eq. 11) is the sum of the faradaic current (If) 
which is caused by the electrochemical reaction, and capacitive current (IC) 
contribution. IC is caused by the double layer charging or discharging while 
scanning the electrode potential. Ideally, the value of capacitive current is linear 
linear function of the electrode potential scan rate. 
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where Cd is the differential capacitance of the electrical double layer. These 
contributions can be subtracted by analysing the cyclic voltammograms (CVs) 
measured in several values of v. 

If current is proportional to v ( ∝ ) then the adsorption step limits the pro-
cess and if If is proportional to square root of v ( ∝ / ) then it is a mass 
transfer limited process [70].  

 
 

4.5.1.1 Electrochemically active surface area of platinum catalyst 

The most widely used application of CV to PEMFCs is the determination of 
electrochemically active surface area (ECA) of the Pt-based electrocatalysts 
[26]. In aqueous electrolyte or in MEA, when potential of Pt-based electrocata-
lyst is cycled within the range from 0 to 1.2 V vs RHE, the current peaks caused 
by adsorption/desorption of hydrogen adatoms on the surface of Pt appear 
within the potential range from 0 to 0.4 V. [26,71] In potential range from 0.7 to 
1.2 V the current peaks are caused by Pt oxidation in the so-called forward and 
Pt oxide reduction in the reverse scan (towards negative potentials). 

However, the ECA value is determined from current peaks of the H adatoms 
adsorption/desorption (or proton reduction/hydrogen ionization). The charge 
values, QH, for corresponding processes can be calculated applying the follow-
ing equation: 

 
 QH = Qtotal – QDL, (12) 

 
where Qtotal is the charge transferred within the hydrogen adsorption/desorption 
potential region and QDL is the charge for double layer formation which has 
been estimated through a linear extrapolation of the capacitance value from the 
so-called double layer region (approximataly from 0.4 V). The ECA for Pt 
(in m2 g−1) can be calculated with respect to the mass of Pt from the following 
formula: 
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, (13) 

 
where mPt is the mass of Pt deposited onto/into the electrode (mg) and QH,ref is 
the charge required to oxidize a monolayer of hydrogen atoms Had or to reduce 
H3O

+ forming the monolayer of Hads on the compact polycrystalline (metallic) 
Pt (assumed as 0.21 mC cm−2) [71,72]. 
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4.5.2 Rotating disk electrode method 

The most common method for analysis of the electrochemical activity of newly-
developed catalysts is the rotating disk electrode (RDE) method in aqueous 
electrolyte. This technique allows relatively quick determination of the ORR 
activity of the catalyst studied and it can be to some extent connected with the 
activity of the catalyst in MEA, as long as the weight of catalyst is precisely 
known [26].  

In the RDE method it is assumed that the rate of mass transport to the porous 
and rough electrode surface is uniform. The other important assumption is that 
the flow rate of the solution around electrode is laminar in case of all rotation 
rates. If the flow is laminar, it is possible to calculate the rate of mass transport 
applying the theory developed by Levich [70]:  

 
 = −0.62 F ⅔ ⅙ ½ ,  (14) 

 
where jD is the diffusion step limited charge transfer current density, n is the 
number of electrons transferred per electroreduction of one O2 molecule, F is 
the Faraday constant,  is the diffusion coefficient for O2 (1.8 × 10–5 cm2 s–1 

in 0.5 M H2SO4 at 25 °C [13]), 2bOc  is the concentration of O2 in the bulk 

solution (1.13 × 10–6 mol cm–3 in 0.5 M H2SO4 at 25 °C [73]), υ is the kinematic 
viscosity of the aqueous solution (0.01 cm2 s–1 [13]), ω is the angular velocity of 
the rotating electrode. Based on the Levich equation, the limiting current 
depends linearly on the reagent concentration. Thus, Eq. 14 can be used to 
calculate the diffusion coefficient for reacting species in solution. In addition, 
Eq. 14 can be used for calculation of the number of electrons (n) if the charge 
transfer rate is limited by the diffusion.  

In the mixed kinetics control region, the Koutecky-Levich equation [74–76] 
can be applied: 
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where jK is the kinetic current density, khet is the electrochemical rate constant 
for ORR and = 0.62 F ⅔ ⅙ . From the slope value of the linear 
Koutecky-Levich plot (1/j vs 1/ω½), the diffusion coefficient or the number of 
electrons transferred can be calculated. Most importantly, from the intercept the 
kinetic current densities can be calculated [74–76]. 

The RDE data for supported catalyst with relatively thick catalyst layer can 
be analyzed using the so-called two active layers model, which takes into 
account the diffusion in the electrolyte boundary-layer and in Nafion film 
[77,78]: 
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where jf is the current density in the Nafion® film with thickness Lf, cf and Df 
are the O2 concentration and diffusion constant in the Nafion® film, respec-
tively. However, analysis made by Behm et al. [79,77] demonstrated that for 
thin Pt-carbon film electrodes (Lf < 0.1 m) the role of Nafion® layer was 
unimportant (if jf >> jk) and thus the classical Koutecky-Levich equation can be 
applied. 

 
 

4.5.3 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is technique, where a small 
alternating current (ac) voltage or current with controlled amplitude and fre-
quency is added to the direct current (dc) signal and is applied to the electro-
chemical cell. The amplitude and phase of the resulting signal, current if con-
trolling voltage or vice versa, are measured with respect to those of the pertur-
bation signal. This is repeated over a wide range of frequencies to obtain an 
impedance spectrum. Mathematical and physical analysis of the signal provides 
the extent of influence of resistance (R), capacitance (C) and inductance on the 
processes occurring at a specific frequency [70,80]. EIS enables separate 
evaluation of series resistance, overall resistance and any faradaic resistance 
caused by the electrochemical reactions. In case of PEMFC materials, EIS is 
used to study ORR kinetics, mass transport losses, evaluate ohmic resistance 
and electrode properties such as double layer capacitance [26]. 

If a monochromatic alternating voltage E(t) = E0sin(ωt) is applied to an 
electrode, then the resulting current is I(t) = I0sin(ωt+), where  is the phase 
difference between the voltage and the current (depending on the physical char-
acteristics of the system) and E0 and I0 are the amplitudes of the sinusoidal volt-
age and current, respectively. Based on the Ohm’s law, the complex resistance 
(impedance), Z, is defined as, [70,74,76]: 
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with i = √−1, where Z´ and Z´´ are the real and imaginary parts of the imped-
ance. The impedance of the real electrochemical system is a function of fre-
quency. 

For an ideal resistor, the phase shift is zero ( = 0) and for an ideal capacitor 
 = –π/2 rad. For a real electrochemical interphase the phase shift depends on 
the electrochemical processes taking place at the interface and thus on the fre-
quency and potential applied.  
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Figure 3. Equivalent RC circuits, where resistance and capacitance are connected (a) in 
series and (b) in parallel.  

 
 

In Figure 3(a) the resistor and the capacitor are connected in series (so called 
series RC circuit) and the following relations are valid: 
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where RS and CS are the series resistance and series capacitance. In Figure 3(b) 
the corresponding elements are connected in parallel, and the following rela-
tions are valid: 
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where RP and CP are the parallel resistance and parallel capacitance. 

2 2( ') ( '')Z Z Z  is the magnitude of impedance. For an ideally polarizable 

interface the series and the parallel capacitances are overlapping [70,76]. 
 
 

4.6 Performance characteristics of a fuel cell 

The theoretical, thermodynamic reversible cell voltage of a H2-O2 FC at open 
circuit potential (OCP) (i.e at zero current condition) and standard conditions is 
E0 = 1.23 V. Upon current flow, a number of voltage losses occur in FC 
decreasing the cell voltage according to Eq. 20 [25]: 

 
ΔE= E0 −  ηact, cathode − ηact, anode − iRohmic – ηconc, cathode − ηconc, anode. (20) 

 
Thus, the voltage loss is caused by activation losses (faradaic reactions activa-
tion energies) at the cathode and anode (ηact, cathode and ηact, anode), ohmic drop 
across the membrane and external circuit caused by the combined electronic, 
ionic and contact resistance, Rohmic, and concentration overpotentials at both 
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electrodes (ηconc, cathode and ηconc, anode), which become noticeable or rate limiting 
at higher current densities, were large amount of fuel and oxidant react at anode 
and cathode.  

Fig. 4 illustrates how the ideal cell voltage (without any losses) differs from 
real FC behaviour. Activation overvoltages are the largest cause of loss of volt-
age and hence the efficiency of a FC. This is why great deal of research has 
been and will be focused on the discovery of improved FC electrocatalysts.  

 
 

 
Figure 4. Ideal and actual H2-O2 FC voltage/current curve [29]. 

 
 

Activation loss is caused by the activation overvoltages at cathode and anode 
for ORR and hydrogen electrooxidation reaction, respectively. Typically,  
ηact, cathode exceeds ηact, anode by at least two magnitude. This is why improved 
ORR electrocatalyst offers much larger gain in FC voltage and hence, 
efficiency. Therefore much more effort is directed toward development of more 
efficient electrocatalyst materials for ORR [25,27].  

Besides the efficiency, the stablilty of electrocatalyst materials is also 
extremely important. During operation, a PEMFC exhibits a gradual decline in 
power output as individual components are exposed to an aggressive combina-
tion of strong oxidizing conditions like low pH, high temperature, high water 
content and high electrochemical potential and oxygen concentration [39,81]. 
Various degradation mechanisms cause decay of PEMFC performance during 
operation [82]. At least four possible mechanisms have been proposed to 
describe the decay of Pt-based catalyst: [30]: 

1) growth of Pt-nanoparticles via Ostwald ripening,  
2) detachment of Pt-nanoparticles from the support, 
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3) dissolution and re-precipitation of Pt-nanoparticles in the ion conductor, 
and 

4) coalescence of of Pt-nanoparticles by migration on the support. 
 

The dominant mechanism of decay depends on the operational conditions of 
PEMFC and the type of catalyst material used. Under ideal PEMFC operational 
conditions (from 0.6 V to OCP) Pt dissolution and PtO formation and subse-
quent chemical dissolution are both possible mechanisms of Pt area loss. During 
FC start-stop conditions, where cathode potential can reach up to +1.5 V, car-
bon oxidation/reduction (corrosion) is the main reason of catalyst degradation 
[26]. At lower electrode potential values, carbon corrosion to CO2 can be also 
enhanced by Pt catalysts, which may cause permanent loss of support material 
and even the collapse of the electrode [39,81]  
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5. EXPERIMENTAL 
5.1 Synthesis of carbide-derived carbon powders  

Catalyst supports were synthesized from carbides using the chlorination method 
at different fixed temperatures from 600 to 1100 °C [19,42–44]. The starting 
materials were Cl2 (99.999%, AGA), tungsten carbide (α–WC, 99%, particle 
size <10 μm, Aldrich), and molybdenum carbide (Mo2C, 99.5%, −325 mesh 
powder, Sigma-Aldrich). The chlorination temperature for WC was 1100 °C 
and for Mo2C within the range from 600 to 1000 °C, selected to prepare carbon 
materials with a wide variation of porosity and crystallinity characteristics [42–
45]. Carbide was loaded into a quartz vessel in a tube furnace and it was reacted 
with Cl2 for 6 h at a flow rate of 50 ml min–1. After chlorination, the reactor was 
flushed with a stream of Ar (99.9999%, AGA) to remove the excess of chlorine 
and residues of gaseous and adsorbed by-products from the nanoporous carbon 
surface formed. Additional cleaning, i.e treatment with H2/Ar (1:4) mixture was 
performed at 800 °C for 2 h to remove the residual chlorine, chlorides, and oxy-
gen-containing functional groups from the surface of porous CDC powder. The 
corresponding carbide-derived carbons are noted below as: C(Mo2C)600 °C, 
C(Mo2C)750 °C, C(Mo2C)800 °C, C(Mo2C)850 °C, C(Mo2C)900 °C, 
C(Mo2C)1000 °C and C(WC) 1100 °C [16,17,42,43]. 

 
 

5.2 Preparation of Pt-nanoclusters activated catalysts  

The Pt nanoparticles were deposited onto carbon supports by the so-called 
sodium borohydride reduction method [14,23,33,40,83]. The required quantity 
of H2PtCl6×6H2O (99.9 %, Alfa Aesar) was dissolved in Milli-Q+ water, and 
the mixture was diluted to prepare a solution with a total Pt concentration of  ∼2 mM. The solution was thereafter stirred at ambient temperature for 1 h. The 
pH of the solution was adjusted to ∼8 with dropwise addition of 20 wt% NaOH 
(99.99 %, Sigma-Aldrich) solution. The required amount of carbon powder was 
suspended in Milli-Q+ water and stirred to form a homogeneous carbon slurry, 
which was added into an aqueous solution of H2PtCl6. Thereafter, the NaBH4 
(≥98.0 %, Aldrich) was dissolved in Milli-Q+ water and the prepared solution 
was added carefully to the previously prepared carbon suspension. The reaction 
mixture received was stirred for 2 h and left to settle overnight. The catalyst was 
filtered, rinsed with Milli-Q+ water, and dried in a vacuum oven at 80 °C. The 
amount of Pt in all the catalysts prepared was ∼70 wt % (14 at%). The prepared 
catalysts will be noted as Pt-C(Mo2C)600 °C, Pt-C(Mo2C)750 °C,  
Pt-C(Mo2C)800 °C, Pt-C(Mo2C)850 °C, Pt-C(Mo2C)900 °C, Pt-C(Mo2C)1000 °C, 
Pt-C(WC)1100 °C, and Pt-C(Vulcan). 
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5.3 Structural characterization  
of catalysts, catalyst supports and single cell electrodes 

The XRD patterns for the materials were collected with a Bruker D8 Advance 
diffractometer with Ni filtered CuKα radiation (0.6 mm wide parallel beam, two 
2.5° Soller slits and LynxEye line detector). The scanning step of 0.01° for 2θ 
was applied from 16° to 90° and the total counting time per step was 166 s. The 
X-ray tube was operated at 40 kV and 40 mA. 

The thermogravimetric analysis (TGA) in the atmosphere consisting of  
80 vol% N2 and 20 vol% O2 was carried out in order to estimate the content of 
Pt in the catalyst materials using NETZSCH STA449F3. The temperature was 
varied from 40 to 1000 °C with a heating rate of 5 °C/min and with gas flow 
rate of 120 cm3 min−1. Weight of the samples tested in the Al2O3 pan was 7–9 mg. 

The porosity of the powders was estimated using the low-temperature  
(–195.8 °C) nitrogen sorption method [66] combined with CO2 sorption method 
[84] (Micromeritics ASAP 2020). The non-local density functional theory and 
the slit shape pore model [14,84] were used for the pore size distribution 
calculation. The values of specific surface area were calculated using the 
Brunauer-Emmett-Teller multipoint theory [66] within the relative pressure 
(p/p0) range from 0.05 to 0.2. The total volume of pores (near saturation pres-
sure) and the volume of micropores were calculated using the t-plot method 
assuming the Harkins and Jura thicknesses between 0.5 and 0.9 nm [61].  

The high-resolution transmission electron microscopy (HRTEM) images 
were measured on a Tecnai 12 instrument, operated at a 120 kV accelerating 
voltage [85]. HRTEM studies were conducted in Aalto University. The high-
resolution scanning electron microscopy (HRSEM) data were obtained using 
HeliosTM Nanolab 600. The cross-sectional viewes of MEAs ware studied using 
Microtrac Semtrac system. 

 
 

5.4 Preparation of catalyst ink and electrodes  

Catalyst ink was prepared by suspending the Pt-C powder in the solution of 
Milli-Q+ water, isopropanol (Sigma-Aldrich, >99%) and Nafion® dispersion 
(Aldrich) in such ratio that the final dry catalyst layer would have 5 wt% con-
tent of Nafion® in the electrodes deposited onto glassy carbon disk electrode 
(GCDE) support and 20–25 wt% content of Nafion® ionomer in the single cell 
electrodes. Ink was agitated in an ultrasonic bath for 30 min to wet and disperse 
the catalyst and Nafion® thoroughly and homogeneously. 

In the experiments with three-electrode configuration, glassy carbon disk 
electrodes (GCDEs) (diameter 5 mm), pressed into a Teflon® holder, were used 
[17,20,21,23,24,86,87]. The GCDE was polished with 0.05 μm alumina slurry 
(Buehler) to a mirror finish. After polishing, the GCDE was washed with Milli-Q+ 
water and sonicated in Milli-Q+ water for a few minutes. The catalyst ink was 
deposited onto the GCDE surface and dried at room temperature. The flat cross-
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section surface (geometric) area of the electrode was 0.196 cm2. The loading of 
the Pt-C catalyst on GCDE was approximately 0.5 mg cm−2 (thus, ∼0.35 mg Pt 
per 1 cm2 geometric surface area). In order to achieve good wetting of the 
catalyst layer, the electrode was impregnated in Milli-Q+ water before the 
assembling of the electrochemical cell. 

In the single cell experiments (two-ectrode system) catalyst ink was depos-
ited onto the Nafion®115 membrane using spray gun and dried in vacuum oven 
at 50 mbar and 80 °C. To avoid the inhomogeneity in the catalyst layer caused 
by swelling, the MEAs were pressed before and after every coating procedure at 
6 MPa in 80 °C using isostatic laminator (Keko ILS-66). The geometric surface 
area of the electrode was 5 cm2. The electrocatalyst loading was ∼1.0 mg cm−2, 
including ∼0.7 mg cm−2 Pt in the form of deposited nanoclusters [16]. 

 
 

5.5 Electrochemical measurements 

All electrochemical measurements were performed with potentiostat/galvano-
stat Gamry Reference 600 or Autolab PGSTAT 302 (with Autlolab 20A booster 
for single cell tests). 

 
 

5.5.1 Experiments in a three-electrode glass cell 

Measurements were carried out using a RDE system (Pine Instrumental Com-
pany). The counter electrode was a large Pt wire mesh, separated from the main 
solution by a fritted glass membrane. The working electrode potential was 
measured against the Hg│Hg2SO4│saturated K2SO4 reference electrode, con-
nected to the cell through a long Luggin capillary. Hereafter all potentials are 
given vs. reversible hydrogen electrode (RHE). The electrodes were submerged 
in 0.5 M H2SO4 (Fluka, TraceSelect®Ultra) solution under a standby potential of 
1.07 V (vs. RHE), where faradaic current densities were minimal. Thereafter, 
CVs at different potential scan rates (2 to 200 mV s−1) were collected. After CV 
measurements, the RDE voltammetry curves were measured at potential scan 
rate 10 mV s−1 at electrode rotation velocities from 0 to 3000 revolutions per 
minute (rpm) [20,23,24]. Next, the solution was saturated with high-purity 
molecular O2 (99.999 %, AGA), and CVs were measured. The EIS data were 
obtained in Ar saturated solution at ac frequencies from 0.01 to 10 000 Hz at 
0.65 V (vs. RHE) with ac potential modulation of ±5 mV root mean square 
(rms). The electrolyte resistance, i.e. the high-frequency series resistance, Rel, 
was calculated from EIS data at f→∞ (Rel = Z’ (f→∞)), and it was used to cor-
rect the measured electrode potentials against ohmic potential (iR) drop in the 
solution phase between the electrode and the tip of the Luggin capillary in the 
three-electrode system. All measurements were carried out at temperature 22±1 °C, 
and at least four different electrodes, prepared using identical conditions, were 
tested [17,20,23,24,87]. 
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5.5.2 PEMFC single cell experiments 

The MEA prepared was placed between the graphite plates with septrine gas 
flow channels. Teflon® gaskets (0.25 mm) and ELAT 1400W gas diffusion 
layers were used for assembling the single cell, which was held together by 
eight 6 mm bolts with a torque of 5 N m [16]. 

H2 and O2 were fed to the anode and cathode at flow rate of 200 cm3 min−1 
and 100% relative humidification (100% RH) at temperatures 30, 40, 50 and 
60 °C. Gas flow was regulated and humidified using MKS Type M100B mass-
flow controllers and a dew point humidification system (Fuel Cell Technolo-
gies, Inc.). Polarization and power density curves were measured in the gal-
vanostatic mode. Data were collected with 0.2 A current intervals and each 
point was measured for 60 s. EIS measurements were performed in galvanos-
tatic (current density j = 0.4 A cm−2) and potentsiostatic (cell potential 
E = 0.55 V) modes at frequency range from 0.5 to100 000 Hz with an applied 
ac amplitude of 0.02 A or 0.005 V (rms) respectively.  

The ECA was calculated using the traditional hydrogen adsorption method 
[71] based on the analysis of the current peak areas in the cyclic voltammetry 
curves (area under the peak is proportional to the charge used for reduction of 
H3O

+ cations) measured within the potential range from 0.04 to 1.1 V vs. RHE 
at scan rates from 20 to 500 mV s−1 at 30 °C. Humidified (100% RH) N2 was 
fed to the cathode and H2 to the anode with flow rates of 200 cm3 min−1 and 
10 cm3 min−1 respectively. 
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6. RESULTS AND DISCUSSION 
6.1 Physical  

characteristics of the materials 

The carbon supports and Pt-C catalyst materials were characterized using sev-
eral physical methods.  

TGA measurements were conducted prior PEM single cell test to determine 
the exact weight percentage of Pt deposited into/onto catalyst powders prepared. 
According to the TGA measurement results (Table 2), the platinum content was 
similar in all the catalyst materials studied [16]. It was established that the aver-
age weight percentage of platinum in the samples was 71.8±1.7. The TGA 
curves of some Pt-C(Mo2C) samples are presented in Fig 5. The temperature of 
carbon burn-off depends somewhat on the graphitization level of the support 
studied, being in the range from 350 °C to 450 °C. 

 
 

 
Figure 5. The TGA curves for the Pt-C(Mo2C) catalysts (noted in figure) in the syn-
thetic air [16]. 

 

The collected XRD data are presented in Fig. 6. The diffraction peaks corre-
sponding to the Pt(111), Pt(200), Pt(220), Pt(311) and Pt(222) planes are clearly 
visible [40]. The average lattice parameter calculated for Pt is 0.3913± 
0.0001 nm (Table 2) and this value does not depend on the catalyst support 
used. The average lattice parameter calculated is lower than the lattice 
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parameter for bulk Pt, but this deviation could be explained by the continuous-
medium model [88].The average crystallite size of the Pt crystallites has been 
estimated from Pt(220) reflection by using the Scherrer’s equation (Eq. 10) 
[89]. The results of calculations are shown in Table 2. The calculated average 
crystallite size is 4.5±0.5 nm. The crystallites of platinum deposited onto 
C(Mo2C)600 °C and C(Mo2C)1000 °C supports are slightly bigger, and this is 
also evident from XRD peaks sharpening shown in Fig. 6. According to the 
results of the TGA and XRD measurements the reproducibility of the catalyst 
material characteristics is good. 
 
 

 
Figure 6. XRD patterns for the Pt-C(Mo2C) and Pt-C(Vulcan) catalysts synthesized [16]. 
 
  
The results of the N2 sorption measurements, given in Table 2 indicate that all 
the catalysts are microporous-mesoporous materials. Generally, SBET increases 
with the decrease of chlorination temperature (i.e. with the synthesis tempera-
ture of the catalyst support C(Mo2C)). The Vtot-value is maximal for  
Pt-C(Mo2C)800 °C and the corresponding values for Pt-C(Mo2C)750 °C and Pt-
C(Mo2C)850 °C are only slightly lower. The same trend has been also followed 
for unmodified catalyst supports C(Mo2C) [21].  

Fig. 7 presents the pore size distribution data after the Pt nanoparticles depo-
sition onto the carbon supports. All Pt-C(Mo2C) catalysts have micropores 
(pores with widths d ≤ 2 nm) and mesopores (2 nm ≤ d ≤ 50 nm) [90,91]. How-
ever, the materials studied can be divided into three groups based on the pore 
size distribution data in the region of mesopores. (A) Mainly microporous mate-
rial (Pt-C(Mo2C)600 °C) with two small peaks in the region of mesopores at 
2.9 nm and at 15 nm. (B) Microporous-mesoporous materials (Pt-C(Mo2C)750 °C, 



36 

Pt-C(Mo2C)800 °C and Pt-C(Mo2C)850 °C) with two well-developed main 
peaks in the region of mesopores at 3.4 nm and at 15 nm. (C) Microporous-
mesoporous materials (Pt-C(Mo2C)900 °C and Pt-C(Mo2C)1000 °C) with one 
peak in the region of mesopores at 8.6 nm. The deposition of the Pt nanoparti-
cles onto C(Mo2C) does not change the pore size distribution plot shape, i.e. the 
catalyst and catalyst support have similar microporous-mesoporous structure 
and comparable pore size distribution [21]. The material Pt-C(Vulcan) has both 
mesopores and macropores according to pore size distribution plot in Fig. 7 and 
the pores with size more than 50 nm could be caused by the porosity between 
the C(Vulcan) particles as the size of the C(Vulcan) particles is about 50-
100 nm [16]. 

 
 

 
Figure 7. The pore size distribution of the Pt-C(Mo2C) and Pt-C(Vulcan) catalysts 
synthesized (noted in figure) [16].  
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Table 2. Results of N2 sorption, thermogravimetric and X-ray diffracion measurements [16]. 

Catalyst material 
SBET / 
m2 g−1

Smeso / 
m2 g−1

Vtot / 
cm3 g−1 

Vmeso / 
cm3 g−1 

wt% 
(Pt) 

a (nm) d (nm) 

Pt-C(Mo2C)600 °C 510 110 0.43 0.22 74 0.391 4.7 

Pt-C(Mo2C)750 °C 610 100 0.62 0.21 70 0.391 4.1 

Pt-C(Mo2C)800 °C 550 200 0.64 0.41 70 0.391 4.4 

Pt-C(Mo2C)850 °C 450 80 0.58 0.22 71 0.391 4.1 

Pt-C(Mo2C)900 °C 250 75 0.50 0.15 74 0.391 3.8 

Pt-C(Mo2C)1000 °C 220 60 0.42 0.12 73 0.392 5.6 

Pt-C(Vulcan) 94 67 0.38 0.37 71 0.391 4.6 

SBET – specific surface area; Smeso – mesopore area; Vtot – total pore volume; Vmeso – mesopore 
volume; wt%(Pt) – weight percentage of Pt deposited onto/into the catalyst; a – lattice parameter 
for Pt; d – crystallite size of Pt calculated using the Scherrer model (based on Pt(220) reflection). 

 
 

The structure of catalyst materials and carbon supports have been visualized 
using a HRTEM and HRSEM. Fig. 8a the depicts a graphene-like 
C(WC)1100 °C particle revealing the existence of somewhat ordered graphitic 
particles in/on the sample surface. On the contrary, Fig 8b shows that other 
support C(Mo2C)800 °C is mainly amorphous, presenting only little evidence of 
interlayer correlation. As it can be seen from Fig 8c, the deposited Pt has 
formed mainly small and clearly separated nanoparticles (d < 5 nm), however 
some Pt agglomerates have been observed as well. 

 

Figure 8. High resolution transmission electron microscopy data for: a) pure carbon 
support C(WC)1100 °C; b) pure carbon support (Mo2C)800 °C and c) catalyst material 
Pt-(Mo2C)800 °C. 
 
 
SEM images of MEA prepared from Pt-C(Mo2C)800 °C are shown in Fig. 9. 
Electrodes on the both sides of proton conducting Nafion® membrane can be 
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seen in Fig. 9a. The thickness of Pt-C(Mo2C)800 °C cathode is about 7-10 μm, 
the thickness of the anode prepared form commercial Pt-C(Vulcan) material is 
9-11 μm. The particles of catalyst are clearly visible in Figs 9b and 9c, and a 
good contact with the electrolyte layer has been achieved.  

The size of irregular shaped C(Mo2C)800 °C particles varies from 1 μm to 
4 μm. Large macropores between the Pt-C(Mo2C)800 °C particles can facilitate 
the diffusion of reagents and improve water management. The particles of cat-
alyst Pt-C(Vulcan) have a spherical shape with the size about 0.1 μm. The 
macropores between the Pt-C(Vulcan) particles are of the same order of mag-
nitude (0.1 μm). Fig. 9d demonstrates the HRSEM image of catalyst material 
Pt- C(Mo2C)800 °C and it can be seen that the surface of carbon particle has 
been covered uniformly with the Pt nanoparticles.  

The particle size histograms have been constructed for many surface areas 
and the corresponding data for one selected area is given in Fig. 9d. The aver-
age size of the Pt nanoparticle based on the analysis of more than 130 particles 
is 6.0±1.7 nm. The size of non-agglomerated Pt nanoparticles is statistically 
reproducible and varies from 5 to 8 nm over wide number of catalysts regions, 
which is in a good agreement with XRD data (Table 2). 

 
 

 
 

Figure 9. The scanning electron microscopy images a-c): of the membrane electrode 
assembly (MEA) with cathode: Pt-C(Mo2C)800 °C and anode Pt-C(Vulcan); d) high 
resolution scanning electron microscopy image of catalyst Pt-C(Mo2C)800 °C with 
histogram for size distribution of Pt nanoparticles.  
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6.2 Electrochemical characterization of carbon  
and Pt-C materials on glassy carbon electrodes 

Catalyst supports and Pt-nanoclusters activated carbon materials deposited onto 
GCDE have been tested in 0.5 M H2SO4 solution in order to determine their 
electrochemical activity towards ORR prior to their application in FCs. Differ-
ent CDCs and Pt-activated catalysts have been studied using RDE, CV and EIS 
methods and the results have been compared with data for commercial carbon 
Vulcan and Pt-C(Vulcan) [17,21,85,86].  

In paper I [17] two different CDCs are compared with Vulcan XC72R. CV 
and RDE data show that high cathodic ORR current densities have been 
achieved for the Pt nanocluster-modified electrodes deposited onto the GCDE 
support. For Pt-C(Mo2C) electrode, the overvoltage of ORR is about 0.5 V 
lower than that for pure catalyst support C(Mo2C).  

 
 

 
Figure 10. The oxygen reduction current density, j, vs. electrode potential, E, for stud-
ied carbide-derived carbons, C(Vulcan) and Pt-C(Mo2C)800 °C in 0.5 M H2SO4 solu-
tion at different electrode rotation rates (noted in figure in revolution per minute) given 
in the figure. Current densities are corrected for current densities in the 0.5 M H2SO4 
solution, saturated with Ar. 
 
 
The formation of clear diffusion-limited current plateaus takes place for the 
ORR on all Pt-nanoclusters activated materials studied. In the case of non-acti-
vated C(Mo2C)800 °C, C(WC)1100 °C or C(Vulcan), the ORR current is only 
just approaching the plateau region (Fig. 10). The current density values for 
pure carbon supports are about two times lower than the corresponding values 
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for Pt-nanoclusters activated carbon materials, because the number of electrons 
transferred is approximately two or four respectively. It can be seen from 
Fig. 10 that the electrode overvoltage for ORR decreases in the order 
C(Vulcan) > C(WC)1100 °C > C(Mo2C)800 °C, being nearly 0.3 V lower for 
C(Mo2C) 800°C than that for C(Vulcan). 

The ORR currents of for the less-ordered C(Mo2C)800 °C electrode are 
higher within the range of studied potentials compared with those for 
C(WC)1100 °C (Fig. 10). More amorphous C(Mo2C)800 °C has more crystallo-
graphic defects and edge planes in the structure which are catalytically active 
centres for the ORR. It has been shown that the current vs. voltage curve for 
oxygen reduction on the edge plane pyrolytic graphite is shifted by around 0.45 
V towards higher positive potentials than that for the C(0001) basal plane [53].
  

 

 
Figure 11. a) Dependence of the logarithm of kinetic current density and b) number of 
electrons transferred per one oxygen molecule electroreduction vs. electrode potential 
for non-activated carbon supports (empty markers) and for Pt-C catalysts (filled mark-
ers) in 0.5 M H2SO4 solution. 
 
 
Fig. 11 presents the potential dependencies of the logarithm of the ORR kinetic 
current density and number of electrons transferred for materials studied. The 
kinetic current densities and number of electrons transferred were calculated 
using Koutecky–Levich equation (Eq. 15). The numbers of electrons transferred 
is approximately two for unmodified carbon electrodes being slightly higher for 
CDCs due to higher number of carbon edge planes. Vulcan XC72R shows 
approximately one order of magnitude lower kinetic currents (at 0.15 V) than 
those established for CDCs. It should be noted that if the platinum nanoclusters 
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are deposited onto the carbon support, the difference in activities of Pt-activated 
CDCs is still present, indicating that Pt-C(Mo2C)800 °C has a larger number of 
catalytic sites and higher dispersion of Pt-nanoparticles. Another reason for the 
greater activity of C(Mo2C)800 °C and Pt-C(Mo2C)800 °C might be the suitable 
structure of the carbon support, i.e. the more mesoporous C(Mo2C)800 °C 
structure facilitates more rapid transport of O2 molecules within the micro-
porous-mesoporous material layer [17,21]. For Pt-modified materials, the num-
ber of electrons transferred (calculated within the diffusion-limited potential 
region) is roughly four and is in good agreement with literature data [34]. 

In paper II [92] the ORR on the Pt-C(Mo2C)1000 °C catalyst was studied 
with different ionomer Nafion® mass fractions (from 5 to 30 wt.%). As this 
carbon material is more graphitized and the specific surface area is lower than 
that for C(Mo2C)800 °C, the corresponding electrochemical activity is also 
lower. It was found that if the content of Nafion® increases, the kinetic currents 
and specific activity of Pt catalyst particles decrease. The same trend was also 
obsereved by Koscha et al. [78] and was explained by the mass transport of 
oxygen in the nanoscale range, electrical resistance caused by coverage of the 
carbon and Pt with Nafion® and by HSO4

− anion adsorption on Pt. Therefore, it 
has been concluded that the high Nafion® content (20-30 wt%) may block the 
pores of support and also thus decrease the gravimetric capacity and ECA of the 
material studied [92]. 

 
 

 
Figure 12. Gravimetric capacitance, CCV, vs. electrode potential, E, curves for 
C(Mo2C)800 °C (empty markers) and Pt-C(Mo2C)800 °C electrodes (filled markers) in 
0.5 M H2SO4 solution saturated with Ar at different potential scan rates ν, given in the 
figure. 
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The values of gravimetric capacitance, CCV, were calculated from the CV curves 
for C(Mo2C)800 °C and Pt-C(Mo2C)800 °C electrodes (Fig. 12). As the specific 
surface area for CDC support is very high, the behaviour of the system is highly 
capacitive. Analysis of CV data shows that the high gravimetric capacitance 
(calculated from CV data) values (150 F g−1) have been established for both 
CDC and Pt-CDC electrodes. Cycling the potential from negative potential  
values towards positive potentials, the carbon support starts to oxidize at E more 
positive than 0.90 V vs. RHE. For Pt nanocluster-activated CDC, distinct 
regions of cathodic hydrogen evolution and adsorption–desorption of hydrogen 
at E < 0.30 vs. RHE are clearly visible. The region of Pt surface oxide for-
mation is present in the anodic scan at E > 0.80V vs. RHE. The surface oxide is 
reduced at the cathodic scan with peak current at E = 0.78 V vs. RHE [17].  

It was concluded, that C(Mo2C)800 °C is promising material for PEMFC 
electrode support having more suitable properties than C(WC)1100 °C, 
C(Mo2C)1000 °C and commercial carbon Vulcan XC72R. CDCs with high 
gravimetric capacitance [17] and electrochemical activity could be used as the 
electrode materials for combined energy storage/regenerating devices. 

 
 

6.3 Electrochemical characterization of  
Pt-C(Mo2C) electrodes in PEM single cells 

Based on the three-electrode experiments on GCDE [17,21,86,92], it was 
decided to test Pt-C(Mo2C) in the single cell. The C(Mo2C) materials synthe-
sized from 600 °C to 1000 °C are interesting objects as their physical properties 
like graphitization level and pore size distribution vary to a great extent [21] and 
therefore comparing these materials with commercial carbon Vulcan XC72R 
could give valuable information about the influence of the properties of catalyst 
support materials on the performance of PEMFC. Moreover, previous experi-
ments showed [21], that the carbon materials studied like C(Mo2C)750 °C, 
C(Mo2C)800 °C and C(Mo2C)850 °C could be the most suitable for PEMFC 
application. The single cell tests were conducted with: 

(a) symmetrical (Pt-CDC | Nafion® | Pt-CDC ) and  
(b) asymmetrical (Pt-CDC | Nafion® | Pt-C(Vulcan)) arrangement to test the 

novel materials at both electrodes of the single cell. 
 
 

6.3.1 The polarization and power density curves  

In Fig. 13 the polarization (j, ΔE) and power density (j, P) curves for PEMFC 
single cells with different electrodes are presented. The data for symmetrical (a) 
and asymmetrical (b) single cells using different C(Mo2C) and C(Vulcan) as 
catalyst support are shown. In asymmetrical single cells MEAs were prepared 
using Pt-nanoclusters activated Pt-C(Mo2C) as cathodes and Pt-C(Vulcan) as 
anodes. At constant cell potential (ΔE = 0.6 V) for symmetrical single cells the 
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current density increases in the order: Pt-C(Mo2C)1000 °C < Pt-C(Mo2C)900 °C < 
Pt-C(Vulcan) < Pt-C(Mo2C)800 °C ≈ Pt-C(Mo2C)750 °C < Pt-C(Mo2C)600 °C 
< Pt-C(Mo2C)850 °C. For asymmetrical single cells the corresponding data are 
fairly similar with the current density increasing in the order of cathode 
materials: Pt-C(Mo2C)1000 °C < Pt-C(Mo2C)900 °C < Pt-C(Vulcan) <  
Pt-C(Mo2C)600 °C < Pt-C(Mo2C)850 °C < Pt-C(Mo2C)800 °C ≈  
Pt-C(Mo2C)750 °C. The maximum power density of the single cells studied 
increases in the same order. It should be noted that comparable order of cata-
lysts has been established for ORR activity in aqueous 0.5 M H2SO4 solution in 
the three-electrode system measured using different CDCs synthesized from 
Mo2C [21]. Based on these data it can be concluded that the activity of symmet-
rical and asymmetrical single cell is controlled by the electroreduction activity 
of O2 at the cathode and the influence of the anode composition for H2 oxidation 
rate is very small. 

The variation in the current and power densities for the materials studied can 
be explained mainly with the increase of the total pore volume of the cathode 
materials used in single cells (data given in Table 2). The symmetrical single 
cells based on C(Mo2C) carbon powders, that were synthesised at temperature 
within the range from 600 to 850 °C demonstrated higher power values than the 
Vulcan based symmetrical single cell, which to the first approximation could be 
explained by the higher total pore volume of C(Mo2C) based electrodes. For 
asymmetrical single cells the highest power values were demonstrated by 
MEAs with Pt-C(Mo2C)800 °C and Pt-C(Mo2C)750 °C cathodes. However 
much lower power values were reached by single cells with cathode materials 
Pt-C(Mo2C)1000 °C and Pt-C(Mo2C)900 °C which have moderate total pore 
volume. This could be explained by relatively low specific surface area and 
mesopore volume values. The symmetrical single cell completed from 
Pt-C(Vulcan) has intermediate activity. Uchida et al. [12] found that the acety-
lene blacks are suitable catalyst supports for PEMFCs. The high electrochemi-
cal activity has been explained by the large amount of meso- and macropores 
pores (i.e. secondary pores) within the electrode material (i.e. pores from 0.05 to 
1.0 μm [12]). Probably the secondary pores in the mesoporous-macroporous 
carbon support help to achieve good contact between gas phase (quick O2 
transport to catalytically active areas), electrolyte, catalyst support and Pt nano-
particles. 

Starting from the cell potential corresponding to maximum power density, the 
processes in the working single cell are mainly limited by the diffusion (mass 
transfer) step rate [93]. In this region, at ΔE = 0.6…0.9 V, the current density values 
for Pt-C(Mo2C) based fuel cells are noticeably higher than that for the Pt-C(Vulcan) 
based symmetrical system. These differences in the activity of the PEMFC single 
cells are probably caused by the enhanced rate of reactants and products mass-
transfer (and ORR) rate at the Pt-C(Mo2C)600 °C, Pt-C(Mo2C)750 °C, 
Pt-C(Mo2C)800 °C and Pt-C(Mo2C)850 °C cathodes. Effective O2 mass transfer 
and water management among of the Pt-nanoclusters activated carbon materials is 
extremely important when high currents are applied to a FC. 
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Figure 13. The polarization (j, ΔE) and power density vs. current density (j, ΔP) curves 
for a) symmetrical and b) asymmetrical single cells with different electrode materials 
(noted in figure). In asymmetrical single cell Pt-C(Vulcan) is used as anode for all 
MEAs. Measurements conditions: T = 60 °C, atmospheric pressure and gases with 
100% relative humidity gases were fed to electrodes at flow rate of 200 cm3 min−1. 
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6.3.2 CV and EIS data for single cells studied 

To obtain further explanations of the reasons behind the very good activity and 
stability of the Pt-C(Mo2C) based single cells, nitrogen was fed to the cathode 
and the ECA values have been estimated at fixed temperature (T = 30 °C). As 
seen in Fig. 14, there are very nice and clear current peaks in the CVs within the 
region of the formation (adsorption) and oxidation (desorption) of hydrogen 
adatoms (from 0 to 0.4 V vs. RHE). The very high CCV values indicate, that 
these single cells can be used as peak energy (supercapacitor like) generating 
devices [19–22,42–45]. 

For all single cells studied ECA was calculated using equations 12 and 13. 
The material Pt-C(Mo2C)800 °C demonstrated the highest ECA value 
(11.9 m2 g−1), which is comparable with ECA values determined in the three-
electrode experiments [21]. For other Pt-C(Mo2C) materials the ECA values are 
slightly lower, except for the Pt-C(Mo2C)900 °C and Pt-C(Mo2C)1000 °C 
catalysts, demonstrating very low ECA values. As the crystallite sizes of 
platinum for all materials prepared are relatively similar (Table 2), the 
differences in the values of ECA and total activity of PEM single cells have 
been probably caused by the mass transport rate differences of H3O

+ and O2 into 
the porous catalysts or by contact resistance of Nafion® with Pt nanoparticles at 
the three boundary interface. 

 
 

 
Figure 14. The cyclic voltammograms for single cells with different cathodes studied. 
Measurement conditions are as follows: cell temperature 30 °C, hydrogen flow rate 
10 cm3 min−1 at the anode side, nitrogen flow rate 200 cm3 min−1 at the cathode side 
(both gases with 100% relative humidity), scan rate is 100 mV s−1. 
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Fig. 15 presents the Nyquist plots for a) symmetrical and b) asymmetrical single 
cells studied (ΔE = 0.55 V). It can be seen that plots for symmetrical and 
asymmetrical single cells follow the same trend and the pore size distribution of 
the (cathode) catalyst materials has great influence on the total polarization 
resistance values of the single cell. Thus, the microporosity-mesoporosity has a 
noticeable effect on the kinetics of ORR. The catalyst materials with higher 
mesopore volume (e.g. Pt-C(Mo2C)800 °C and Pt-C(Mo2C)850 °C) have much 
lower polarization resistances than the materials with lower mesopore volume 
(e.g. Pt-C(Mo2C)900 °C and Pt-C(Mo2C)1000 °C). Very high polarization 
resistance values for Pt-C(Mo2C)1000 °C based PEMFC single cell can be 
explained also by the partial graphitisation of the carbon substrate layers 
(decreasing the number of catalytic centres) as well as by decreasing the mass 
transport rate of oxygen into less porous structure of the catalysts [16,94]. 

 

 
Figure 15. Nyquist plots for: a) symmetrical and b) asymmetrical single cells with 
different electrode materials (noted in figure). For asymmetrical single cell  
Pt-C(Vulcan) is an anode for all MEAs. Measurements conditions were following: cell 
potential ΔE = 0.55 V T = 60 °C, atmospheric pressure and with 100% relative humid-
ity, O2 and H2 were fed to electrodes at flow rate of 200 cm3 min−1. 
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6.3.3 Time stability tests 

Electrochemical time stability is very important for FC catalysts and therefore 
the MEAs were tested in constant current regime (j = 0.4 A cm−2) at 60 °C for 
160 h (Fig. 16). Under these conditions the symmetrical MEA prepared from 
Pt-C(Mo2C)750 °C exhibited much lower potential drop rate (ΔE/Δt =  
240 V h−1) than the MEA prepared form Pt-C(Vulcan) (ΔE/Δt = 670 V h−1) 
(Fig. 16). The Pt-C(Mo2C)750 °C symmetrical single cell was tested further, 
applying same conditions so that the total time at constant current reached 
600 h. The potential drop rate between 160 h and 600 h was 165 V h−1 being 
slightly lower than the initial value. 

 
 

 
Figure 16. Lifetime measurements of the symmetrical Pt-C(Mo2C)750 °C and 
Pt-C(Vulcan) single cells (noted in figure) at constant current polarization regime  
(j = 0.4 A cm−2) at 60 °C. Measurements conditions: atmospheric pressure, gases with 
100% relative humidity gases were fed to electrodes at flow rate 50 cm3 min−1. 
 
 
The polarization and power density curves were measured before and after 160 h 
lifetime tests and are given in Fig 17. In the course of this test the maximum power 
density value for single cell with Pt-C(Mo2C)750 ºC electrodes decreased 5% from 
460 mW cm−2 to 440 mW cm−2. However, for Pt-C(Vulcan) based single cell the 
damage was much more severe with maximum power density value decreasing 
from 460 mW cm−2 to 320 mW cm−2 (i.e. 30% power drop). The damage was 
probably mainly caused by carbon corrosion, growth of platinum particles, 
dissolution and detachment of platinum particles from the carbon support. It must 
be noted that the OCP values did not change within durability tests, indicating that 
the decrease of single cell performance is caused by degradation of the electrodes 
and not by increasing H2 leak through Nafion® membrane. 
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Figure 17. The polarization and power density curves for the symmetrical 
Pt-C(Mo2C)750 °C and Pt-C(Vulcan) single cells before and after the lifetime tests 
(noted in figure). Measurements conditions: T = 60 °C, atmospheric pressure, gases with 
100% relative humidity gases were fed to electrodes at flow rate 200 cm3 min−1. 
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7. SUMMMARY 
Carbide-derived carbons (CDCs) have been synthesized from Mo2C and WC 
powders by high-temperature chlorination from 600 °C to 1100 °C to test suita-
bility of catalyst supports in polymer electrolyte membrane fuel cell (PEMFC) 
application. Prepared carbon materials were compared with commercial carbon 
Vulcan XC72R (C(Vulcan)) using different characterization methods. Activated 
Pt-CDCs and Pt-C(Vulcan) have been prepared using so-called sodium boro-
hydride reduction method. Carbon supports and Pt-activated catalyst materials 
were tested in the H2SO4 aqueous solution in the three-electrode configuration 
and thereafter catalyst materials were used in the single cell measurements.  

Experiments in the three-electrode cell indicate that graphitization level and 
pore size distribution have great impact on oxygen electroreduction reaction 
(ORR). The synthesized CDCs are more active for the ORR and demonstrate 
higher kinetic current density values than C(Vulcan). Due to the more optimal 
structure of the carbon supports (the number of defects and the ratio of micro- 
and mesopores), the electrochemical activity of C(Mo2C)800 °C is higher than 
that of C(WC)1100 °C and especially that of C(Vulcan).  

Fuel cell membrane electrode assemblies were prepared and tested in polymer 
electrolyte membrane fuel cell (PEMFC) single cells using catalyst supports 
prepared from Mo2C derived carbons and commercial Vulcan XC72. It was 
established that CDCs prepared from Mo2C at different chlorination temperatures 
from 600 to 1000 °C can be used in the PEMFC application. Physical properties of 
the carbon supports like crystal structure, specific surface area and pore size 
distribution (micropore and mesopore volume) have great influence on the PEMFC 
parameters, especially on the maximum power density value. It was shown, that the 
mesopore volume of the cathode support material is a very important parameter due 
to the limitations of mass transport of O2 in the fuel cell working conditions. The 
most suitable synthesis temperature range for C(Mo2C) is from 750 to 850 °C as  
Pt-C(Mo2C)750 °C, Pt-C(Mo2C)800 °C and Pt-C(Mo2C)850 °C catalysts have 
suitable pore size distribution, microporosity-mesoporosity ratios, and MEAs 
prepared using these materials exhibited the highest power density values. 
Comparison of symmetrical and asymmetrical MEAs demonstrated that the role of 
anode composition is not very important and the efficiency of a fuel cell is 
determined by ORR at the cathode when pure H2 is used as a fuel. 

The results established for the Pt-C(Mo2C) based electrodes were compared 
with those for commercial Vulcan XC72 based MEAs and more than 10% 
increase in power density was achieved due to the higher specific surface area 
and more suitable pore size distribution. Time stability test showed lower deg-
radation for Pt-C(Mo2C)750 °C than Pt-C(Vulcan) based PEM single cell: cell 
potential loss rates during 160 h at 0.4 A cm−2 and 60 ºC were 240 V h−1 and 
670 V h−1 respectively. Based on the information collected, it can be con-
cluded that CDCs are promising catalysts support materials and Pt-nanoclusters 
activated CDCs can be used as the catalysts for PEMFC demonstrating suitable 
physical properties and therefore high efficiency and good durability. 
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9. SUMMARY IN ESTONIAN 
Karbiididest valmistatud süsinikkandjate poorsuse mõju 

komposiitkatalüsaatorite omadustele madaltemperatuurses 
kütuseelemendis  

 
Polümeerelektrolüütmembraan (PEM) kütuseelement on seade, mis toodab 
elektrit kütuse ja oksüdeerija vahelise elektrokeemilise reaktsiooni käigus vaba-
neva energia arvelt. Kuna PEM kütuseelemendid töötavad võrdlemisi madalal 
temperatuuril (ca 80 °C), siis on seda võimalik kiiresti käivitada ning kasutada 
lisaks statsionaarsetele lahendustele ka portatiivsetes rakendustes nagu näiteks 
elektriauto. PEM kütuseelemendi efektiivsust piirab hapniku elektroredutsee-
rumise reaktsiooni (ORR) suur ülepinge katoodil, seega töötatakse tänapäeval 
välja palju uudseid katalüsaatorimaterjale, mis seda reaktsiooni kiirendavad.  

Enimkasutatud PEM kütuseelemendi elektroodimaterjal on plaatina nano-
osakestega aktiveeritud suure eripinnaga süsinik. Antud töös uuriti erinevatest 
karbiididest sünteesitud süsinikmaterjalide sobivust PEM kütuseelemendi 
rakenduses ning võrreldi tulemusi kommertsiaalse süsinikmaterjaliga. Erinevate 
omadustega süsinikmaterjale sünteesiti karbiidide WC ja Mo2C kõrgtempe-
ratuurse kloreerimise käigus kindlatel temperatuuridel vahemikus 600 kuni 
1100 °C. Antud süsinikmaterjalid on kõik suure eripinnaga, kuid erinevad üks-
teisest kristallilisuse ning pooride suuruse jaotuse poolest.  

Süsinikmaterjalidele sadestati plaatina nanoosakesed naatrium-boorhüdrii-
diga redutseerimise meetodil. Valmistatud süsinike ning plaatinaga aktiveeritud 
katalüsaatormaterjalide karakteriseerimiseks kasutati erinevaid füüsikalisi mee-
todeid: kõrglahutusega skaneeriv elektronmikroskoopia, transmissionelektron-
mikroskoopia, röntgendifraktsioon, Raman spektroskoopia, lämmastiku sorpt-
siooni meetod ning termogravimeetria. Nende meetodite abil määrati plaatina-
osakeste suurus ning osakaal, materjali kristallilisus ning eripind ja pooride suu-
ruse jaotus. Materjalide elektrokeemiliseks iseloomustamiseks kasutati pöörleva 
ketaselektroodi, tsüklilise voltamperomeetria, impedantsspektroskoopia ja krono-
potentsiomeetria meetodeid.  

ORR kineetikat uuriti kolmeelektroodses süsteemis väävelhappe vesilahuses, 
kus klaassüsinikust elektroodile oli kantud kas süsinikust katalüsaatorikandja 
või plaatinaga aktiveeritud katalüsaatormaterjal. Katalüsaatorikandjana kasutati 
kaht kõrge eripinnaga karbiidset süsinikku (C(WC) 1100°C ja C(Mo2C) 800°C), 
mis erinesid teineteisest grafitiseerituse astme poolest ning samuti testiti kom-
mertsiaalset süsinikku Vulcan XC72. Leiti, et grafitiseerituse astmel (defektide 
hulgal) ning mikro- ja mesopooride ruumalade suhtel on suur mõju ORRi üle-
pingele ning uuritud materjalidest oli parim C(Mo2C) 800°C, mille elektro-
keemiline aktiivsus on suurem kui teisel karbiidsel süsinikul C(WC) 1100°C 
ning oluliselt suurem kommertsiaalse süsiniku Vulcan XC72 aktiivsusest.  

Kütuseelemendi membraanelektroodide süsteemi (membrane electrode 
assembly, lühend MEA) valmistamiseks kasutati Mo2C-st temperatuurivahe-
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mikus 600 kuni 1000 °C sünteesitud süsinikmaterjale ning kommertsiaalset 
süsinikku Vulcan XC72. Tegemaks kindlaks uudsete sünteesitud materjalide 
sobivust nii kütuseelemendi katoodi kui ka anoodi valmistamiseks, viidi läbi 
katsed sümmeetriliste (katoodiks ja anoodiks sama uuritav materjal) ja asüm-
meetriliste (katoodiks uuritav materjal, anoodiks kommertsiaalne Pt-C(Vulcan)) 
MEAdega. Pt-C(Mo2C) materjalidest valmistatud MEAd demonstreerisid 
kütuseelemendis suurimaid võimsustihedusi: kasutades Pt-C(Mo2C) 800 °C 
materjali katoodil saavutati maskimaalseks võimsustiheduseks 560 mW cm−2, 
kuid samadel tingimustel saavutati kommertsiaalse materjaliga võimsustihe-
duseks 460 mW cm−2. Konstantsel voolul läbiviidud stabiilsuse katsed näitasid, 
et Pt-C(Mo2C)750 °C materjalist valmistatud kütuseelemendi potentsiaalilangus 
0.4 A cm−2 juures 160 h jooskul oli 240 V h−1, samas kui kommertsiaalse 
materjali baasil valmistatud kütuseelemendi vastav näitaja oli 670 V h−1.  

Leiti, et Mo2C-st sünteesitud süsinikmaterjalid on sobivad katalüsaatori 
kandjad nii anoodi kui ka katoodi jaoks (sünteesitud vahemikus 600 kuni 
850 °C), kuna just nendel materjalidel on lisaks kõrgele eripinnale ka sobilik 
poorijaotus ning grafitiseerituse aste. Võrreldes laialdaselt kasutatud kommert-
siaalse süsinikmaterjaliga on karbiidsete süsinike baasil võimalik valmistada 
suurema efektiivsusega ning ajalise stabiilsusega PEM kütuseelemente, kuna 
nende materjalide füüsikalised ning elektrokeemilised omadused on antud 
rakenduses sobilikumad. 
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