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Abstract Fuel cell electrodes were prepared from Pt
nanocluster activated hierarchical microporous-mesoporous
carbon powders. The carbon supports were synthesized from
molybdenum carbide applying the high-temperature chlorina-
tion method. Six different synthesis temperatures within the
range from 600 to 1000 °C were used for preparation of car-
bon supports. Thermogravimetric analysis, X-ray diffraction,
low-temperature nitrogen sorption, and high-resolution scan-
ning electron microscopy methods were used to characterize
the structure of the electrode materials and symmetrical mem-
brane electrode assemblies (MEAs). The MEAs prepared
were used to conduct the proton exchange membrane fuel cell
(PEMFC)single-cell measurements. The polarization and
power density curves for single cells were calculated to eval-
uate the activity of the catalyst materials synthesized. The
electrochemically active surface area (from 2.4 to
11.9 m*> g'") was obtained in order to estimate the contact
surface areas of platinum and Nafion® electrolyte. The values
of the electrolyte resistance, polarization resistance, and cell
degradation rate were calculated from electrochemical imped-
ance spectroscopy data. The carbon materials synthesized
within temperature range from 600 to 850 °C were found to
be the most suitable supports for PEMFCs, having higher
maximum power density values and better stability (cell po-
tential degradation 240 V h™') than commercial carbon-
based (Vulcan XC72; 670 uV h' 1) single cells.
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Introduction

Proton exchange membrane fuel cell (PEMFC) is one of the
most promising candidates as an environmentally clean power
source for mobile and stationary applications. Due to relative-
ly high efficiency, low operating temperature, quick start-up
time, and the possibility to use bio and regenerative fuels
(including hydrogen), PEMFC can be used as a power gener-
ation unit for automotive applications and in residential co-
generation systems [1-3]. PEMFC generates electric energy,
water, and heat from the electrochemical reaction between
hydrogen as a fuel and oxygen (from air) as an oxidant. The
issues hindering the wide-scale commercialization of
PEMFCs are high overpotential for oxygen electroreduction
at/in the cathode and the decrease of the efficiency within
long-term operation. Therefore, novel, more active, and dura-
ble materials are being sought for the PEMFC applications,
especially for cathodes [4—7]. Improved catalysts could have a
huge positive impact on the fuel cell efficiency and time
stability.

Platinum is the most common catalyst material for PEMFC
electrodes [1-7]. Apart from platinum, some other precious
metal alloys with high stability have been investigated as pos-
sible catalysts in specially designed fuel cells [8, 9]. Various
precious metal-free electrocatalysts have also been studied,
but the cyclability and time stability are the main problem,
hindering the commercialization of these materials in various
applications [10-13].

The efficiency of a catalyst depends strongly on the selec-
tion of an appropriate support material, including various
modifications of carbon powders with different porosities
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and graphitization levels [14-19]. The demands for a support
material are suitable porosity for quick mass transport, high
electrical conductivity, and electrochemical stability (i.e., volt-
age cyclability) [1-4, 16—18, 20]. Various catalyst supports
(Vulcan XC72, Ketjenblack EC-300, carbon nanotubes and
nanofibers, some oxides, d-metal carbides, carbon-nitrogen
d-metal complexes) have been studied and summarized by
Antolini [18, 19]. However, carbon materials, including po-
rous carbon powders, are the most widely utilized supports
due to suitable conductivity and porosity granting high disper-
sion of Pt nanoparticles [1, 7]. The stability toward carbon
oxidation/reduction process, known as carbon corrosion, is
the major problem regarding their use in PEMFC application
[1, 21, 22]. Other mechanisms like Pt dissolution and sintering
as well as membrane thinning can reduce the useful life of a
PEMFC. During operation, a PEMFC exhibits a gradual de-
cline in power output as individual components are exposed to
an aggressive combination of strong oxidizing conditions like
low pH, high temperature, high water content, and high elec-
trochemical potential and oxygen concentration. Carbon cor-
rosion to CO, can be also enhanced by Pt catalysts, which
may cause permanent loss of support material and even the
collapse of the electrode [20, 21].

Uchida et al. [14, 15], Chai et al. [16], and Antolini et al.
[18, 19] have demonstrated that the properties of the carbon
support have significant impact on the power output of
PEMFC and the structure of the catalyst layer should be care-
fully optimized in order to achieve further improvement in the
cathode performance. Under start-stop conditions, the corro-
sion of carbon support for conventional cathode catalysts is a
critical problem for PEMFC durability in automotive applica-
tions [16—19, 23-25]. Therefore, different carbon supports
[17-19, 23-31] have been tested during long-term catalyst
optimization studies [16—19, 32-36]. Influence of structural
parameters of PEMFC electrodes like the particle size, inter-
particle distance, and metal (Pt, Pt-metal, or non-Pt-metal)
loading has been systematically tested and summarized in
many papers [14-19, 21-28].

Carbon materials can be synthesized using various
methods, e.g., high-temperature carbonization of carbon-rich
organic precursors [ 19]. To prepare carbon materials with high
specific surface area and well-defined hierarchical bimodal
pore size distribution, the selective extraction of non-carbon
elements from carbides can be used [24, 27-33, 35, 36].
Resulting carbide-derived carbons (CDCs) are unique micro-
porous and mesoporous materials where pore size, pore shape,
ratio of micropore area to mesopore area, ratio of micropore
volume to mesopore volume, and other parameters (e.g.,
graphitization level) can be controlled in a very exact manner
[24, 27-36]. It has been suggested that CDCs are viable fuel
cell catalyst supports that are capable of realizing the full
potential and electrochemical activity of Pt nanoparticles with
superior corrosion stability [32-36].

@ Springer

In our previous paper [37], it was demonstrated that mem-
brane electrode assemblies (MEAs) prepared from CDC car-
bon powder-based Pt-C(Mo,C) cathodes and Pt-C(Vulcan
XC72) anodes are excellent objects to study the impact of
carbon catalyst support properties on the performance of a
PEMFC single cell. The main aims of this work were to study
the suitability of platinum nanocluster activated Pt-C(Mo,C)
anodes and cathodes (i.e., MEAs with symmetrical chemical
composition and structural characteristics) in the fuel cell
single-cell conditions and to compare the properties of these
materials with those for commonly used commercial carbon
support Vulcan XC72-based catalyst Pt-C(Vulcan). In addi-
tion, comparison with data for asymmetrical Pt-C(Mo,C)
[Nafion® 115 [Pt-C(Vulcan) single cells will be given for dem-
onstration of critical role of cathodes under study.

Experimental

Preparation and deposition of Pt nanoclusters onto/into
microporous-mesoporous carbon powders

Approximately 1-g batches of different microporous-
mesoporous carbon powders were prepared using chlorination
of Mo,C powders in the temperature range from 600 to
1000 °C as described in previous works [30, 31, 35]. The
microporous-mesoporous products are hereafter noted as
C(Mo0,C)600 °C, C(M0,C)750 °C, C(M0,C)800 °C,
C(Mo,C)850 °C, C(M0,C)900 °C, and C (Mo,C)1000 °C.
Synthesis temperatures were varied in order to prepare the
materials with a very wide variation of specific surface area
(Sget) and microporosity-mesoporosity characteristics [30,
34].

The Pt nanoparticles were deposited onto the carbon sup-
port by the sodium borohydride reduction method [35, 37,
38]. For better comparison, the similar protocol with the pre-
vious works [32, 37] was used to synthesize about 0.4 g cat-
alyst material (cathodes as well as anodes), where the mass
percent of Pt in the catalyst materials synthesized was
~70 wt% (14 at.%, i.e., electrode loading was
~0.7 mgp¢ cmﬁz).

Structural characterization

The thermogravimetric analysis (TGA) in the atmosphere
consisting of 80 vol% N, and 20 vol% O, was carried out in
order to estimate the content of Pt in the catalyst materials for
cathodes and anodes using NETZSCH STA449F3. The tem-
perature was varied from 40 to 1000 °C with a heating rate of
5 °C/min and with a gas flow rate of 120 cm® min~'. Weight of
the samples tested in the Al,O5 pan was 7-9 mg. According to
the TGA measurement results, the platinum content was rela-
tively same in all the materials studied: the average weight
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percentage of platinum in the anode and cathode samples was
71.8 £ 1.7 (Table 1).

The X-ray diffraction (XRD) patterns for the materials
were collected with a Bruker D8 Advance diffractometer with
Ni-filtered CuK,, radiation (0.6-mm-wide parallel beam, two
2.5° Soller slits, and LynxEye line detector). The scanning
step of 0.01° for 26 was applied from 16° to 90°, and the total
counting time per step was 166 s.

The porosity of the powders was estimated using the low-
temperature (—195.8 °C) nitrogen sorption [38] method com-
bined with CO, sorption method [39] (Micromeritics ASAP
2020). The non-local density functional theory and the slit
shape pore model [38, 39] were used for the pore size distri-
bution calculation. The values of specific surface area, Sggr,
were calculated using the Brunauer-Emmett-Teller multipoint
theory [38] within the relative pressure (p/p) range from 0.05
to 0.2. The total volume of pores (near saturation pressure),
Viot» and the volume of micropores, Vo, Were calculated
using the #-plot method using the Harkins and Jura thicknesses
between 0.5 and 0.9 nm [40]. The results of N, sorption mea-
surements are presented in Table 1. Deposition of the Pt nano-
particles onto Pt-C(Mo,C) decreases the specific surface areca
of'a catalyst, but the Pt nanocluster deposition does not change
the shape of pore size distribution plot; i.e., the Pt-C(Mo,C)
catalyst and C(Mo,C) catalyst support have comparable
macro-mesoporous structure and pore size distribution [33].

The high-resolution scanning electron microscopy
(HRSEM) data were obtained using Helios™ Nanolab 600.

Preparation of the membrane electrode assembly

Catalyst ink for anode and cathode electrodes was prepared
by suspending the Pt-C(Mo,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 25 wt% content of Nafion®

ionomer. Thereafter, the mixture was sonicated for 30 min
to prepare uniformly dispersed ink, which was deposited
onto the Nafion® 115 membrane using spray gun and dried
in a vacuum oven at 50 mbar and 70 °C. MEAs with 5 cm?
electrodes were pressed before and after every coating pro-
cedure at 6 MPa and 80 °C using isostatic laminator (Keko
ILS-66) to achieve smooth surface of the electrodes.

The prepared MEA was placed between the graphite plates
with septrine gas flow channels. The polytetrafluoroethylene
gaskets (0.25 mm) and ELAT 1400W gas diffusion layers [37]
were used for assembling of the single cell. The single cell was
held together by eight 6-mm bolts with a torque of 5 N m.

Single-cell tests

All electrochemical data were collected using a potentiostat/
galvanostat (PGSTAT302N with FRA32M, Autolab) connect-
ed to a booster (BOOSTER20A, Autolab). H, and O, with
100% relative humidity (RH) were fed to the electrodes with
fixed flow rates of 200 cm® min ' at atmospheric pressure.
MKS-type M100B mass flow controllers were used. Fuel Cell
Technologies dew point humidification system was used to
regulate the gas flow rate and humidification level of gases.
Polarization curves were measured in the galvanostatic
mode with 0.2-A intervals and 60-s data collection time for
each point. Thereafter, the power density curves were calcu-
lated. The electrochemical impedance spectroscopy (EIS)
measurements were performed in potentiostatic mode (cell
potential AE = 0.55 V). A frequency range from 0.5 to
100,000 Hz with AC amplitude of 0.005 V (rms) was applied.
The electrochemically active surface area (ECA) was calcu-
lated based on the traditional H, adsorption method [40] based
on the analysis of the current peaks (area of cyclic voltammo-
grams peaks) of cyclic voltammetry curves measured within
the potential range from 0.04 to 1.1 V at scan rates from 20 to
500 mV s ! at 30 °C. Humidified (100% RH) N, was fed to

Table 1 Results of N, sorption,

TGA, and XRD measurements Catalyst material SBET Sineso Vot Vineso wt% a(mm) d
m’gh  m’gh  (em’gh (emgh (P (nm)
Pt-C(Mo0,C)600 °C 510 110 0.43 0.22 74 03912 47
Pt-C(Mo0,C)750 °C 610 100 0.62 0.21 70 03912 4.1
Pt-C(M0,C)800 °C 550 200 0.64 0.41 70 03912 44
Pt-C(M0,C)850 °C 450 80 0.58 0.22 71 0.3913 4.1
Pt-C(M0,C)900 °C 250 75 0.50 0.15 74 03914 3.8
Pt-C(Mo0,C)1000 °C 220 60 0.42 0.12 73 03916 5.6
Pt-C(Vulcan) 94 67 0.38 0.37 71 03914 4.6

Sget specific surface area, Sy, mesopore area, Vi, total pore volume, Vs, mesopore volume, wt% weight
percentage of platinum deposited onto/into the catalyst, a lattice parameter of platinum, d crystallite size of
platinum calculated by Scherrer model (Pt(220) reflection)
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the cathode and H, to the anode with flow rates of 200 and
10 cm® min ™", respectively.

Results and discussion

Physical characterization of the Pt-C electrodes
and MEAs

SEM images of the MEAs prepared from Pt-C(Mo,C)750 °C
and Pt-C(Vulcan) are shown in Fig. 1 (anode and cathode
have been made from the same catalyst powder).
Comparable data have been measured forall MEAs complet-
ed. The catalyst particles are clearly visible in Fig. 1a, b. Both
catalyst layers have a good contact with the electrolyte layer.
Differently from Pt-C(Vulcan), the Pt-C(Mo,C) electrode
layer has non-homogenous structure, because the shape of
the C(Mo,C)750 °C particles is irregular and the size varies
from 1 to 4 um. Data in Fig. 1b show that there are large
macropores between the Pt-C(Mo,C)750 °C particles which
could facilitate the diffusion of reagents and simplify the
water management. The particles of typical (traditional)
PEMEFC catalyst Pt-C(Vulcan) have a spherical shape with
the average size about 0.1 um. The macropores between the
Pt-C(Vulcan) particles are smaller being in the same order of
magnitude (0.1 pm). The platinum nanoparticles are evenly
distributed across the surface of C(M0,C)750 °C (Fig. lc).
Based on the particle size analysis of many surface areas
(with more than 130 particles), the average size of the Pt
nanoparticles deposited into/onto C(Mo,C)750 °C support
was found to be 6.0 £ 1.7 nm [37]. However, also somewhat
bigger agglomerates of platinum nanoparticles have been
deposited onto some surface areas (Fig. 1¢). The size of
non-agglomerated platinum nanoparticles is statistically re-
producible and in a good agreement with the XRD data. The
average crystallite size calculated from XRD data did not
depend on the carbon material studied and was found to be
4.5+0.5nm (Table 1). According to the analysis of the TGA

Nafion

W

Pt-C(Vulcan) ™

AT

and XRD data, the reproducibility of the catalyst material
characteristics (Pt-loading and nanocluster structure) was
good.

Electrochemical characterization of the Pt-C-based single
cells

The polarization and power density curves

In Fig. 2, the polarization (j, AE) and power density (j, P)
curves for PEMFC single cells with different Pt-C(Mo,C)
and Pt-C(Vulcan) electrodes are presented. At constant cell
potential (AE = 0.6 V), the current density increases in the
order of cathode materials: Pt-C(Mo0,C)1000 °C < Pt-
C(Mo,C)900 °C < Pt-C(Vulcan) < Pt-C(M0,C)800 °C = Pt-
C(Mo,C)750 °C < Pt-C(M0,C)600 °C < Pt-C(M0,C)850 °C.
The maximal differences in power densities have been ob-
served at very high current densities (j > 1 A cm 2). The
synthesized materials were used in symmetrical MEAs to
evaluate the suitability of novel catalyst materials at both elec-
trodes of the FC. It should be noted that comparable order of
catalysts has been established for oxygen electroreduction
(ORR) activity in the three-electrode system measured using
different CDCs synthesized from Mo,C [33] as well as in non-
symmetrical single cells using Pt nanocluster activated Pt-
C(Mo,C) as cathodes and Pt-C(Vulcan) as anodes [37].
Thus, the activity of symmetrical Pt-C(Mo,C) cathode and
Pt-C(Mo,C) anode-based single cells is controlled by the
electroreduction activity of the O, on the cathode and the
influence of the anode structural composition for H, oxidation
rate is negligible. Therefore, it can be concluded that all syn-
thesized Pt-C(Mo,C) materials can be used as anodes and the
CDC catalyst supports synthesized in the range from 600 to
850 °C are performing well at the cathode.

Generally, the increase in the current and power densities of
the cathode materials under study can be rationalized mainly
with increase of the total pore volume of the cathode materials
(Table 1). The symmetrical single cells based on C(Mo,C)

Pt-C(Mo,C) 750°

—400 nm— |

Fig. 1 The high-resolution scanning electron microscopy images of the membrane electrode assemblies (Pt-C(Vulcan) and Pt-C(Mo,C)750 °C, anode

and cathode have been made using the same catalyst powder)
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Fig.2 The polarization and power density curves of the single cells with
different electrode materials (noted in figure). Measurement conditions
were as follows: ¢ = 60 °C and atmospheric pressure; 100% RH gases
were fed to electrodes at flow rate 200 cm® min”!

carbon powders that were synthesized at temperature in the
range from 600 to 850 °C demonstrated higher power values
than Vulcan-based symmetrical single cell, which to the
first approximation could be explained by higher total pore
volume. However, single cells completed from Pt-
C(Mo0,C)1000 °C and Pt-C(Mo0,C)900 °C with moderate total
pore volume have much lower power values, which could be
explained by relatively low specific surface area and mesopore
volume values (data given in Table 1). It should be noted that the
PEMFC symmetrical single cell completed from Pt-C(Vulcan)
has intermediate activity (Table 2). Uchida et al. [14] found that
the acetylene blacks as catalyst supports facilitate high activity of
PEMFCs—the main reason mentioned was high amount of sec-
ondary pores (mainly mesopores and macropores according to
IUPAC classification) within the porous electrode material (i.e.,
pores from 0.05 to 1.0 pum [14]). Probably, the secondary pores in
the mesoporous-macroporous surface of carbon support help to
get good contact between gas phase, electrolyte, and Pt
nanoparticle-based catalysts.

Within the region of maximum power density, the process-
es in the working single cell are mainly limited by the diffu-
sion (mass transfer) step rate [42]. In this region, at
AFE = 0.6...0.9 V, the current density values for Pt-
C(Mo,C)-based fuel cells are noticeably higher than that for
the Pt-C(Vulcan)-based symmetrical system. Probably, these
differences in the activity of the PEMFC single cells are
caused by the enhanced oxygen mass transfer and ORR rate
at the Pt-C(Mo,C)600 °C, Pt-C(Mo0,C)750 °C, Pt-
C(Mo,C)800 °C, and Pt-C(Mo0,C)850 °C cathodes, explained
also by the more effective water management of the Pt
nanocluster activated materials under study.

In addition to high power density, long-lasting durability is
very important for fuel cell catalysts, and therefore, the assem-
bled single cells were tested in constant current regime
(=04 A cm ?) at 60 °C up to 600 h (Fig. 3). It should be
noted that under these conditions and 160-h testing, the MEA
prepared from Pt-C(Mo,C)750 °C exhibited no severe cell
potential drop (AE/Af = 240 uV h™'). The MEA prepared
form Pt-C(Vulcan) had much higher degradation rate (AE/
At=670 uWh ') (F ig. 3), explained by lower electrochemical
stability of the Vulcan XC72 support. The Pt-C(Mo0,C)750 °C
symmetrical single cells were tested longer applying the same
conditions so that the total testing time at constant current was
600 h. The potential drop between 160 and 600 h was
165 uV h™' being slightly lower than the initial value (AE/
At=240 uV h' .

The polarization and power density curves were mea-
sured before and after 160-h lifetime tests and are given in
Fig. 4. Initial power density curves are fairly similar—the
maximum power density was 480 mW c¢cm 2 for single cell
based on Pt-C(M0,C)750 °C and 460 mW cm > for Pt-
C(Vulcan)-based single cell. However, after the lifetime ex-
periment (160-h polarization at 0.4 A cm > at 60 °C), the
difference was much more severe: single cell with Pt-
C(Mo0,C)750 °C catalyst preserved high maximum power
density up to 440 mW cm 2 (i.e., only 5% power drop), but
the single cell with the Pt-C(Vulcan) catalysts retained only

Table 2 The single-cell

characteristics for different Catalyst material OCP (V) AE at 0.001 A cm 2 (V) Prax (MW cm ?) ECA (m*g ")

symmetrical MEAs studied
Pt-C(Mo,C)600 °C 1.000 0.927 490 4.9
Pt-C(Mo,C)750 °C 1.035 0.971 480 10.9
Pt-C(Mo,C)800 °C 1.055 0.967 480 11.9
Pt-C(Mo,C)850 °C 1.036 0.982 500 9.4
Pt-C(Mo,C)900 °C 1.051 0.998 320 24
Pt-C(Mo0,C)1000 °C 1.021 0.954 250 24
Pt-C(Vulcan) 1.010 0.946 460 9.4

OCP open circuit potential, ECA electrochemically active surface area, AE cell potential, P,,,, maximum power

density
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0.8
AE/At = 240 v h-1 AE/At = 165
o = uV h-t
06 L2670,y  PrCiMo,CI7S0C
Pt-C(Vulcan)
>
~ 04
w
ol i=0.4Acm?
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0.0

0 100 200 300 400 500 600
t/h

Fig. 3 Lifetime measurements of the symmetrical Pt-C(Mo0,C)750 °C
and Pt-C(Vulcan) single cells (noted in figure) at constant current
polarization regime (j = 0.4 A cm ) at 60 °C. Measurement conditions:
t = 60 °C and atmospheric pressure; 100% RH gases were fed to
electrodes at flow rate 50 cm® min™’

320 mW cm 2 (i.e., 30% power drop). Thus, the electro-
chemical conditions of the lifetime experiment caused much
more damage to the MEA prepared from commercial carbon
Vulcan XC72 as a catalyst support for both electrodes. 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 open circuit potential (OCP) values did not
change within durability tests, thus indicating that the de-
crease of power density is caused by degradation of the
electrodes and not by development of the pinholes through
Nafion® membrane. Further longer detailed studies (accel-
erated PEMFC single-cell tests) are under progress to con-
firm the low rate of CDC carbon oxidation/reduction under
operating conditions at high positive potentials imitating the
start-stop cycles of fuel cell [43].

AE P t=60°C 500
1% o -= Et_g(\'\/AOIZC)750 C. 1 =
y ™ PrClvulean) . {400
Py g {300
- 0.6 ‘:},.:..Aﬂ a g
o~ & . B, ) ;
b oal g+ '--AA_A"A s 4200 E
. <:I A A, u..nn é.. Q.
0.2 4100
*dashed lines with empty markers:
data for same cells after 160 h at 0.4 A cm2
0 1 1 1 1 1 1 O
0 0.2 0.4 0.6 0.8 1 1.2 1.4

j/Acm™?
Fig. 4 The polarization and power density curves of the symmetrical Pt-
C(Mo0,C)750 °C and Pt-C(Vulcan) single cells before and after the
lifetime tests (noted in figure). Measurement conditions: ¢ = 60 °C and
atmospheric pressure; 100% RH gases were fed to electrodes at flow rate
200 cm® min”'
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The electrochemically active surface area

To obtain further explanations of the reasons behind the very
good activity and stability of the Pt-C(Mo0,C)750 °C-based
single cell, the oxygen gas was changed to nitrogen and the
electrochemically active surface area (ECA) has been estimat-
ed at fixed temperature (¢ =30 °C). As seen in Fig. 5, there are
very nice and clear current peaks in the cyclic voltammograms
(CV) within the region of the formation and oxidation of hy-
drogen adatoms (from 0 to 0.3 V vs. reversible hydrogen
electrode (RHE)). The values of capacitance (Ccy) have been
calculated from current densities, j, using the equation
Cev = j/v [24, 27-36]. Very high Ccy values indicate that
these single cells can be used as peak energy (supercapacitor
like) generating devices [27-34] with increased lifetime and
cyclability. Thereafter, the Ccy, E-plots were integrated within
the potential region of H,4; formation and H,4 re-oxidation [6,
41] in order to calculate charge values, Oy, for corresponding
faradic reduction/oxidation processes applying the following
equation:

QH = Qtotal_QDL (1)

where Qiotal 18 the charge transferred within the proton
reduction/hydrogen adsorption or desorption/ionization po-
tential region and Qp is the charge inevitable for double-
layer formation, which has been estimated through a linear
extrapolation of the current density value in the so-called dou-
ble-layer region (approx. from 0.3 to 0.5 V, Fig. 5). The ECA
for platinum (in m’ g_l) was calculated (Table 2) with respect
to the mass of platinum from the following formula:

Oy

ECA =
mpy QH ref

(2)

where mp, is the mass of Pt deposited onto/into the electrode
(mg) and Oy rer. 1s the charge required to oxidize/reduce a
monolayer of hydrogen adatoms on the compact polycrystal-
line (metallic) Pt (assumed as 0.21 mC cm 2) [41, 44]. Pt-
C(Mo0,C)800 °C demonstrated the highest ECA value
(11.9 m* g "), which is comparable with ECA values deter-
mined from our previous experiments [33], when this catalyst
has been deposited onto the glassy carbon electrode and tested
using the three-electrode configuration [33]. For other Pt-
C(Mo,C) materials, the ECA values are slightly lower
(Table 2), except for the Pt-C(Mo0,C)900 °C and Pt-
C(Mo0,C)1000 °C catalysts, demonstrating quite low ECA
values. As the crystallite sizes of platinum for all materials
prepared are only slightly variable (Table 2), the differences
in the values of ECA and total activity of proton exchange
membrane (PEM) single cells have been probably caused by
the mass transport rate differences of H;O* and O, into the
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Fig. 5 The cyclic voltammograms for the symmetrical Pt-
C(Mo0,C)750 °C and Pt-C(Vulcan) single cells. Measurement
conditions: ¢ = 30 °C, hydrogen flow rate 10 cm® min~' at the anode
side, nitrogen flow rate 200 cm® min ™" at the cathode side (both gases
100% RH), and scan rate 100 mV st

porous catalysts or by contact resistance of Nafion® with
platinum nanoparticles at the Nafion® [platinum| carbon
interface.

It should be noted that the calculated ECA values before the
lifetime test were 10.9 and 9.4 m? g_l for Pt-C(Mo,C)750 °C
and Pt-C(Vulcan), respectively. The decrease of ECA value
with 160-h lifetime is relatively similar for MEAs studied.
The corresponding ECA values after lifetime test are
8.3 m? gfl for Pt-C(M0,C)750 °C and 7.3 m? g71 for Pt-
C(Vulcan). A more pronounced decrease of current density
has been observed for Pt-C(Vulcan)-based single cells within
the surface oxide formation/reduction region (from 0.6 to 1.0 V
vs. RHE).

Thus, it can be concluded that the suitable properties of
the carbon support (porosity, degree of graphitization, num-
ber of surface functional groups, etc.) are very important to
achieve good electrical (and mechanical) contact between
the catalyst particles and the proton conducting electrolyte.
Therefore, the mentioned properties influence greatly the
ECA and maximum power density values for PEMFC sin-
gle cells, especially at high current densities (> 1 A cm™?).

The electrochemical impedance characteristics

Nyquist plots for all symmetrical single cells studied are
presented in Fig. 6a (AE = 0.55 V). As it can be seen, the
pore size distribution of the catalyst materials has great in-
fluence on the total polarization resistance (R}, values (dif-
ference between Z” values at frequency f— 0 and f— o) of
the single cell. Thus, the controlled microporosity-
mesoporosity has a noticeable effect on the kinetics of fa-
radic reactions and the catalyst materials with higher
mesopore volume (e.g., Pt-C(Mo,C)800 °C and Pt-

C(Mo0,C)850 °C) have much lower polarization resistances
than the materials with lower mesopore volumes (e.g., Pt-
C(Mo0,C)900 °C and Pt-C(M0,C)1000 °C). Very high po-
larization resistance values for Pt-C(Mo0,C)1000 °C-based
PEMFC single cell can be explained also by the partial
graphitization of the carbon support layers, thus by forma-
tion of the catalytically inactive (0001) basal planes and
decreasing of the defect carbon surface areas, i.e., higher
index carbon planes (011 0, etc.) [45] as well as by decreas-
ing the mass transport rate of oxygen in porous structure of
the catalysts.

Nyquist plots in Fig. 6b indicate that the high-frequency
series resistance value and R, for Pt-C(Vulcan) and Pt-
C(Mo,C)750 °C are nearly comparable before the lifetime tests.
After the lifetime test, the R, value increases only slightly for
Pt-C(M0,C)750 °C (from 0.18 t0 0.19 Q2 cm 2, i.c., nearly 5%),
but the corresponding increase for Pt-C(Vulcan) is much more
severe (from 0.18 to 0.31 Q cm 2, nearly 70%), which is in a
good agreement with the CV data and with the decrease of
power density data, discussed previously.

Thus, based on the analysis of the data collected, it can be
summarized that the microporosity-mesoporosity (material

0.55
a 47.9 Hz AE=055V
J 158Hz ool
0.35
5 637.7 Hz 2.8 Hz
a 0.15 -+-Pt-C(Mo,C)600 °C
L =Pt-C(Mo,C)750 °C .
N 2 - Pt-C(Mo,C)900 °C
' ~Pt-C(M0,C)800 °C (MoyC)
+Pt-C(MDZC)850 °C - Pt*C(MO7C)1000 C
-0.05 . —Pt-C(Vulcan)
0.1 0.3 0.5 0.7 0.9 1.1 1.3
Z'/ Qcm?
0.15 —
bl - Pt-C(Mo0,C)750 °C 1135 Hz AE = 0-055 v
~+Pt-C(Vulcan) U t=60"C
01k '.A.A“«" ‘A"NA“‘A” 479 Hz
637.7Hz o 5,
& ..
e sl 500, A""L\zaHz
‘}‘E 0.05 110 869 Hz ' no™ a 'AA
S ~ )
iﬂ i -.~ 1 1 =
D - §R=Z'(f > 0) - Z'(f > o= —
0 §R=Z(f ) f ) after lifetime test
“dashed lines with empty markers: data for same cells after 160 h at 0.4 A cm?
_0.05 1 1 1
0.15 0.25 0.35 0.45

Z’/ Q cm?
Fig. 6 Nyquist plots for the symmetrical single cells with different
electrodes (noted in figure) (a) and for Pt-C(Mo,C)750 °C and Pt-
C(Vulcan) before and after the lifetime experiment (b) at cell potential
AE = 0.55 V and 60 °C. Measurement conditions: # = 60 °C and
atmospheric pressure; 100% RH gases were fed to electrodes at flow
rate 200 cm® min '
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mesopore volume) and the partial graphitization of the car-
bon support have noticeable effect on the ORR (and fuel
oxidation) catalytic activity and electrochemical stability
including cyclability of completed symmetrical single cells.

Conclusions

Symmetrical Pt-C(Mo,C) (same cathode and anode mate-
rials) fuel cell MEAs were prepared and tested in PEMFC
single cells using various microporous-mesoporous car-
bide-derived carbon (CDC) catalyst supports. It was
established that CDCs prepared from Mo,C at different
temperatures from 600 to 1000 °C using the Cl, treatment
method can be successfully used as supports for Pt nanopar-
ticles in the PEMFC applications. Physical properties of the
carbon supports like crystal structure (crystallization level),
specific surface area, and pore size distribution (micropore
and mesopore volume) have great influence on the Pt-
C(Mo,C)-based PEMFC parameters, especially on the max-
imum power density at high current densities. It was shown
that the high mesopore volume of the catalyst materials is a
very important parameter due to the limitations of mass
transport of O, and H,O in the fuel cell working conditions.
Comparison of the data with previous paper [37] indicates
that the role of anode electrode material has very small in-
fluence on the single-cell characteristics (including power
density) when pure H; is used as a fuel. It was concluded
that the temperature range from 600 to 850 °C is optimal for
CDC synthesis as the corresponding catalysts hav-
ing suitable pore size distribution, microporosity-
mesoporosity ratio, and MEAs prepared using these mate-
rials exhibited the highest power density values (for Pt-
C(Mo0,C)850°C P=500 mW cm 2ats=60°C, atmospheric
pressure).

The results established for the Pt-C(Mo,C)-based elec-
trodes were compared with those for commercial Vulcan
XC72-based MEAs, and more than 10% increase in power
density was achieved if C(M0,C)850 °C has been used as
the cathode and anode electrode supports for Pt nanocluster
activated catalysts due to the higher specific surface area and
more suitable pore size distribution. Time stability test during
600 h showed very low degradation for Pt-C(Mo,C)750 °C-
based symmetrical PEM single cell (cell potential drop
240 wV h™' during 160 h and noticeably lower degradation
rate of 160 uV h™' from 160 to 600 h at 0.4 A cm * and
60 °C). Therefore, longer time stability studies with the opti-
mized structure of PEMFC electrodes will be carried on.
Based on the information collected, it can be concluded that
CDCs are promising catalyst support materials and Pt
nanocluster activated CDCs can be used as the catalysts for
PEMFC demonstrating high efficiency and good durability.

@ Springer
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