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A scale-up preparation of high-loading Pt/C (40 wt%) to 3 g per pot has been achieved with a microwave-
assisted organic colloid method, followed by appropriate heat treatment in alternating atmospheres
(nitrogen, oxygen, and hydrogen). The catalysts prepared in this work were characterized by thermogravi-
metric analysis, X-ray diffraction analysis, and transmission electron microscopy etc., and were found to
be competitive with state-of-the-art HiSPEC 4100 Pt/C catalyst in terms of their activities towards the
anodic oxidation of methanol and the cathodic reduction of oxygen. They also displayed better cathodic
activity and stability in a hydrogen/air single-cell test. The particle size was as small as 2.3 nm, which is
smaller than HiSPEC 4100 Pt/C catalyst. The scale-up work reported in this paper provides a practicable
method to achieve the volume production of a high-loading Pt/C catalyst for fuel cell applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Electrocatalysts are one of the key materials currently hindering
the development of low-temperature fuel cells [1-3]. These elec-
trocatalysts contribute more than 30% to the total cost of a polymer
electrolyte membrane fuel cell, due to their high platinum content.
Much current research attention is therefore focused on the devel-
opment of nano-sized platinum particles to achieve high platinum
utilization. It is not difficult to prepare small amounts (i.e., mil-
ligrams) of high-loading Pt/C catalysts with particle sizes smaller
than 3 nm, but it remains a challenge to realize volume preparation
(in terms of grams per pot) of these same catalysts. Presently, the
size of a state-of-the-art Pt/C catalyst produced by Johnson Matthey
(40 wt.%, HiSPEC4100) is around 3 nm. Thus, considerable effort has
been expended to achieve the volume preparation of a high-loading
Pt/C catalyst with a high surface area, high catalytic activity, and
high platinum utilization [4,5].

Membrane electrode assemblies (MEAs) with thin catalyst lay-
ers have been developed in recent years because they can achieve
high performance using small amounts of platinum. It is therefore
desirable to prepare a catalyst with high platinum loading. In prac-
tice, commercially available fuel cells used catalyst loadings as high
as 70%; however, in such cases the platinum particle size is up to
20nm due to the high-loading catalyst’s propensity toward self-
agglomeration. Hence, it remains important to seek an appropriate
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method for preparing a high Pt loading catalyst that can be used in
practical applications [6].

To prepare a high Pt loading catalyst that is small and highly
active, the majority of research studies have focused on optimizing
catalyst synthesis procedures, since the particle size, uniformity,
and dispersibility of the active components in electrocatalysts are
strongly dependent on the preparation methods, such as the chem-
ical impregnation-reduction method [7,8], the micro-emulsion
method [9,10], and the colloidal method [11]. Although these
traditional procedures have been applied to synthesize carbon-
supported Pt catalysts with low metal loadings (usually less than
20 wt.%), they are ineffective for preparing high Pt loading catalysts
because they result in large particles and uneven particle distribu-
tion.

Heat treatment after catalyst preparation has been recognized
as an important and sometimes necessary step to improve catalytic
activity [12-16], because it can remove some undesirable impuri-
ties from the early preparation stages, thereby achieving a uniform
and stable dispersion of the metal on the support, and consequently
enhancing the synthesized catalyst’s activity. Heat treatment is
usually conducted in an oven or furnace under one [17] or two
[18,19] kinds of atmosphere. Gaseous atmospheres usually consist
of high-purity N,, O,, or Hy, or two of these combined.

In this paper, a microwave-assisted organic colloid approach
was adopted to scale-up the synthesis of a Pt/C catalyst with high
loading (40 wt.%). In the process, ethylene glycol (EG) was used as
a solvent-cum-reducing agent and sodium citrate as a complexing
agent. Subsequent heat treatment further enhanced the activity of
the as-prepared catalyst. The catalyst prepared in this work was
found to be competitive with state-of-the-art HiSPEC Pt/C in terms
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of dispersion, particle size, methanol oxidation activity, and oxygen
reduction activity.

2. Experimental
2.1. Catalyst preparation

2.1.1. Carbon black pretreatment

Vulcan XC72 carbon black (Cabot Corp., BET: 237m2g!,
denoted as C) was pretreated using a previously described proce-
dure [20]. Briefly, the carbon black was first pretreated at room
temperature in acetone. Then the carbon powder was subjected
to refluxing in a mixture of hydrogen peroxide and nitric acid at
80°C for 5h to induce hydrophilic moieties and remove any pos-
sible metal residues. Finally, the carbon black was filtered, then
vacuum dried at 80 °C overnight before use.

2.1.2. Catalyst preparation

The process used to prepare the Pt/C catalyst was as follows.
First, sodium citrate was dissolved in 50 mL ethylene glycol under
stirring for 3 h. Afterwards, ethylene glycol solution containing a
calculated amount of hexachloroplatinic acid (H,PtClg-6H,0) was
added. Next, 2.5 g pre-treated carbon powder was then added to the
mixture, followed by pH adjustment to 9 by the drop-wise addition
of 5 wt.% KOH/EG solution under vigorous stirring. The mixture was
then transferred in a conical flask into the center of a microwave
oven (2450 MHz, 800 W) equipped with a condenser and was sub-
jected to microwave heating for 220s. After the mixture returned
to room temperature, 10 wt.% HNO3 was added to adjust the solu-
tion pH to 3, followed by filtering, washing, and vacuum drying at
90°C. The post-treatment was conducted as follows: the powdered
solid, shielded in a N, atmosphere, was first heated for4 hat 100 °C,
then for 30 min at 100 °C under a mixed N, /O, atmosphere (volume
ratio, 90:10). Finally, the catalyst was treated for 1 h at 100 °C under
a mixed N, /H, atmosphere (volume ratio: 90/10). The as-prepared
catalyst was denoted as MW-PC and the heat-treated catalyst as H-
MW-PC, where MW indicates microwave-assisted and PC indicates
platinum on the carbon support. A Johnson Matthey HiSPEC 4100
Pt/C catalyst (40 wt.%), denoted as J]M-PC, was used for comparison.

2.2. Catalyst characterization

UV-visible (UV-vis) spectra in the region of 220-800 nm were
recorded by a Shimadzu UV-2501 spectrophotometer during the
course of platinum precursor reduction. X-ray powder diffraction
(XRD) was carried out on a Shimadzu XD-3A, using filtered Cu Ka
radiation and operating at 35 kV and 30 mA. The 20 region between
20° and 80° was explored at a scan rate of 4° min~!. Thermogravi-
metric analysis (TGA) was performed using a Q500 TGA analyzer
(TA Instruments, UK) to examine the metal loading. The morphol-
ogy of the catalyst was observed using a transmission electron
microscope (TEM; JEOL JEM-2010 HR) operated at 200 kV.

2.3. Electrochemical evaluation of the catalysts

Electrochemical measurements were carried out at room
temperature using an electrochemical work station (Ivium,
Netherlands). A common three-electrode electrochemical cell was
used for the measurements. A platinum wire and an Ag/AgCl
electrode were used as the counter and reference electrodes,
respectively. The working electrode was a glassy carbon disk (5 mm
in diameter) covered with a thin layer of Nafion-impregnated cata-
lyst. The thin-film layer was prepared as follows: 5.0 mg of catalyst
was dispersed ultrasonically in 1.0 mL Nafion/ethanol (0.25wt.%
Nafion) for 30 min. Then 5 pL ink solution was pipetted and spread
on the glassy carbon surface and the electrode was air dried. Cyclic
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Fig. 1. UV-vis spectra of solutions before and during the reduction reaction of the
Pt precursor.

voltammetry curves were obtained in 0.5mol L-1 H,SO, for elec-
trochemical active surface area measurements, and the catalytic
activity evaluation was carried out in a solution of 0.5molL!
H,S04 +0.5 mol L-1 CH30H in the potential range of —0.2 to 1.0V at
a scan rate of 50mVs~!. Linear sweep voltametry (LSV) tests were
conducted in 0.5 mol L~! 0,-saturated H,SO4 solution in the poten-
tial range of 1-0.2 V and at a scan rate of 0.002 V s~!. The electrode
was rotated at 1600 rpm for this measurement.

2.4. MEA fabrication and single-cell test

To fabricate the MEA, an appropriate amount of catalyst pow-
der was mixed with a solution of Nafion and isopropyl alcohol,
then the mixture was dispersed ultrasonically to form a homo-
geneous ink. Afterwards, the catalyst ink was sprayed onto each
side of a Nafion membrane (NR212), followed by hot pressing of
the coated Nafion membrane with hydrophobically treated car-
bon paper. Three pieces of MEA were fabricated for comparison.
All the MEAs used JM-PC as their anode catalyst. With respect to
the cathode catalyst, one MEA was prepared with JM-PC, and the
other two were prepared with either MW-PC or H-MW-PC as the
cathode catalyst. Therefore, the performance of each MEA reflected
the catalytic activity of its cathode catalyst. The anode and cathode
catalyst loadings were 0.1 mgcm~2 and 0.2 mg cm™2, respectively.

The H,-0, single fuel cell was operated under the following
conditions: high purity hydrogen and compressed air were fed into
the single cell at 30 psi, and the cell operating temperature was set
at 70°C. The MEA was conditioned for 3 h in discharge mode at
70 °C before data acquisition.

3. Results and discussion

The formation of Pt colloids via this microwave-assisted organic
colloid route was monitored by UV-vis spectroscopy. Fig. 1 shows
the UV-vis spectra taken at different times (100, 160, and 220s)
during the preparation of the Pt colloids. The precursor solution,
which was pale yellow before reduction, displays a peak at 260 nm
as a result of ligand-to-metal charge-transition in the PtClg2~ ion
[21,22]. As expected, this peak decreases with the proceeding reac-
tion time during the course of the platinum precursor reduction.
The peak is no longer visible after 220s, suggesting that all the
PtClg2~ ions had been completely reduced. Therefore, after 220's
of microwave irradiation, there should have been no Pt precursor
left.
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Fig. 2. TGA curves of H-MW-PC and JM-PC catalysts under air flow at a heating rate
of 10°Cmin~1.

TGA can be used to determine the Pt loading in Pt/C catalysts.
To remove water that may have been physically adsorbed, the sam-
ples were vacuum dried at 100 °C for 10 h before TGA. Fig. 2 shows
the thermogravimetric curves in air flow for the H-MW-PC and
JM-PC catalysts. The mass loss between 380°C and 510°C is due
to calcination of the carbon support in air [23], and the curves
tend to level above 510°C as a result of residual Pt. The Pt load-
ing of the H-MW-PC catalyst is calculated to be 39.0 wt.%, in fair
agreement with the nominal loading (40 wt.%). This result also sig-
nifies the complete reduction of the Pt precursor under the current
experimental conditions, further confirming the UV-vis spectra
findings discussed above. The commercial JM-PC catalyst was found
to contain 38.9 wt.% Pt, quite consistent with the specified loading
(39-41 wt.%).

Fig. 3A shows the XRD patterns of the H-MW-PC and JM-PC cat-
alysts. The peak at 20=25° can be attributed to the Vulcan XC72
carbon support. The peaks located at 26 =39.7°,46.2°, and 67.4° are
ascribed toPt(111),Pt(200),and Pt (22 0), which is characteristic
of a face-centered cubic (fcc) structure. It has been reported that the
electrocatalytic activity for the oxygen reduction reaction at the Pt
(200) lattice plane is higher than for the other lattice planes, and
that the Pt (2 00) crystal plane is the main active center for oxygen
reduction [24]. More exposed Pt (2 00) lattice planes are indicative
of more reactive atoms participating in the reduction of oxygen.
The proportion of lattice planes can be calculated using the expres-
sion Iy /o Fig. 3B shows the difference between the I}, ;/Ip values
for the two samples. The H-MW-PC catalyst has a Pt (2 00) lattice
plane proportion of 35%, higher than the commercial JM-PC catalyst
(27%), predicting that the former will have better oxygen reduction
catalytic activity. The Pt (2 00) diffraction peak was used to calcu-
late the volume-averaged particle sizes of the Pt/C nanoparticles
according to the Debye-Scherrer formula [25]; the average sizes
for the two catalysts are comparable (about 2.5 nm).

Fig. 4 shows the TEM images together with the particle size dis-
tribution of the H-MW-PC catalyst. It can be seen that the active
components are highly dispersed on the carbon supports and the
particle size distribution is quite uniform. The average particle size,
based on more than 100 particles in Fig. 4C, is 2.3 nm, which agrees
well with the XRD results. The particle sizes are markedly smaller
than what has been reported in the literature under similar con-
ditions [26]. The as-prepared MW-PC TEM images resemble those
of H-MW-PC (not shown here), indicating that the mild heat treat-
ment after preparation had no adverse effects on the particle size
distribution or particle sizes.
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Fig. 3. XRD patterns of the H-MW-PC and JM-PC (A) and Iy, ,/Io ratio of the catalysts
(B).

Fig. 5 displays the cyclic voltammograms (CVs) of H-MW-PC, JM-
PC, and the as-prepared MW-PC catalyst without post-treatment
in 0.5molL-! H,S04 solution. All CVs in this work are normal-
ized to the geometric surface area. The integrated charge in the
hydrogen absorption region of the CVs is used to calculate the elec-
trochemical surface areas (ESA), using the recognized formula and
assuming a correlation value of 0.21 mCcm~2 (calculated from a
surface density of 1.3 x 1015 at cm~2, a value generally admitted
for polycrystalline Pt electrodes):

Qu

ESA = —_
021 x1077 xm

where Qy is the amount of charge exchanged during the adsorp-
tion of hydrogen atoms on the Pt surface (C) and m is the platinum
loading in the electrode (g cm~2). Assuming spherical Pt nanoparti-
cles, the chemical surface area (CSA) in m? g1 and the Pt utilization
efficiency for these catalysts can be calculated using the following
formulae:

CSA — 6000
pxd
N . o ESA
Pt utilization efficiency (%) = CSA 100

where p is the platinum density (21.4gcm—3) and d is the average
particle size of the Pt nanoparticles (nm). The corresponding ESA,
CSA, and Pt utilization efficiency for H-MW-PC, JM-PC, and the as-
prepared MW-PC catalyst are listed in Table 1.
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Fig. 4. TEM images of H-MW-PC with different magnifications (A and B) and the corresponding particle size distribution of H-MW-PC (C).

As is clearly evident in Table 1, although the Pt loading of H-
MW-PC is high, up to 40%, the ESA and Pt utilization efficiency are
104m?2 g-! and 85.9%, respectively — 10% higher than for the JM-PC
catalyst. It should be noted that this activity enhancement is based
on volume production up to 3 g per pot, which is quite meaningful
in terms of practical application. Compared with the as-prepared
catalyst, the post-treatment using heat and in a combination of dif-
ferentatmospheres (N;, O, and H; in turn) increased the ESA and Pt
utilization efficiency of H-MW-PC. We can speculate on the reasons
for these enhancements. Some Pt atoms are likely to be covered by
certain surface moieties during the course of catalyst preparation,
making these Pt atoms unable to participate in the surface reac-
tion. Heat treatment in a N, atmosphere may remove these surface
species and release more active surface sites. On the other hand,
possible residual organic compounds incident in the preparation

Table 1
Comparisons of particle size, ESA, CSA, and Pt utilization of the catalysts.

Catalyst Pt particle ESA CSA Pt utilization
size (nm) (m?g1) (m?g1) efficiency (%)

H-MW-PC 23 104 122 85.9

JM-PC 24 91 117 77.6

MW-PC 23 83 122 68.0

process may be oxidized to purify the as-prepared catalyst, yield-
ing increased activity. Lastly, hydrogen purging in the second stage
reduces any active compounds on the Pt, converting it to a more
reduced state. As a combined result, the H-MW-PC catalyst heat

—— H-MW-PC
— — Mw-PC
— - =JM-PC

-2

Current Density /mA cm

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs. Ag/AgCI

Fig. 5. Cyclic voltammograms of H-MW-PC, JM-PC, and the as-prepared MW-PC
catalyst in 0.5mol L-! H,SO4 solution.
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treated in different atmospheres showed higher activity than the
as-prepared one.

Fig. 6 shows the CVs of methanol electrooxidation for the as-
prepared catalyst, H-MW-PC, and JM-PC in a solution of 0.5 mol L-!
CH30H +0.5molL~1 H,S04. It can be observed that the peak cur-
rent density in the forward scan for H-MW-PC is 0.48 Amg~! Px,
higher than that of JM-PC (0.45Amg-! Pt) and the as-prepared
MW-PC catalyst (0.39 Amg~! Pt). Furthermore, the methanol oxi-
dation onset potential on H-MW-PC is 0.18V, negatively shifted
40 mV compared with that of J]M-PC. The superior methanol oxi-
dation catalytic activity and lower onset potential of H-MW-PC
compared with JM-PC may result from the increase in Pt utiliza-
tion efficiency brought about by its high ESA and high dispersion
of Pt on the carbon support. It is perhaps worth noting that the
particle sizes in the carbon support used for the JM-PC catalyst are
about 20 nm, much smaller than in the Vulcan XC72 carbon support
(50-100 nm) used in this work. Although Vulcan XC72 may provide
fewer possible support areas, we can still use this kind of carbon to
prepare a catalyst that displays enhanced activity (compared with
the state-of-the-art Johnson Matthey catalysts).

The polarization curves for the oxygen reduction reaction of the
catalysts in oxygen-saturated 0.5 mol L-1 H,SOy4 are given in Fig. 7,
and show that the oxygen reduction activity of H-MW-PC and JM-
PCis comparable. Fig. 8 shows the performance of three MEAs using
H-MW-PC, as-prepared MW-PC, and JM-PC as the respective cath-
ode catalysts. It is clear that the cell performance with H-MW-PC
was significantly better than with the as-prepared catalyst. In a
hydrogen-air single fuel cell, the current density of the MEA with
H-MW-PC was 630mAcm~2 (0.7V), which was higher than that
of the MEA prepared with JM-PC under identical conditions. These
results are in agreement with the expectation that H-MW-PC with
more exposed Pt (2 00) lattice planes may have superior activity for
oxygen reduction.It is well known that for electrocatalysts in prac-
tical applications, stability or durability is a very important factor
in evaluating catalytic performance. To evaluate the catalysts’ sta-
bility, we conducted an accelerated durability test. Specifically, the
catalysts were scanned between —0.2V and 1.0V for 500 cycles in
0.5molL~! H,SO4 and the ESAs were recorded every 100 cycles.
Fig. 9 shows the CVs thus obtained. It can be seen that after 500
cycles, the ESAlosses for H-MW-PC, JM-PC, and MW-PC were 17.6%,
31.8%, and 45.3%, respectively, indicating the superior stability of
H-MW-PC.

4. Conclusion

A high-loading (40 wt.%), high-performance Pt/C catalyst has
been prepared by a microwave-assisted organic colloid approach.

Despite this high metal loading, Pt nanoparticles were dispersed on
a Vulcan XC72 carbon support with a uniform size distribution and
an average particle size of 2.3 nm. The catalyst’s performance was
found to surpass that of Johnson Matthey Pt/C for both methanol
oxidation and oxygen reduction. In a hydrogen-air single fuel
cell, the current density of the MEA with the homemade catalyst
reached 630 mA cm~2 (0.7V), which is comparable with state-of-
the-art Johnson Matthey Pt/C.
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