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Platinum (Pt) nanoparticles with different sizes of 2 nm and 5 nm supported on functionalized high surface area
carbon (HSC) have been successfully synthesized with a one-pot synthesis technique in large scale. Of the interest
for the proton exchange membrane fuel cell applications, the synthesized supported catalysts are evaluated by
physical characterizations, half-cell and scaled up single cell tests to study the impact of the catalyst sizes on
cell performance and durability. Physical characterizations clearly demonstrate the sizes, shapes, crystallinity
phases, and the total loading of the Pt nanoparticles on HSC. Half cell characterizations demonstrate higher
electrochemical surface area, higher mass activity, and less durability for the working electrode prepared by the
smaller Pt nanoparticle sizes (2 nm) than the larger Pt nanoparticles (5 nm). Scaled up single cell tests using air
and hydrogen as the cathode and anode reactants demonstrate the membrane electrode assembly (MEA) prepared
by smaller Pt nanoparticle sizes (2 nm) shows the maximum power density of 1.1 W/cm?, which is 7% higher
than the maximum power density of MEA prepared by larger Pt nanoparticles (5 nm) under similar operational
conditions. The 30,000 cycles of accelerated stress test on the membrane electrode assembly prepared by larger Pt
nanoparticles (5 nm) demonstrates 13% drop at maximum power density, illustrating the excellent performance
against degradation (ageing).

Introduction

Hydrogen and fuel cells have become the essential and key elements
of strategies for climate change mitigation and post-pandemic economic
recovery, and have been incorporated into the core strategies for carbon
neutrality by the middle of this century and greenhouse gas emission
peaking by around 2030 for major economies around the world. Proton
exchange membrane fuel cell (PEMFC) converts the chemical energy
in hydrogen and oxygen directly into electrical energy through a key
step of oxygen reduction reaction (ORR) [1]. Compared to the conven-
tional energy conversion devices, it has many advantages, including low
temperature operation, zero emission, and high efficiency [2]. These ad-
vantages make it promising for both stationary and mobile applications
[3]. One of the key limitations to the commercialization of the PEMFC
at this stage is its high cost [4]. Because of the low temperature opera-
tion, platinum (Pt) based catalyst is almost necessary for the ORR [5] in
the practical PEMFCs in order to have sufficient performance and dura-
bility; however, Pt-based catalyst layer accounts for up to 41% of the
overall cost of the fuel cell in mass production, which makes it difficult
for the PEMFCs to be used on a large commercial scale [6].

A number of measures can be taken to lower the cost of Pt-based
catalysts in PEMFCs, for example, lowering the cost of catalyst fabrica-
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tion through improvement of the fabrication techniques, lowering the
Pt loading through improvement of catalyst activities, and improving
catalyst utilization in the PEMFC environment [7-9]. Since catalyzed
reaction such as ORR occurs at the catalyst surface, traditional approach
is to make the Pt particles smaller so that for a given amount of Pt mass
(or volume), the electrochemical surface area (ECSA) of the Pt is sub-
stantially increased, hence the mass activity (MA, activity on a per unit
mass of Pt basis) can be improved [10]. Nesselberger et al. [11] tested
a series of different sizes of Pt nanoparticles ranged from 1 nm to 5 nm
supported on the high surface area carbon (HSC) for ORR activities us-
ing half-cell tests and observed the trend of decreasing in ECSA and MA
with the increase of the particle size. Smaller sized Pt nanoparticles can
be obtained by controlling the synthesis conditions [12]. However, if
the nanoparticle sizes are too small, it can counteract the advantages of
the increased surface area because of the blockage of the reaction sites
arising from the adsorption of competing molecular species [13]. Also,
smaller nanoparticles are more prone to size growth during operations
because of the high specific surface energy of nanoparticles [14,15]. In
PEMFC environment, agglomerated Pt nanoparticles cause ECSA reduc-
tion, and therefore decrease the cell performance. Pt nanoparticles with
the size ranged from 2 nm to 4 nm are reported to have the highest mass
activity for ORR [16]. After comparing the performance of a series of
Pt nanoparticles sizes from 1.6 nm to 2.6 nm, Wikander et al. [17] con-
cluded that there is no apparent relation between the particle size and
the ORR performance within the tested particle size range in half-cell
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tests; however, their impact in single cell performance and durability
was not investigated.

The degradation of the catalyst layer appears through agglomera-
tion/dissolution/detachment of Pt nanoparticles and carbon corrosion
[18]. Holby et al. [19] analyzed the impact of Pt nanoparticle size on the
stability of the catalyst via half-cell tests and simulations and concluded
that increasing particle size will drastically improve the stability. Borup
et al. [20] found that the growth rate of the size of the Pt nanoparticles
is accelerated by high cycling potentials under high relative humidity
(RH), which leads to lower ECSA. Xu et al. [21] tested stability of the
Pt nanoparticles sized from 2.9 nm to 6.5 nm via in situ electrochemical
test in a single-cell setup with an active area of 5cm? for up to 1300
driven potential cycles between 0.6 V and 1.2 V, and the results demon-
strate that larger Pt nanoparticles have reduced surface defects which
improve the durability of the electrocatalysts. A recent study by Yano
et al. [22] noted that the durability of Pt nanoparticles on carbon sup-
port is almost independent of the particle size if the particles are evenly
dispersed and the size is uniform (with standard deviation smaller than
10%). They compared carbon supported Pt nanoparticles of size 2 nm
and 4 nm before and after 30,000 cycles between 0.6 V and 1.0 V vs.
reversible hydrogen electrode (RHE) using half-cell tests. Despite the
research effort on the performance of the Pt nanoparticles of different
sizes, there are many discrepancies in literature and few studies focused
on the impact of Pt nanoparticles sizes on durability of the catalyst layer
via scaled up single cell. As a result, a comprehensive analysis including
both half-cell and full-cell characterization would be important to fully
understand the impact of the size of the Pt nanoparticles on PEMFC’s
overall performance and durability.

For the factors influencing the durability and performance of the fuel
cell, in addition to the sizes, the dispersion of the Pt nanoparticles also
has a huge impact [23]. One of the most important parameters deter-
mining the catalyst dispersion is selecting the proper support material.
High surface area substrate is required to support small-sized Pt parti-
cles to counter the particle-size effect [24,25]. Various allotropic vari-
eties of carbon have been widely and commercially used as the support
material for precious metal catalysts due to its high surface area, porous
nature, electrical conductivity and many other advantages [26]. Among
these, HSC shows promising results as a catalyst support due to the listed
advantages and has the benefit of high availability and low cost [24].
The surface of HSC is usually chemically modified to interact favor-
ably with the Pt nanoparticles and leads to better catalyst dispersion
[27,28].

The synthesis process of the catalyst also has significant impacts, be-
cause it is the synthesis process that controls the Pt nanoparticle size and
the dispersion of Pt nanoparticles on the supports [29-31]. The state-of-
the-art of Pt catalyst on carbon support is synthesized via different meth-
ods like impregnation-reduction, microemulsion, ion exchange, sputter-
ing, polyol and many others [32]. Among these methods, a simple and
reproducible loading method that has control over the Pt nanoparticle
size and dispersion would be ideal for mass production. In general, it
is conventional that Pt nanoparticles are synthesized first, and then de-
posited on the carbon-based substrate through various techniques dur-
ing the fabrication of the Pt-based catalysts [33,34]; this two-step pro-
cess increases the complexities of catalyst fabrication and limits the rate,
and hence increases the cost, of catalyst production [35]. It would be
preferred if the Pt-based catalysts can be produced in a simple one-step
process with large quantities (scaled up) to reduce the cost of the cata-
lyst production.

Further, it is conventional that most of the catalyst development is
based on the half-cell characterizations, and it is also known that cata-
lysts with good characteristics exhibited in half-cell tests are often not
necessarily good in full cell tests. This is because half-cell characteriza-
tions of the catalysts use liquid electrolyte and provide the electrochem-
ical properties of the catalyst materials, while the full fuel cell uses solid
polymeric membrane as the electrolyte, and the full cell test results re-
flect the overall balance between the electrochemical kinetics and trans-
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port phenomena occurring in the catalyst layers of the cell. Whereas the
catalyst layers consist of not only supported catalyst particles on which
catalyzed electrochemical reactions occur and through which electron
transports, but also ionomer thin film covering the catalyst surface to
form the three-phase boundary and through which proton transports,
and porous region among the catalyst agglomerate structures for reac-
tant transport and product removal. Furthermore, conventional catalyst
material research involves the synthesis of the catalyst material in a
very small amount using various nano-techniques, and stops their work
after the half-cell characterization of the synthesized catalyst nanopar-
ticles; whereas practicing engineers would work with large full cells of
practical application. Very few studies in literature have, in a single
study, taken the complete process from the synthesis of catalyst mate-
rials in large quantities, conducted half-cell characterizations to verify
the good catalytic properties of the synthesized catalyst materials, then
fabricated full fuel cells of large size with proper techniques, and finally
tested to demonstrate the performance and durability of the fuel cells
developed.

The objective of the present study is therefore to develop high sur-
face area Pt nanoparticles with different sizes on HSC via a simple and
one-pot synthesis method, and to demonstrate the viability of the pro-
duced catalyst for large sized fuel cells for practical applications. In this
study, a simple one-pot process is first developed to synthesize the in-
tended Pt-based supported catalyst in large quantities (i.e., scaled up
production of the catalyst materials), then comprehensive physical and
electrochemical ex-situ and in-situ characterizations are conducted to
elucidate the impact of Pt nanoparticles sizes on the performance and
durability of the developed catalysts through both half- and full- cell
tests. The results obtained are used to explain the discrepancies in lit-
erature, and contribute to the development of the practical catalysts for
commercial fuel cells.

2. Experiments

Material: HSC, hexachloroplatinic acid (H,PtClg), hydrochloric acid
(HCD), nitric acid (HNOjy), sulfuric acid (H,SO4), sodium hydroxide
(NaOH), Ethylene Glycol (EG), de-ionized water (DI), perchloric acid
(HCIO,).

2.1. Carbon support and surface functionalization

In a typical carbon support functionalization setup, HSC is mixed
with HCl and refluxed at 120 °C. The sample is then separated using
centrifugal separator to collect the HSC and washed with de-ionized
water (DI) and collected again. The collected sample is washed with DI
water several times until reaching neutral pH. Next, the collected sample
is mixed with the proper ratio of H,SO, and HNOj, heated at 120 °C for
further functionalization. The functionalized HSC is collected after the
sample is washed to neutral pH with DI water using the same centrifugal
separation methods.

2.2. Synthesis of Pt nanoparticles onto functionalized HSC

The synthesis is achieved using one-pot method, where the Pt
nanoparticles deposit directly onto the functionalized HSC. First, 0.4
g of HSC is mixed with the solvent and reducing agent. Afterward Pt
precursor added to the solution under nitrogen, while the solution is
being mixed using the magnetic stirrer bar. The pH of the solution is
set at 10 using NaOH, and the temperature is increased to 160 °C or
180 °C for controlling the size of Pt nanoparticles. The solution is held
at the required temperature for 3 h and the pH is decreased to 2 using
HCI. Synthesized Pt/C is then collected using centrifugal separator and
washed with DI water several times until its pH reaches 6. The final
product is dried under Ar atmosphere at 70 °C for 24 h.
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Fig. 1. TEM images of the synthesized HSC-Pt at the reaction
temperatures of 180 °C (a-c) and 160 °C (e-g) at the different
magnifications, and the Pt nanoparticle size histograms related
to the reaction temperature of (d) 180 °C, and (h) 160 °C.
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2.3. Physical characterizations

The thermogravimetric analysis (TGA) is used to determine the Pt
loading (weight percentage of Pt) of the samples. By increasing the sam-
ples to 800 °C under air flow, most of the carbon is burnt off. To calculate
the exact weight of Pt, the carbon is tested in TGA separately as the base-
line to obtain the weight residual of carbon; by eliminating the weight

0
30 35 40 45 50 55 60 65 70
Nanoparticle Diameter (nm)

residual of the carbon, the remaining weight to the total weight of the
sample is the Pt loading. X-ray diffractograms (XRD) of the samples are
recorded for the 260 angle region to determine the crystallite planes of
the Pt nanoparticles. The sample images are captured using transmission
electron microscopy (TEM) operating at 300 kV with magnification be-
tween 2250x to 360kx for the dispersion and size of the Pt nanoparticles
synthesized.
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2.4. Ex-situ electrochemical characterizations

All the half-cell electrochemical measurements are carried out us-
ing CH-Instruments 760E Bi-potentiostat coupled with BAS RRDE-3A
rotating disk electrode system. Glassy carbon (GC) disk with 4 mm di-
ameter is used as working electrode, RHE and Platinum wire are used
as reference electrode and counter electrode, respectively. 0.1 M HCIO,4
saturated with N,/O, is used as electrolyte. Catalyst ink is prepared us-
ing 5 mg of catalyst in 5 ml of de-ionized (DI) water, ethanol mixture
in the ratio 1:9 by percentage and 30 uL of ionomer. The suspension
is sonicated until homogenous dispersion of ink is formed. The work-
ing electrode is prepared by polishing glassy carbon disk with alumina
slurry on a fiber pad, followed by thorough rinsing with DI water and
air drying. A total of 6.4 uL aliquot of ink (containing 6.4 ug of catalyst)
is drop casted onto the GC disk to make a uniform catalyst layer. The
electrolyte is purged constantly with nitrogen gas for an hour to remove
air from it prior to the cyclic voltammetry measurements and similarly
purged with oxygen gas prior to linear sweep measurements. Durability
studies for half-cell, or half-cell accelerated stress tests (AST), is carried
out by cycling the potential of the working electrode between 0.5 V to
1 V Vs. RHE at the scan rate of 0.5 V/s for 3000 cycles.

2.5. In-situ electrochemical characterizations

A homogeneous ink is made by mixing the synthesized Pt/C cata-
lyst with an ionomer, DI-water and iso-propanol. Afterwards the ink is
sonicated for 1 h, then sprayed onto both surfaces of a membrane until
the proper loadings are obtained. The catalyst loading in the anode and
cathode sides are set at 0.1 and 0.4 mg/cm?, respectively, while the Pt/C
to ionomer ratios are set at 3/1 for both sides. The membrane coated
with catalyst layers is sandwiched between the gas diffusion electrodes
and sealed with Kapton gaskets. The active surface area of the fabricated
membrane electrode assembly (MEA) is 45 cm?. The prepared MEA is
placed between two straight flow-field plates and compressed to ensure
proper sealing with no leakage from either side. To assess the cell per-
formance, two flow conditions of the reactants are applied: Low flow
for the flow of hydrogen and air with stoichiometries of 1.2 to 2, and
high flow for a constant flow rate of hydrogen and air at 4.45 and 9
slpm respectively. The cell backpressure and temperature are set at 35
kPag and 75 °C, respectively, for both flow conditions. In addition, the
behavior of catalysts is evaluated under high (100%) and low (40%)
relative humidities (RH). AST is carried out by cycling the cell voltages
between 0.60 and 1 V for 30,000 consecutive cycles, at a scanning rate
of 0.05 V/s. After finishing the AST, the polarization curves are plot-
ted under high (100%), and low (40%) RHs at the constant temperature
of 75 °C and 35 kPag. Electrochemical impedance spectroscopy (EIS) is

Fig. 2. XRD patterns of the synthesized HSC-Pt
at two different reaction temperatures: 180 °C
(HSC-Pt2) and 160 °C (HSC-Pt5).

80

measured before and after the AST at the cell voltage of 0.70 V, direct
current with the amplitude of 10 mA, and frequency range of 100 mHz
and 100 kHz.

3. Results and discussion

In this study, two sizes of Pt nanoparticles supported on HSC are
obtained via controlling the one-pot synthesis reaction temperature.
Fig. 1 (a-c, e-h) shows the TEM images and size distribution of the as-
prepared Pt nanoparticles on HSC with two different sizes. As is clear
from Fig. 1(a and e) Pt nanoparticles are uniformly dispersed on the
HSC support without any noticeable agglomeration and increasing the
reaction temperature results in smaller Pt nanoparticles. Fig. 1(b and
f) demonstrate higher magnification of TEM images for both samples,
which clearly show the size differences between the prepared catalysts.
In the fast nucleation growth when the reaction temperature is high at
180 °C, the average particle size is around 2 nm (Fig. 1(c)); hence it is
referred to as the catalyst HSC-Pt2 hereafter. At a lower reaction temper-
ature of 160 °C, the average particle size is about 5 nm, which is referred
hereafter as HSC-Pt5 (Fig. 1(g)). It is clear from the high magnification
TEM images (Fig. 1(c and g)) that the shape of Pt nanoparticles is also
impacted by reaction temperature; for instance, at the higher tempera-
ture of 180 °C all the nanoparticles are faceted, and at the lower reaction
temperature of 160 °C they are almond and flat shapes. Higher magni-
fication images are taken of the nanoparticles located on the carbon
edges to gain better and clearer images about the shape of nanoparti-
cles and the impact of carbon on Pt nanoparticle shapes. To obtain the
size distributions of the prepared Pt nanoparticles on HSC, two size dis-
tribution histograms are plotted which are shown in Fig. 1 (d and h)
related to the HSC-Pt2 and HSC-Pt5, respectively. As Pt nanoparticles
are not spherical, the diameter is measured by taking the average of the
lengths across and along the elongated direction. Based on histograms
the average particle size is estimated to be around 2.49 nm for HSC-Pt2
and 5.19 nm for HSC-Pt5.

Fig. 2 presents the XRD pattern of the synthesized HSC-Pt2 and HSC-
Pt5 catalysts, illustrating the characteristics of the property of the crys-
talline Pt face’s centered cubic (fcc) phase. The peaks are located at 40°,
46.5°, 67.9°, 81.6°, and 86.3°, and are assigned to 111, 200, 220, 311,
and 222 crystallographic planes, respectively. XRD peaks of the synthe-
sized HSC-Pt2 and HSC-Pt5 are comparable with those corresponding
to bulk Pt and commercial Pt/C catalysts reported in literature [36].
Based on the Debye-Scherrer equation, the particle sizes of HSC-Pt2
and HSC-Pt5 are estimated as, respectively, 3 nm and 5 nm, which are
consistent with the observations from the TEM images shown earlier.
Therefore, the particle sizes estimated from the TEM images are con-
sidered as more reliable, while XRD results provide a good confirma-
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Fig. 3. Half-cell electrochemical characteristics com-
parison between the HSC-Pt2 and HSC-Pt5: (a) cyclic
voltammograms; and (b) linear sweep voltammetry at
the rotation speed of 1600 rpm.
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tion of the Pt particle sizes estimated from the TEM images. In order to
obtain the accurate Pt loading on the support, the thermogravimetric
analysis (TGA) is conducted on both samples. Based on the TGA results,
HSC-Pt2 and HSC-Pt5 have approximately 45.4% and 47.6% Pt loading,
respectively.

Half-cell tests are conducted to compare the electrochemical charac-
teristics of the HSC-Pt5 and HSC-Pt2 samples. The change of the hydro-

T

1.0 1.2

gen adsorption and desorption areas for the prepared catalysts is shown
in Fig. 3(a). The electrochemical surface area is calculated from the hy-
drogen desorption charge integrated under relevant potential range ac-
cording to the hydrogen standard electrode when, on the Pt surface, ad-
equate charge to oxidize a monolayer of hydrogen is considered as 210
uC/cm? [37,38]. As it is clear from the figure, HSC-Pt2 shows higher
hydrogen desorption peak, and has higher ECSA of 82.10 m?/g, while
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Fig. 4. Half-cell electrochemical characteristics: cyclic

0.4 4 voltammograms taken before and after the ASTs (a) HSC-Pt2

0.3 1

0.2 1

.

0.1

0.0

-0.1 4

-

-0.2 1

Current (mA)

-0.3 4

0.4

and (b) HSC-Pt5.

-0.5 4

1 —— Before AST
After AST
v T

T T T

T T T T

T
0.0 0.2 0.4
Potential (v) Vs RHE

(a)

T T
0.6 0.8 1.0

1.2

0.2 1

0.1 1

0.0 +

Current (mA)

] — Before AST

-0.3 T v T T T T
0.0 0.2 0.4 0.6

Potential (v) Vs RHE

(b)

HSC-Pt5 has ECSA of 31.08 m?/g. Therefore, with similar Pt loading,
the HSC-Pt2 sample achieves 2.64 times of ECSA compared to HSC-Pt5
by reducing the size of the Pt nanoparticles. In order to elucidate the
influence of these two Pt nanoparticle sizes on the catalyst activity for
ORR, both prepared catalysts are studied by running the linear sweep
voltammetry (LSV) curves on rotating disk electrode at 1600 rpm under
the oxygen saturated environment. As can be seen in Fig. 3(b), the cur-
rent densities at onset potentials of ORR at 0.9 V for HSC-Pt2 and HSC-

— Aften: AST
0.8 1.0

T
1.2

Pt5 are 2.85 and 2.84 mA/cm?, respectively, and the diffusion limiting
current densities are 5.69 and 6.33 mA/cm?, respectively, at 0.3 V (Vs
RHE). The higher diffusion-limiting current density at 0.3 V for HSC-
Pt5 indicates that the larger sized Pt catalyst has less of its particles
falling into the surface pores of the support HSC [39], hence relatively
less resistance to reactant diffusion to the active catalytic sites [40].
However, the lower value for HSC-Pt2 is indicative of the trapping of
the small Pt nanoparticles in the porous structure of the HSC support
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Fig. 5. Polarization and power density curves obtained from the MEAs with the catalyst of (a) HSC-Pt2 and (b) HSC-Pt5 under different flow conditions of the
reactants, and (c) shows the comparison of the corresponding maximum power density.

[41], which hinders their accessibility to the reactants [42]. MA and
surface specific activities (SA) are calculated, at 0.9 V by convention, to
be 247.66 mA/mg and 301.65 pA/cm? for HSC-Pt2, and 212.45 mA/mg
and 683.56 uA/cm? for HSC-Pt5, respectively. The non-spherical shape
of the Pt nanoparticles of HSC-Pt5 contributes to the exposure of dif-
ferent planes of Pt, which increases its interaction of Pt nanoparticles
with support and leads to higher SA, the similar trend is also observed
in other studies as well [43].

The stability of the prepared catalysts is examined using the AST.
Fig. 4 shows the cyclic voltammogram curves for the HSC-Pt2 and HSC-
Pt5 before and after the 3000 cycles of AST from 0.5 V to 1 V at a scan
rate of 0.5 V/s. It is shown that the hydrogen adsorption and desorption
peaks’ areas are reduced in both samples, and ECSA losses after 3000
cycles are about 14.6% for HSC-Pt2 and 6.0% for HSC-Pt5. As it is seen,
HSC-Pt2 has less stability than HSC-Pt5 in acidic fuel cell environment
after 3000 cycles. This can be explained by the higher surface area to
volume ratio of the smaller nanoparticles, which tends to grow in size
to decrease their surface free energy more easily.

To evaluate the impact of the synthesized catalysts on the PEMFC
performance, and correlate ex-situ and in-situ electrochemical charac-
terizations, scaled up MEAs with the active area of 45 cm? are prepared
using the above two catalysts respectively through catalyst coated mem-
brane method. The MEAs are tested under different operating conditions
to elucidate the performances of the two catalysts. Fig. 5(a) and (b) show
the polarization and power density curves of the prepared MEAs under
fully humidified air and hydrogen streams. Three different flow rates —
low, moderate, and high — of hydrogen and air are applied in the ex-
periment. Hydrogen flow rates of 4.45 and air flow rates of 9 L/min
are referred to as high flow, and hydrogen/air with the stoichiometric
ratios of 1.2 /4 and 1.2/2 are given the name of ST 1.2-4 (moderate

flow) and ST 1.2-2 (low flow), respectively. It is clear from Fig. 5(a)
and (b) that both MEAs show a similar trend of variations under the dif-
ferent flows of reactants, and that the cell performances are improved
by an increase in the reactant flows. The open circuit voltages (OCVs)
are around 0.95 V under all three conditions for both MEAs. In the acti-
vation polarization regime, polarization curves are seen to be very close
to each other under the different flows. For example, the cell voltage is
approximately 0.85 V for both MEAs when the constant current density
is at 0.1 A/cm?. The same trend is also valid for the ohmic polarization
region. For instant, the cell voltage is 0.7 V for both MEAs under all three
conditions when the constant current density is at 0.7 A/cm?. However,
in the concentration polarization regime, at 2.1 A/cm? for example, the
cell voltages drop by 8% from the high flow to the low flow condi-
tions for both MEAs. Fig. 5(c) compares the maximum power densities
of both MEAs under the different flows of reactants. It can be seen that
MEA made by HSC-Pt2 has a higher maximum power density than the
MEA made of HSC-Pt5 under all three flows of reactants. For example,
the MEA made of HSC-Pt2 shows 8% and 13% higher maximum power
densities in comparison to the MEA made of HSC-5 under the high and
low flow (ST 1.2-2), respectively. The higher performance of MEA made
of HSC-Pt2 can be explained via the smaller size of Pt nanoparticles with
a higher ratio of surface atoms leading to higher Pt surface area and uti-
lization and may improve the accessibility of Pt nanoparticles for the
constant ionomer amount.

Fig. 6(a) and (b) illustrate the polarization and power density curves
of the MEAs prepared with the HSC-Pt2 and HSC-Pt5 catalysts under
three different flows of reactants when the RH is set at 40%. As clearly
seen from the figures, both MEAs present completely different trends of
variation from the results obtained under fully humidified (100% RH)
condition, as the cell performance is improved by decreasing the flow of
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reactants. This trend of variation is significant, because higher flow rates
are normally expected to provide higher accessibility of reactants, and
hence increased cell performance. However, it can be seen that a high
flow of reactants actually results into a poorer performance under the
present low RH operation, because of dehydration in the ionic phases
of the MEAs. In the activation polarization regime, both MEAs show
almost the same performance, and the difference starts in the ohmic
and increases in the concentration polarization regimes. As shown in
the figures, the cell voltages are at about 0.81 V for both MEAs under
the high flow of the reactants when the constant current density is at
0.1 A/cm?. However, the difference becomes appreciable beyond 0.5
A/cm?. The cell voltages are around 0.63 V and 0.61 V with the high
flow of the reactants when the current density is at 0.5 A/cm? for MEAs
made of HSC-Pt2 and HSC-Pt5, respectively. These values rise to 0.66 V
and 0.65 V with the moderate flow, and 0.68 V and 0.67 V with the low
flow of the reactants. The maximum power density for the MEAs made of

HSC-Pt2 and HSC-Pt5, under the low flow condition, is 0.74 W/cm? and
0.62 W/cm? respectively. In addition, it can be noted that under 100%
RH (See Fig. 5) and 40% RH (See Fig. 6), the MEA made of HSC-Pt2
shows higher performance in comparison to the MEA made of HSC-Pt5.
In-situ electrochemical characteristics of the MEAs prepared with
HSC-Pt2 and HSC-Pt5 are presented in Fig. 7. The curve shapes and
hydrogen adsorption and desorption peaks are similar to those obtained
in literature for MEAs prepared with commercial Pt/C catalysts [44]. It
is clear that the MEA prepared with HSC-Pt2 has a higher hydrogen ad-
sorption and desorption peaks than that with HSC-Pt5. The ECSAs are
calculated based on the Pt loading, the hydrogen adsorption and des-
orption charges and the electrical charge associated with the monolayer
adsorption of hydrogen on a Pt surface. The ECSA of the MEAs made
with HSC-Pt2 and HSC-Pt5 are 73 m?/g and 50 m?/g, respectively.
Based on the ex-situ half-cell electrochemical characterizations, it is
surmised that HSC-Pt2 has 164.2% higher ECSA and 16.6% higher MA
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Fig. 7. Cyclic voltammograms for the MEAs prepared
with HSC-Pt2 and HSC-Pt5 at 75 °C with back pressure
0.02 H of 35 kPag and RH of 100%.
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Fig. 8. Electrochemical characteristics of the MEA made of HSC-Pt5, before (0 cycle) and after the AST (30,000 cycles): (a) cyclic voltammograms; (b) Polarization
and power density curves; (c) Impedance.
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over HSC-Pt5, while the SA and durability are higher for HSC-Pt5 by
116.6% and 8.6%, respectively. In addition, the scaled up single cell
performance indicates 10% higher maximum power densities for MEA
made of HSC-Pt2 over HSC-Pt5 under the fully humidified condition.
Despite lower fuel cell performance in the MEA made of HSC-Pt5 than
that of HSC-Pt2, with the maximum power densities of 0.87 W/cm? as
compared with 0.97 W/cm? under the fully humidified and low flow
condition, it still demonstrates very promising results when it is com-
pared with the performance made of other synthesized and commercial
catalysts reported in literature [21,45-47]. As both the present catalysts
demonstrate promising performance under different operating condi-
tions, and half-cell data shows higher stability for HSC-Pt5, this catalyst
is selected for further investigations.

In order to evaluate the loss of active surface area for MEAs made of
HSC-Pt5, in-situ cyclic voltammetry is carried out, at a cell temperature
of 75 °C, backpressure of 35 kPag and RH of 100%. Fig. 8(a) shows the
cyclic voltammograms before and after the AST. It is clear that the hy-
drogen adsorption and desorption peaks are reduced after 30,000 cycles.
The ECSA values are reduced by 18% after 30,000 cycles. This reduction
in the electrochemical characteristics could represent 3% reduction of
the open circuit voltage (OCV) values as shown in Fig. 8(b). Fig. 8(b)
shows the cell performance of the MEA prepared using HSC-Pt5 before
and after the AST under the identical operating condition: cell temper-
ature of 75 °C, back pressure of 35 kPag, 100% RH, and reactant flow
rates of 4.45 slpm for the anode and 9 slpm for the cathode. As illustrated
in the polarization curves, the OCV value slightly drops after 30,000
cycles, and the main reduction occurs in the ohmic and concentration
polarization regions. For instance, when the current density is at 1.1
A/cm?, a drop of nearly 5% in the cell voltage can be seen after 30,000
cycles. Clearly, the majority of the reduction in performance occurs in
the concentration polarization regime. When the current density is at
2.1 A/cm?, a drop of the cell voltage from 0.45 A/cm? to 0.39 A/cm?
can be observed, and the maximum power density is 0.84 W/cm? after
30,000 AST cycles. The Nyquist plots for the MEA prepared by HSC-Pt5
before and after the accelerated stress tests are presented in Fig. 8(c). It
is clear that the single impedance arc after 30,000 cycles shows higher
resistance in ohmic and charge transfer area which can be related to
the catalyst layer degradation and restructuring [48]. These results are
well consistent with the drop in cyclic voltammograms and polarization
curves.

10

Fig. 9 presents the polarization and power density curves of the MEA
prepared by HSC-Pt5 before and after 30,000 cycling of AST under the
low RH condition of 40%, at a cell temperature of 75 °C and backpres-
sure of 35 kPag. As shown in the graph, the cell performances before and
after the ASTs in the activation polarization regime are almost the same,
and a slight decrease starts at the ohmic polarization regime, e.g., when
the current density is at 0.5 A/ cm?, the cell voltage declines by 6%.
This reduction is increased in the concentration polarization regime, as
the cell voltage is dropped by 37% at the current densities of 1.7 A/
cm?. These results also demonstrate the prominent impact of the mor-
phological and microstructural changes in the catalyst layer in single
cell test which are more evident at the low RH and low flow of reac-
tants [48]. The maximum power density is also dropped by 20% which
is 7% more than the drop at the fully humidified condition. In spite of
higher cell performance drop under the low RH condition, it should be
noted that the maximum power density of 0.5 W/cm? after 30,000 cy-
cles of AST under the low flow of reactants and partial humidification
of 40% RH can be considered as excellent, and highly acceptable when
compared with the cell performances reported under similar conditions
in literature.

4. Conclusions

In this study, one-pot synthesis method is employed for preparing
the size-controlled platinum (Pt) nanoparticles on functionalized high
surface area carbon (HSC). Pt nanoparticles with two different sizes of
2 nm and 5 nm are prepared by controlling the reaction temperature
at 180 °C and 160 °C, respectively. Based on the physical characteriza-
tions, both catalysts have non-spherical shape which are well dispersed
on HSC surface without any agglomeration. In addition, they have face
centered cubic (fcc) crystallinity phases and total loading of around 45%
on HSC. The in-situ and ex-situ electrochemical characterization results
indicate that fuel cell performance and electrochemical surface area are
strongly influenced by the size of the Pt nanoparticles. Half-cell results
elucidate the prominent role of Pt nanoparticle sizes on the active sur-
face area, mass activity and durability, while the full-cell data shows
the impact of Pt nanoparticle sizes on the catalyst layer morphology
and structure, and it is found that the electrochemical surface area and
maximum power densities of the full cell made of the 2 nm Pt nanopar-
ticles are higher than the MEA made of the 5 nm Pt nanoparticles under
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the different relative humidity (RH) and flow rates of reactants. Ex-situ
accelerated stress tests (AST) show that HSC with 5 nm particles have
better durability compared to that with 2 nm. In-situ AST results for
the MEA prepared with the 5 nm Pt nanoparticles shows 13% reduction
in the maximum power density after 30,000 cycles, with the maximum
power density of 0.84 W/cm? under the fully humidified condition; and
20% decrease with the maximum power density of 0.5 W/cm? after
30,000 cycles of AST under the partial humidification of 40%, illustrat-
ing the excellent performance and durability of the catalyst and the fuel
cell developed in this study.
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