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ARTICLE INFO ABSTRACT

Handling Editor: Shohji Tsushima Unique Pt/TaOx/MC cathode electrocatalysts for polymer electrolyte fuel cells (PEFCs) are developed using
partially-reduced TaOy decorated on mesoporous carbon (MC). An initial mass activity (MA) of more than 500 A
g’1 was observed for a TaOx/MC support heat treated at 700 °C in Hy or 1300 °C in Ar, more than double that of
a conventional Pt/C electrocatalyst. The durability against start-stop and load potential cycling was successfully
improved compared with the reference catalysts, as verified by half-cell voltammetry and full membrane-
electrode-assembly (MEA) tests. Durability against start-stop cycling was attributed to the use of a
thermochemically-stable TaOyx support which prevents direct contact between Pt and MC, thus minimizing
carbon corrosion. Durability against load cycling was mainly attributed to the mesoporous structure, preventing
the agglomeration of Pt catalyst particles. As such, the Pt/TaOx/MC cathode electrocatalysts presented in this
work have the potential to achieve both high durability and high power output, which is especially attractive for
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heavy-duty vehicular fuel cell applications.

1. Introduction

The climate crisis is driven by greenhouse gas emissions originating
from the burning of fossil fuels. Global heating is an urgent global issue,
and many nations have declared their intention to achieve carbon
neutrality by 2050. More than 150 countries or regions have announced
their commitment to decarbonization, whilst renewable energy is being
rapidly implemented across societies around the world [1,2]. However,
the issues of intermittency and energy storage remain to be solved at
scale. Hydrogen is a chemical secondary energy carrier that can be
produced from a variety of industrial processes and does not emit carbon
dioxide at the point of utilization. As such, it is expected that hydrogen
will be widely applied in the transportation, industry, and power gen-
eration sectors [3-7].

A core technology in hydrogen utilization is the polymer electrolyte
fuel cell (PEFC). PEFCs convert the chemical energy of hydrogen into a
voltage, and are already being applied to power fuel cell electric vehicles
(FCEVs) in the transportation sector. They are already being applied in
heavy-duty vehicles (HDVs) including as trucks, buses, trains, ships, and

even airplanes to help realize zero emission mobility [5-10]. However,
the effective use of PEFCs as a power source for HDVs requires higher
power output and much greater durability than currently acceptable for
e.g. passenger vehicles, with estimated improvements of around three
and six times required, respectively [11,12]. PEFCs have already been
largely optimized using the materials currently available, so further
improvements can only feasibly be achieved by the development of
innovative materials and cell architectures. Currently, cathode electro-
catalysts exhibit particularly high overvoltages despite the use of highly
active platinum-cobalt alloy nanoparticle catalysts, which accounts for a
large fraction of the total capital expenditure of PEFC stacks. Therefore,
the development of alternative electrocatalysts which simultaneously
achieve higher catalytic activity and improved durability is imperative.

The structure of the electrocatalyst layer in PEFCs is highly complex
and contains multiple materials and phases. They generally comprise of
electrocatalyst nanoparticles decorated on a porous carbon support such
as carbon black (for improvement of electron conduction and surface
area), coated with a thin ionomer layer (for proton transport). However,
PEFC cathodes operate in a severe environment, reaching high
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Fig. 1. Protocol for (a) synthesis of the TaOx/MC support, and (b) decoration of
the support with platinum nanoparticles using the acetylacetonate (acac)
complex method.
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Table 1
Start-stop cycle durability test conditions [63].
Cell temperature 80 °C
Flow rate Anode: Hp 70 cc min~! | Cathode: Ny, 166 cc min ™"
Maximum potential 1.5V
Minimum potential 1.0V
Rate of potential 500 mV s !

change
Number of cycles Up to 60,000 cycles, with ECSA measurements and

performance tests after 1k, 2k, 5k, 10k, and 30k cycles.

Table 2
Load cycle durability test conditions [63].
Cell temperature 80 °C
Flow rate Anode: Hy 70 cc min~! | Cathode: Na, 166 cc min !
Maximum potential 0.95V
Minimum potential 0.6V
Time of each 6s

potential step
Number of cycles Up to 100,000 cycles, with ECSA measurements and
performance tests after 1k, 3k, 5k, 10k, 20k, 50k and 100k

cycles.

temperatures (e.g. 80 °C), in strongly acidic conditions (~pH = 0), and
widely fluctuating potentials. In particular, in FCEVs (including HDVs),
the electrocatalyst is frequently subjected to potential fluctuations
associated with start-stop and acceleration/deceleration load cycling,
which accelerates degradation via two main mechanisms [8,13-17].

The first important degradation mechanism is oxidative corrosion of
the carbon support during start-stop potential cycles. Thermochemi-
cally, the equilibrium potential of carbon oxidation is 0.207 V. However,
in real-world environments, it has been reported that oxidative corro-
sion can progress rapidly when the potential reaches values such as
1.0-1.1 V versus the reversible hydrogen electrode (RHE) [14]. It is
known that the cathode potential can temporarily rise to almost 1.5 V
during gas displacement inside the stack when the fuel cell is switched
on and off, resulting in the gradual oxidization over the lifetime of the
device [13-17]. This carbon corrosion can result in electrocatalyst
particle detachment from the support resulting in a decrease in the
electrochemical surface area (ECSA), and a decrease in electronic
conductance resulting in an increase in electrode resistance. These ef-
fects lead to an increase in overvoltage, ultimately leading to a decrease
in PEFC power output and efficiency.

A huge number of studies have attempted solve the issue of carbon
corrosion. For example, alternative carbon materials with higher
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corrosion resistance and larger surface area have been investigated,
including graphitized carbon black [18-20]; graphitized carbon fibers
[21]; carbon nanotubes (CNTs) [22,23]; mesoporous carbon (MC) [24,
25]; graphene [26,27]; and related materials such as nitrogen-doped
carbon [27-29]. Despite some reported improvements, electro-
chemical oxidation in any carbon material is inevitable under the
required conditions. As such, many studies have also been conducted on
alternative catalyst supports, and especially those incorporating metal
oxides [30,31]. Metal oxides are already oxidized by their nature, and
therefore are generally resistant to further oxidation. As such, they can
improve start-stop cycle durability by preventing direct contact between
the Pt catalyst and the carbon material.

The extreme environment of a PEFC cathode means that suitable
metal oxides which are stable under these conditions are limited [30,
31]. To mention a few, materials such as titanium dioxide (TiO3) [32,
33], tungsten trioxide (WOs) [34,35], molybdenum dioxide (MoO3)
[36], and niobium pentoxide (NbyOs) [37] have been investigated as
platinum supports. Tin dioxide (SnO») has attracted particular attention
as a material with high stability and electronic conductivity under PEFC
cathode conditions. Our research group has been investigating metal
oxides as catalyst supports for two decades, including TiO2 and SnOs,
which are stable even in strong acidity and high potential environment
[38]. Furthermore, we have developed Nb-doped SnO, supports which
display higher conductivity and durability relative to other metal oxides
[31,39-44]. Other research groups are also developing alternative
electrocatalysts using e.g. SnO; [45,46].

Another important degradation mechanism is the dissolution and re-
deposition of Pt catalysts under load potential cycling during PEFC
operation. Especially for automobile applications, the voltage fluctuates
frequently due to acceleration and deceleration of the vehicle, usually
between 0.6 and 0.95 V vs. RHE. During these changes in potential, the
Pt/PtOy redox reaction takes place on the surface of catalyst nano-
particles, and it has been shown that Pt can dissolve at potentials above
ca. 0.85 V in the cathode environment [8,30]. Furthermore, in this
process, Pt particles with smaller diameters are oxidized to Pt?* jons
which dissolve in the acidic solution and are then reduced and
re-deposited on the surface of more thermodynamically stable Pt par-
ticles with larger diameters, a process known as Ostwald ripening [47,
48]. Increasing the catalyst particle size decreases surface area, leading
to a decrease in mass activity (MA) and power output. Furthermore,
potential fluctuations can also result in Pt particle aggregation due to
particle mobility on the support surface [47,48]. Various efforts have
been made to prevent these degradation mechanisms [49-51]. One
common solution is to employ mesoporous carbon supports. Mesopores
are classified as having diameters in the range of 2-50 nm. Because of
the unique porous structures and often large surface area of MCs, many
studies have explored their use as a catalyst support in PEFCs [8,24,25,
52,53]. From the viewpoint of catalyst degradation, it has been reported
that nanoparticles residing within mesopores do not have direct contact
with the strongly acidic ionomers, suppressing Pt dissolution and thus
improving load cycle durability [54,55]. Again, metal oxide supports are
beneficial in the minimization of these issues, due to the strong inter-
action between the metallic catalyst and the metal oxide support, which
suppresses dissolution and agglomeration of platinum nanoparticles
[56].

Here, we aim to combine the benefits of using mesoporous carbons
and the benefits of employing metal oxides to overcome the main
degradation mechanisms of carbon corrosion and dissolution/agglom-
eration under start-stop and load cycling conditions. In this paper, we
focus on tantalum oxides with a high melting point of 1875 °C [57],
which are thermochemically stable in the strongly acidic environment of
PEFC cathodes [30,31]. Only a limited number of studies have consid-
ered tantalum as a potential material for PEFC cathode electrocatalysts
[31,58-60]. One of the drawbacks of using metal oxides in electro-
catalyst layers is the relatively low electrical conductivity compared
with carbon. As such, we attempt to potentially improve the
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Fig. 2. STEM transmission images of the TaO,/MC supports heat-treated in: H, at (a) 700 °C and (b) 800 °C; and in Ar at (c) 1300 °C and (d) 1400 °C. TaOy particles

stand out in bright contrast.

conductivity of tantalum oxide by partial reduction from TayOs to
nonstoichiometric TaOyx. The preparation and evaluation of
Pt/TaOx/MC electrocatalysts will open up new possibilities for
improved performance and durability in PEFCs.

2. Experimental
2.1. Preparation of the TaO,/MC supports

The support synthesis procedure is summarized in Fig. 1a. Tantalum
ethoxide (Tay(OCyHs)s, Kojundo Chemical Laboratory Co., Ltd., Japan)
was dissolved in ethanol (Kishida Chemical Co., Ltd., Japan), and then
mesoporous carbon (CNovel® MJ(4)010, Toyo Tanso, Co., Ltd., Japan,
nominal pore diameter 10 nm) was dispersed in this solution. Tantalum
ethoxide was added such that the ratio of tantalum to mesoporous car-
bon was 35 wt %. The resulting dispersion was dried under reduced
pressure using a rotary evaporator (SE-1000, Eyela, Japan), a vacuum
pump (EVP-1000, Eyela, Japan), and a pressure controller (NVC-2300A,
Eyela, Japan), whilst simultaneously applying ultrasonic agitation
(MCS-3P, AS ONE, Japan) until all the solvent was evaporated. Then,
steam hydrolysis was conducted by supplying 3%-humidified N gas at
room temperature for 1 h. After this, the powder was first heated at
400 °C for 2 h, then at 800 °C for 30 min, in inert gas (either Ny for
subsequent Hj treatment, or Ar for subsequent Ar treatment). The
resulting powder was then heated either under flowing hydrogen gas at
between 500 °C and 800 °C for 2 h, or under flowing argon gas at be-
tween 800 °C and 1400 °C for 2 h, to partially reduce the Ta30s to TaOy.
This resulted in tantalum oxide-coated mesoporous carbon (TaOx/MC)
powders.
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2.2. Preparation of the Pt/TaO,/MC electrocatalysts

Subsequently, the TaO,/MC supports were decorated with Pt catalyst
nanoparticles using the acetylacetonate (acac) method (Fig. 1b) [24].
First, Pt acetylacetonate (Sigma-Aldrich Co., LLC, USA) was dissolved in
acetone (Kishida Chemical Co., Ltd., Japan), and then the TaOy/MC
support powder was dispersed in this solution. The dispersion was then
dried using the rotary evaporator under ultrasonic agitation until all the
solvents was evaporated. The obtained powder was then heat-treated at
210 °C for 3 h and then at 240 °C for 3 h under flowing nitrogen gas,
reducing the platinum precursor to platinum metal. This procedure
resulted in the formation of Pt/TaOx/MC electrocatalyst powders.
Platinum-decorated mesoporous carbon (Pt/MC) was also prepared by
the same procedure as a reference sample. The Pt loading in both cases
was set to be 30 wt%.

2.3. Microstructural characterization of the supports and electrocatalysts

The microstructure of the resulting supports and electrocatalysts was
observed using high-resolution field-emission scanning electron micro-
scope (FE-SEM, SU9000, Hitachi High-Tech Corporation, Japan) and
scanning transmission electron microscope (STEM, JEM-ARM200F,
JEOL Ltd., Japan) coupled with energy dispersive X-ray spectroscopy
(EDS). The crystalline state of the TaOx/MC supports was evaluated via
X-ray diffractometry (XRD, RINT Ultima III, Rigaku, Japan). The pore
size distribution was measured using a high-precision gas adsorption
system (BELSORP-mini-II-SP, MicrotracBEL, Japan).

2.4. Electrochemical characterization of the electrocatalysts

Electrochemical measurements were first performed using a rotating
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Fig. 3. XRD spectra of TaO,/MC supports heat treated in (a) Hy and (b) Ar at
various temperatures. Dashed lines indicate the peak positions with their
indices of Ta,Os and Ta in (a), and Ta,Os and TaO in (b).

disk electrode system (RDE, HZ-5000, Hokuto Denko Corp., Japan).
Electrocatalyst ink comprising the electrocatalyst powder, 2-propanol
(Wako Pure Chemical Industries, Ltd., Japan), ultrapure water (18.2
MQ, Direct-Q UV5, Merck Millipore), and 5% Nafion solution (Wako
Pure Chemical Industries, Ltd., Japan) was prepared by stirring with an
ultrasonic homogenizer (UH-600, SMT Co., Ltd., Japan). To prepare the
working electrode, each electrocatalyst ink was carefully deposited onto
a glassy carbon (GC) disk electrode with an electrode area of 0.196 cm?,
with a fixed platinum loading of 17.3 pg.p; cm ™2 [61]. Cyclic voltam-
metry (CV) was performed under static conditions in Ny-saturated 0.1 M
HCIO, at 25 °C. The scanning rate was 50 mV s ! and the scanning range
was 0.05-1.2 Vgyg [62]. The electrochemical surface area (ECSA) of Pt
after 50 potential cycles was derived from the hydrogen desorption re-
gion (0.05-0.4 Vgyg) of the obtained CV curves. The linear sweep vol-
tammograms (LSVs) were used to evaluate the oxygen reduction
reaction (ORR) activity via RDE measurements performed in Os-satu-
rated 0.1 M HCIO, at 25 °C, at a scanning rate of 10 mV s~! in a range of
0.2-1.2 Vgyg, with an electrode rotation speed varying from 2500 to
400 rpm. The mass activity (MA, i.e. the current per unit mass of Pt) was
calculated at 0.9 Vgyg.

Meanwhile, the durability of the electrocatalysts was evaluated by
applying potential cycles simulating the load cycles of a real-world
system according to protocols recommended by the New Energy and
Industrial Technology Development Organization (NEDO) [63]. Load
cycling (which accelerates Pt dissolution and re-deposition) was per-
formed for 100,000 cycles with a square potential wave between 0.6 and
0.95 Vgyg with 6 s per cycle. The ECSA was measured periodically
during the durability tests.
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Fig. 4. (a) Selected area electron diffraction pattern; (b) STEM-EDS line anal-
ysis; and (c) elemental distribution of C, O, and Ta for the TaOy/MC support
treated in Ar at 1300 °C.
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and Pt/C are also shown for comparison.
2.5. Preparation of membrane electrode assemblies (MEAs)

Electrocatalyst paste was prepared by dispersing the Pt/TaOx/MC
electrocatalyst powder (or a reference Pt-decorated Ketjenblack elec-
trocatalyst, 46.4 wt% Pt, TEC10E50E, Tanaka Kikinzoku Kogyo K.K.,
Japan), 99.5% ethanol, ultra-pure water, and 5 % Nafion solution, using
the ultrasonic homogenizer. This electrocatalyst paste was then sprayed
onto an electrolyte membrane (Nafion 212, Chemours Co., Delaware,
USA) using a spray printing system (C-3 J, Nordson Co., USA). The
electrode area was 1.0 cm? (1 cm x 1 cm). The Pt/TaOx/MC electro-
catalysts were applied to the cathode with a Pt loading of 0.2 mg p¢
crn’z; a Nafion content of 28 wt % (ionomer/carbon ratio, I/C = 0.83);
and a solids ratio for spray printing of 4 wt % (obtained by mixing ultra-
pure water and ethanol in a volume ratio of 1:9). For the anode, the Pt/C
(TEC10ES50E) was used as the electrocatalyst; the Pt loading was set to
be 0.1 mg p¢ cm™%; the Nafion content was also 28 wt % (but with I/C =
0.73), and the solids ratio was 3.5 wt %.

After spray printing, the MEAs were prepared by hot-pressing at
132 °C and 0.3 kN for 180 s. Finally, both electrodes were sandwiched
between two hydrophobic gas diffusion layers (GDLs). The cathode GDL
was coated with a microporous layer (22BB, SGL Carbon GmbH, Ger-
many) and the anode GDL was uncoated (EC-TP1-060T, Electrochem
Inc. USA). The PTFE-based sealant thickness was 100 pm on the cathode
side and 180 pm on the anode side. The Nafion content and sealant
thickness have been previously optimized for improved cell perfor-
mance [64].
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2.6. Evaluation of MEAs

Current-voltage (I-V) characteristics of MEAs were evaluated at
80 °C and 100% relative humidity (RH). The cell temperature and the
gas humidification temperature were both set at 80 °C, and the gas
utilization of air and Hy was set to be 2% at 1 A cm™2 for both the
cathode and the anode. During MEA measurements, the gas pressure
was set to be 1.5 bar. A fuel cell evaluation system (AutoPEM-TH042B,
Toyo Co., Japan) was used for cell performance measurements. A cell
holder, with three serpentine-shaped gas flow channels, was used for the
evaluation of MEAs with 1 cm? electrodes, as developed in a NEDO
project. Before I-V measurements, MEAs were pre-treated at 0.6 V for 4
h. At each step of measurement (18 steps between 0.95 V and 0.2 V), the
cell voltage was held constant for 5 min, and the current density aver-
aged over the final minute was recorded. For evaluating the various
overvoltages, the ohmic cell resistance was measured using an AC
impedance analyzer (SP-240 Potentiostat, BioLogic, France), and the IR
loss was separated by subtracting the ohmic contribution (IR loss) from
the recorded cell voltage. The IR-free voltage loss was then separated
into activation overvoltage and concentration overvoltage. A Tafel plot
was created with current density plotted on the logarithmic x-axis, and
the IR-free cell voltage plotted on the y-axis. In the low current density
region, 3 to 4 values were fitted with linear regression. The difference
between the theoretical electromotive force (1.17 V at 80 °C for an Hy/
air cell at ambient pressure) and the voltage of the linear regression line
was taken as the activation overvoltage at the current density of interest.
The deviation of the IR-free voltage from the voltage at the linear
regression line in the Tafel plot was taken as the concentration
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Pt/C are also shown for comparison.

overvoltage [63]. Cross-sectional micrographs of the electrocatalyst
layers were taken by using a focused ion beam scanning electron mi-
croscope (FIB-SEM, Helios NanoLab 600i, FEI) to evaluate their
thickness.

To evaluate the durability of MEAs, accelerated degradation tests
were performed. A protocol simulating the start-stop cycles and load
cycles of FCEVs were used, as recommended by the NEDO [63]. Ac-
cording to this protocol, the start-stop potential cycle comprises a
triangular potential waveform between 1.0 and 1.5 V, with 2 s per cycle.
The start-stop cycles simulate the fuel cell start-stop operation, accel-
erating carbon corrosion. The load potential cycle comprises a square
potential waveform between 0.6 V and 0.95 V, with 6 s per cycle. This
load cycle simulates output fluctuations due to acceleration and decel-
eration. The detail conditions of the start-stop cycle durability test and
the load cycle durability test are shown in Tables 1 and 2, respectively. It
has been reported that load cycle durability tests up to 30,000 cycles
corresponds to a real-world driving range of 200,000 km over 6000 h
[65], which is the lifetime of a typical passenger vehicle [8].

3. Results and discussion
3.1. Characterization of the TaOy/MC supports

Representative STEM transmission images of the TaOy/MC catalyst
supports heat-treated (a) in Hy at 700 °C; (b) in Hj at 800 °C; (c) in Ar at
1300 °C; and (d) in Ar at 1400 °C are shown in Fig. 2. Ta-rich phases
stand out in bright contrast due to their relatively higher atomic mass
compared to carbon. In (a), they are observed to have diameters of a few
nanometers, and are highly dispersed throughout the mesoporous car-
bon support. This suggests that the unchecked growth of Ta-based grains

825

is suppressed, due to confinement within the MC mesopores. However,
in (b), the Ta-rich phase grains are observed to be more aggregated. This
is attributed to the higher temperature, resulting in possible gasification
of the carbon via reaction with hydrogen to form methane, losing the
confinement effect of mesopores. In (c), slightly larger but well-
dispersed tantalum-rich phases are still observed despite the higher
temperature, attributed to the inert gas used in this case, preventing
gasification of the mesoporous carbon. However, in (d), again agglom-
eration of the tantalum-rich phases is observed, attributed to the higher
temperature of 1400 °C affecting the carbon structure.

Fig. 3a shows the XRD patterns of supports heat-treated in hydrogen
gas at 500, 600, 700, and 800 °C. Fig. 3 also shows the XRD peak po-
sitions of TayOs, TaO, and Ta. As the temperature increases, peaks
corresponding to TayOs appear. However, in (a), no XRD peaks are
observed for metallic Ta and TaO phases, suggesting that the tantalum
oxide is not fully reduced to its metallic phase or the TaO phase even in
the strongly reducing conditions of hydrogen gas at 800 °C. It may be
possible that 800 °C was still too low to reduce the relatively thermo-
stable Ta;Os to TaO or Ta due to the high melting point of Taz0s, even in
hydrogen gas. Meanwhile, Fig. 3b shows the XRD patterns after heat
treatment in argon gas between 800 °C and 1400 °C. In this case, the
crystallinity increases up to 900 °C, but then the intensity of the TayOs
peak decreases at higher temperatures of 1000 °C and 1100 °C. For-
mation of oxygen-deficient tantalum oxide (TaO) is confirmed after heat
treatment at 1200, 1300, and 1400 °C (highlighted by the pink dotted
lines).

Fig. 4 shows (a) selected area electron diffraction, (b) STEM-EDS line
analysis, and (c) elemental distribution (C, O, and Ta) of the TaOx/MC
support heat-treated in Ar at 1300 °C. The diffraction rings corre-
sponding to TaOy are denoted in red (Fig. 4a) and confirm the reduction
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Fig. 8. (a) ECSA of selected electrocatalysts during load cycle durability tests,
and (b) LSV (1600 rpm) before (initial) and after (end) the load cycle durability
tests, both measured in half-cell tests.

of Tay0s to the partially-reduced form, TaO. In addition, crystalline
planes corresponding to TaO are clearly observed in Fig. 4b. Further-
more, Fig. 4c shows line scans of each element, indicating that the de-
gree of oxidation is different between the center of the tantalum-based
particles and their surface, with the center being more reduced (i.e., x <
1) and the surface being less reduced (i.e., x > 1). It may be possible that
MC acts as a reducing agent, reducing TayOs to TaOx even in Ar, which is
an inert gas.

The pore size distribution of the support materials was also measured
using the Barrett-Joyner-Halenda (BJH) gas adsorption method as
shown in Fig. 5. The mode mesopore diameter of all of the MC-based
supports was ~7 nm, but the mesopore volume decreased in the order
of pure MC, to TaOx/MC (H3/700 °C), and to TaOx/MC (Ar/1300 °C). It
is concluded from this data that the TaOy particles account for around
half of the total mesopore volume of the samples. These results indicate
that there remains available space for Pt catalyst decoration on the TaOx
support within the mesopores, but sufficient TaOy is still available
within the mesopores to act as a catalyst support.

3.2. Electrochemical characterization

CV curves (Fig. 6a and b) and LSV curves (Fig. 6¢ and d, measured at
1600 rpm) of the Pt/TaOx/MC electrocatalysts are shown in Fig. 6. The
catalyst supports heat-treated in hydrogen are represented in Fig. 6a and
¢, whilst those heat-treated in argon are shown in Fig. 6b and d. The data
for Pt/MC and Pt/C (TEC10E50E) electrocatalysts are also shown for
comparison. Meanwhile, the ECSA values derived from the CV curves
are shown in Fig. 7a and b, while the MA values derived from the LSV
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curves are shown in Fig. 7c and d, also separated into heat treatment in
hydrogen or argon. There are no major changes in the profiles of the CV
curves associated with the addition of tantalum oxide compared with
the pure carbon supports, and the ECSA values all fall in the range of 60
to ca. 90 m? g~! for all the electrocatalysts studied here. In contrast,
there is a clear positive shift in the LSV curves as the heat treatment
temperature increases for both Hy and Ar heat treatments (Fig. 6¢ and
d). Fig. 7 clearly reveals that the highest MA was observed after heat
treatment in hydrogen at 700 °C, and after heat treatment in argon at
1200 °C and 1300 °C, all exceeding 500 A g™}, which is twice as high as
the recorded values of the commercial Pt/C reference electrocatalyst
with an MA of around 250 A g~ 1.

Possible reasons for this increase in MA include the likely higher
electrical conductivity of nonstoichiometric TaOy relative to TapOs,
surface defects on TaOy, and/or a strong Pt-TaOy interaction after the
high temperature treatment steps. Spillover effects on the Pt-TaOy sur-
face, strong acidity of TaOy, oxygen vacancy on oxygen-deficient TaOy,
structural stability of Pt with TaOy, and/or a strong electronic metal-
oxide interaction affecting electronic state of Pt catalysts [58,59]
could also be related for improved oxygen reduction reaction (ORR)
activities. In contrast, a decrease in MA was observed when the heat
treatment temperature raised further to either 800 °C in hydrogen or
1400 °C in Ar. This is attributed to the significant change in micro-
structure of the carbon, and large grain size of tantalum-based phases
observed in these samples, as observed by STEM (Fig. 2b and d).

3.3. Load cycling durability

The catalysts based on supports heat-treated in hydrogen at 700 °C or
in argon at 1300 °C which displayed high MA were additionally sub-
jected to half-cell load cycle durability tests. The changes in ECSA
throughout the test, and LSV curves before and after the durability tests
are shown in Fig. 8. Both Pt/TaOx/MC electrocatalysts displayed
improved load cycle durability, with a relatively gradual decrease in
ECSA (Fig. 8a) and an excellent retention of ORR activity (Fig. 8b)
compared to the standard Pt/C electrocatalysts. The values of ECSA
retention in the two Pt/TaOx/MC electrocatalysts were 74% and 58%,
respectively (Fig. 8a). This is attributed to the use of MC as the catalyst
support framework, preventing catalyst migration/aggregation due to Pt
confinement in mesopores as well as the strong metal support interac-
tion between platinum and TaOy, further preventing dissolution and
migration. However, in the case of the LSVs, the Pt/MC electrocatalyst
retained its ORR activity to a greater degree than the Pt/TaO,/MC
electrocatalyst. A possible explanation for this is that the TaOx particles
become more oxidized throughout the long-term durability test, prob-
ably returning to their less electronically conductive TapOs phase.

Detailed microstructural images of the Pt/TaOx/MC electrocatalysts
treated in Hy at 700 °C and in Ar at 1300 °C before and after the load
cycle tests are shown in Fig. 9. STEM-EDS maps (Fig. 9a and b) show that
the grain size of the initial Pt particles (green) was ca. 2-3 nm diameter
before the load cycle tests. In contrast, after the load cycle tests, a pro-
portion of the Pt particles have grown to larger than 10 nm in diameter,
while others still remain small at ~5 nm (Fig. 9c and d). Little aggre-
gation is observed and this is attributed to suppressed migration of
platinum catalyst on the metal oxide support and in the carbon meso-
pores. Furthermore, transmission STEM images (Fig. 9e and f) show that
the Pt particles on the surface of the MC grains (denoted with red circles
with dashed lines) are coarsened. However, the Pt particles within the
MC grains maintained their (small) size, thus indicating that aggregation
of Pt particles within mesopores is suppressed. The Pt particles on the
surface of the MC grains tended to be larger, especially in the electro-
catalyst heat-treated in Ar at 1300 °C, suggesting that a larger propor-
tion of Pt was deposited outside the mesopores compared with the
electrocatalyst heat-treated in Hy at 700 °C. Crucially, it is desirable for
Pt catalysts to be decorated within the mesopores to ensure a higher load
cycle durability.
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Fig. 9. (a—d) STEM-EDS maps of Pt (green) and Ta (red) and (g, h) STEM images of the Pt/TaO,/MC electrocatalysts, treated (a, c, e) in Hp at 700 °C and (b, d, f) in Ar
at 1300 °C, (a, b) before and (c-f) after the load cycle tests. In (e) and (f), Pt catalyst nanoparticles are aggregated on the MC grain surface denoted with red circles
with dashed line, while other nanoparticles within the MC grains remain smaller. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

3.4. Electrochemical performance of MEAs

Fig. 10a shows the I-V characteristics of an MEA using the best-
performing Pt/TaOyx/MC electrocatalyst, namely that heat-treated at
1300 °C in Ar. The corresponding I-V curves for the Pt/MC and Pt/C
(TEC10ES0E) reference samples are also shown for comparison. Overall,
the cell performance with the Pt/TaOx/MC electrocatalyst is slightly
lower than for the Pt/C reference, but still displays sufficiently high cell
voltage up to relatively high current densities beyond 3 A cm ™2
Fig. 10b, 10c, 10d, and 10e show the power density, the activation
overvoltage, the IR loss, and concentration overvoltage, respectively.
The power density of the MEA with the Pt/TaOy/MC electrocatalyst was
comparable to that with the reference Pt/C (Fig. 10b). The activation
overvoltage (Fig. 10c) was similar for all three fabricated cells. To
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further reduce the activation overvoltage, it is necessary to increase the
utilization of platinum, especially in the low current density range.
Furthermore, no difference in IR loss was observed (Fig. 10d) between
the Pt/TaOx/MC cell and the Pt/MC cell, indicating that the presence of
TaOy does not inhibit electrical conduction in the electrocatalyst layer
(the specific electrical conductivity of TaOyx should be quantitatively
evaluated in a future study). Fig. 10e shows that the concentration
overvoltage is comparable between the Pt/TaOx/MC cell and the Pt/C
cell, leading to the excellent cell performance in the high current density
region [66]. The thickness of the Pt/TaOx/MC, Pt/MC, and Pt/C elec-
trocatalyst layers were 6.9 + 0.5 pm, 12.4 &+ 0.5 pm, and 3.2 + 0.2 pm,
respectively, derived from 10 images of the FIB-SEM cross-sectional
micrographs of each electrocatalyst layer. Since a Pt loading was set to
be 30 wt% relative to the total mass of the support (TaOx/MC for the
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Pt/TaOx/MC electrocatalyst, and MC for the Pt/MC electrocatalyst), the
Pt loading versus the mass of MC alone was consequently much higher
for Pt/TaOx/MC than for Pt/MC, leading to a much thicker electro-
catalyst layer for Pt/MC. The significant increase in concentration
overvoltage of the Pt/MC cell (Fig. 10e) is likely attributed to this fact,
resulting in less effective mass (O2 and water) transport. The slightly
lower current-voltage characteristics of the Pt/TaOx/MC cell compared
to those of the Pt/C cell are attributed to a relatively inhomogeneous MC
microstructure for Pt/TaOy/MC with a particle size distribution ranging
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from ~0.5 pm to 2 pm. Further optimization of this microstructure as
well as the I/C ratio may be required to further improve the cell
performance.

3.5. Start-stop cycle durability of MEAs

The durability against start-stop cycling of the MEAs using the Pt/
TaOx/MC electrocatalyst heat-treated in Ar at 1300 °C, the Pt/MC
electrocatalyst, and the Pt/C electrocatalyst was also evaluated at the
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Fig. 11. ECSA retention of the cells using each electrocatalyst, (a) during
60,000 start-stop cycles and (b) during 100,000 load cycles.

full-cell level by applying 60,000 start-stop potential cycles. The ECSA
(Fig. 11a) of the cell using Pt/MC decreased rapidly and approached
zero after only 5000 cycles. In contrast, the cell with the Pt/TaOy/MC
electrocatalyst maintained an ECSA of ~10% even after 60,000 cycles.
Whilst mesoporous carbon is not sufficiently durable against oxidative
start-stop potential cycles, it is evident that the applying a TaOy layer on
the surface of mesoporous carbons can significantly improve the start-
stop cycle durability by preventing the direct contact between the Pt
catalyst and the carbon-based MC, as previously reported for SnOs-
based electrocatalyst supports [42-44]. The start-stop cycle durability of
the cell using the Pt/TaOx/MC electrocatalyst is comparable to that of
the commercially available Pt/C reference, but this durability against
start-stop cycles is expected to be further improved by optimizing e.g.
the loading and distribution of TaOy, the platinum loading, and the
microstructure of the mesoporous carbon.

3.6. Load cycle durability of MEAs

The durability against load cycling of the MEAs was also evaluated at
the full-cell level by applying 100,000 load potential cycles. The
retention of ECSA for the Pt/TaOy/MC cell was ~25% after 100,000
cycles, and in this case it was actually higher compared to both the Pt/
MC and Pt/C references. The mesoporous carbons had improved
retention in this case attributed to the prevention of aggregation of Pt
particles confined in the mesopores, and the highest retention for Pt/
TaOx/MC is attributed to the further effect of the strong metal-support
interaction between platinum and the tantalum oxide in addition to
the mesopore effect. As such, both half-cell (Fig. 8a) and full-cell
(Fig. 11b) results highlight the common trends that the use of meso-
porous carbon in combination with tantalum oxide improves the load
cycle durability, while the carbon black support (i.e. Ketjenblack) of the
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reference Pt/C sample contains micropores (i.e. < 2 nm) with a high
surface area, ensuring a certain degree of load cycle durability. In future
studies aiming to achieve both higher performance and durability, the
mesoporous carbon should be further optimized by controlling the
mesopore size and the degree of graphitization, whilst the TaOx should
also be optimized by controlling the TaOy loading and distribution on
the mesoporous carbon support, and increasing the electrical conduc-
tivity by partial reduction and/or chemical doping. Since the physical
and surface properties of such nonstoichiometric TaOy nanoparticles
have not yet been fully explored in the literature, electrical conductivity
and surface defects of TaOy, and the strong interaction between Pt and
TaOy are also important issues of scientific and technological interest. As
such, future studies should clarify the role that TaOx plays in the elec-
trochemical performance of Pt/TaO4/MC electrocatalysts.

4. Conclusions

Improved durability against start-stop and load cycles is needed for
PEFCs to be applied in e.g. heavy-duty automotive applications, espe-
cially in terms of the cathode electrocatalysts. Therefore, we have
developed Pt/TaOy/MC electrocatalysts to combine the advantages of
mesoporous carbons and metal oxides in preventing platinum dissolu-
tion, agglomeration, and carbon corrosion. The highest initial MA
beyond 500 A g~! was observed after heat treatment of the support at
700 °C in Hy or 1300 °C in Ar, a value which is doubled compared with a
conventional Pt/C electrocatalyst. The durability of the cathode elec-
trocatalyst against start-stop and load cycles was successfully improved
compared with the reference catalysts, as verified by half-cell voltam-
metry and full MEA tests. Improved start-stop cycle durability is
attributed to the use of a TaOx support, preventing the direct contact
between Pt and MC, thus minimizing carbon corrosion. Meanwhile high
load cycle durability is mainly attributed to the mesoporous structure,
preventing aggregation of the Pt catalyst particles. Improvements in
both types of durability are simultaneously fulfilled using these elec-
trocatalysts. These results indicate that TaOx-based electrocatalyst sup-
ports using MC have the potential to achieve both high durability and
high power output for PEFCs, and could therefore be suited to heavy-
duty vehicular fuel cell applications.
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