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A solution-phase synthesis method was studied to prepare carbon supported Pt-Co alloy catalysts. The
organic precursors of Pt acetylacetonate and Co acetylacetonate were reduced in a high boiling point
solvent of octyl ether in the presence of oleic acid (OAc) and oleylamine (OAm) to produce fine Pt-Co
nanoparticles, which were subsequently deposited on carbon support to obtain Pt-Co/C catalysts. Ther-
mogravimetric analysis suggests that the stabilizers (OAc and OAm) can be removed by copious ethanol
washing and subsequent moderate temperature heat-treatment (250 °C, under Argon atmosphere). X-ray

Ié:{:;};rfs" diffraction patterns indicate that the average particle size is around 2.3 nm, and the lattice parameter is
Fuel cells 3.868 A for the heat-treated Pt-Co/C (40 wt%). Transmission electron microscopy images show very small

Pt-Co alloy nanoparticles homogeneously dispersed on the carbon support with a particle size distribu-
tion of 2—-4 nm for all Pt-Co/C samples. The elements composition of Pt and Co in the final Pt-Co/C catalyst
can be well controlled, as evidenced by inductively coupled plasma atomic emission spectroscopy and
energy dispersive spectroscopy analyses. Proton exchange membrane fuel cell tests show the heat-treated
Pt-Co/C cathode catalyst has higher mass activity of oxygen reduction reaction than Pt/C at an operation
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voltage of 0.9V, this can be attributed to its smaller particle size and reduced lattice parameter.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The slow kinetic of oxygen reduction reaction (ORR) remains
one of the primary challenges for wide-spread application of
proton exchange membrane fuel cells (PEMFCs) [1-4]. Even at
the most active noble metal catalyst Pt surface, the exchange
current density of ORR at the cathode is 10~ Acm~2, which is
six orders of magnitude lower than that of hydrogen oxidation
reaction (HOR, 103 Acm~2) occurred at the anode. Therefore, sig-
nificant over-potential of ORR (i.e. >250mV) exists even under
the state of open circuit voltage (OCV). At a working voltage
of 0.7V, the thermal efficiency of a PEMFC is only 47%, which
is much lower than the theoretical efficiency of 83% at 1.23V

[1].
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It has been found that one of the most efficient ways to reduce
the over-potential of ORR is to alloy a base metal M (M =Cr, Fe,
Co, Ni, Cu, etc.) to form a Pt-M bimetallic catalyst, which has
been confirmed to possess an enhanced ORR kinetics compared
to Pt [3-24]. For example, Watanabe and co-workers found a 20-
time-enhancement in ORR specific activity for a sputtered PtFe
thin film catalyst over Pt [12,13]. Stamenkovic et al. further dis-
covered that a Ni(111)@Pt single crystal prepared in ultra high
vacuum (UHV) system could demonstrate 90 times improvement
in ORR specific activity compared to commercial Pt/C catalyst in an
in-situ three-electrode-cell configuration [5]. The proposed mech-
anisms for the ORR activity enhancement can be broadly classified
as structural factors [9,10], electronic factors [11-13], inhibition by
anion adsorption (OH,q4s) [5,14-16], surface roughening [17] and
H,0, decomposition [18]. In contrast, the commercial carbon sup-
ported Pt-M alloy catalyst (e.g., Pt-Co/C) can only improve 2-3 times
mass activity over state-of-the-art Pt/C catalysts [4]. It has been
well recognized that good alloy structure, homogeneous compo-
sition and uniform small particle size are key factors for a highly
active Pt-M/C catalyst [3]. A common preparation method to Pt-
M alloy catalysts is based on a second deposition route [23,24],
namely, depositing M precursor onto a pre-synthesized Pt/C, sub-
sequently followed a high temperature treatment to form Pt-M
alloy. However, the heat-treatment process will result in both
metal particles agglomeration (reduction in metal surface area) and
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poor metal particles dispersion on the carbon support [23]. Col-
loid synthesis methods have been emerged as a new approach for
preparing Pt-M alloy/C catalysts, and these methods focus on syn-
thesis of metal nanoparticles colloidal solution, and then deposition
of the colloids onto a suitable support material, such as carbon
black or activated carbon. Various protective agents [25-27], e.g.,
polymers, surfactants, ligands, interacting with the Pt and Pt-M
surfaces, have been used to stabilize the colloids in solvent. Gen-
erally, a heat-treatment is required to remove these stabilizers.
A simple polyol synthesis approach has recently attracted enor-
mous attention [18,28-36]. The nanoparticles of metals or their
alloys, such as Pt [28-31], Pt-Ru [32,33], Pt-Fe [18], Pt-Pd [34], Pt-
Sn [32,35,36], etc., were reduced in an ethylene glycol (EG) solvent
without presence of any stabilizers. The size of noble metal/metal
alloy nanoparticles can be easily controlled by adjusting the syn-
thesis conditions, such as pH or EG concentration. The EG method
offers a big advantage that EG can be easily washed away by DI
water. However, this method was not successful, when it was
applied to preparation of noble metal-base metal alloy catalysts,
such as Pt-Fe/C catalyst [18]. The main issue is that less Fe depo-
sition (only 1/3-1/5) in the final catalyst as compared with the
initial Fe amount in the precursor, and this is mainly due to the
weak reducing ability of EG and comparatively low reduction tem-
perature (130-140°C). In addition, Pt-Fe can hardly form an alloy
structure, probably because of the lack of initially intimate contact
between the two types of metals (noble metal Pt and base metal Fe)
with incompatible natures, and large redox potential gap between
them.

Recently, an elegant solution-phase synthesis approach to self-
organized FePt magnetic nanoparticles with controlled assembly
thickness and surface roughness was successfully developed by
the IBM researchers [37,38]. Sun et al. prepared a 3-D array
of 4nm Fe-Pt nanoparticles with a superior magnetic prop-
erty [38]. Later, the nanoparticles with special structures, such
as Pt-Fe cube [39,40], Fe-Pt@Fe30,4 core-shell [41], were also
prepared via modified synthesis routes. Some attempts to pre-
pare carbon supported Pt-M catalysts (Pt, Pt-Ru, Pt-V-Fe, etc.)
using similar synthesis route [42-45], however, encounter a
problem in removing the organic protective agents, that is a
heat-treatment process at 450-550°C is normally required to
remove these stabilizers, and this process results in Pt-M nanopar-
ticles agglomeration and poor distribution on the carbon support,
eventually limits their electrocatalytic mass activity enhance-
ment.

In the present paper, we modified this novel solution-phase
synthesis method to electro-catalyst preparation. Ultra-fine Pt-Co
nanoparticles with controlled composition and homogeneous dis-
persion on the carbon support (carbon black and carbon nanotubes)
were successfully prepared. The composition of Pt-Co/C catalyst
was analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and energy dispersive X-ray spectroscopy
(EDS), the particle size and alloy structure of Pt-Co bimetallic
nanoparticles were characterized by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The ORR catalytic activ-
ity of the Pt-Co/C was directly evaluated in a single PEM fuel cell
configuration, with comparison to commercial Pt/C catalyst.

Procedures of solution-phase synthesis of Pt-Co (50:50) / C catalyst
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Fig. 1. Procedures of the solution-phase synthesis method for preparing Pt-Co/C (40 wt%) catalyst.
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2. Experimental
2.1. Catalyst preparation

The detailed procedures of preparation of Pt-Co/C catalysts are
shown in Fig. 1, which include synthesis of Pt-Co nanoparticles and
deposition of Pt-Co nanoparticles onto C supports.

2.1.1. Synthesis of Pt-Co nanoparticles

The solution-phase synthesis of Pt-Co nanoparticles is based on
a reported IBM method [38] with minor modifications, and can
be described as follows: Pt(acac), (394 mg, 1.0 mmol), Co(acac)s
(356 mg, 1.0mmol), 1,2-hexadecanediol (1.29g, 5.0 mmol), and
octyl ether (50 ml) were added into a flask equipped with a Ny
in/outlet, refluxing tube, and a thermal couple. The mixture was
heated by a mantle to 100°C under a blanket of N, for 10 min,
during this period, oleic acid (OAc, 0.32ml, 1.0 mmol) and oley-
lamine (OAm, 0.34 ml, 1.0 mmol) were added, and then the mixture
was heated to reflux at 285°C for 20min to reduce Pt** and
Co3* and form Pt-Co alloy. The heating was then stopped and
the mantle heater was removed as the temperature decreased to
200°C, the black reaction mixture was subsequently cooled down
to room temperature. After ethanol (80 ml) was added under ambi-
ent condition, the black solid was precipitated and separated by
centrifugation (8000 rpm, 15 min). The yellow-brown supernatant
was discarded and the black precipitation was dispersed in hexane
(40ml) in the presence of OAc (0.10ml) and OAm (0.06 ml). The
black colloid was then precipitated out by adding ethanol (40 ml)
and separated with centrifugation (8000 rpm, 15 min) three times
for sample cleaning. The product, Pt59Cosg nanoparticles (molar
ratio of 50:50, denoted as Pt-Co), was finally redispersed in hexane
solvent in the presence of OAc and OAm for preparation of Pt-Co/C
catalyst later.

For preparing PtCo nanoparticles, 25 ml ethanol was added to
16 ml hexane containing PtCo nanoparticle colloid to get the pre-
cipitation, which was filtered and washed by copious ethanol and
water, subsequently dried at 70 °C in vacuum. In order to investigate
the effects of reduction conditions for Co, (1) we used Co(acac), to
replace Co(acac)sz as precursor; (2) we injected a strong reducing
agent LiBetsH into the synthesis system at 200 °C, to prepare Pt-Co
nanoparticles, and denoted as Pt-Co(2+) and Pt-Co (Li), respectively.
Pt-Fe nanoparticles were also prepared according to same pro-
cesses as above mentioned, with Fe(acac), as precursor. The Pt-M
atomic ratios in all Pt-M samples were kept at 50:50.

2.2. Preparation of Pt-Co/C catalysts

The catalyst support was commercial Vulcan XC-72 carbon black
(Carbot Corp.) without further treatment. 50 ml ethanol was mixed
with 385 mg carbon black and then was ultrasonically agitated for
10 min to prepare carbon ink. 40 ml hexane solution with 195 mg
Pt and 59 mg Co (based on calculation from their precursors) was
slowly added to the carbon ethanol ink under vigorous stirring. The
Pt-Co/C (as prepared) catalyst with metal loading of 40 wt% was
finally obtained after filtrating, washing (>1 L ethanol and >1 L DDI
water) and drying in vacuum at 70°C (catalyst preparation proce-
dures are listed in Fig. 1). The filtrate is pure and colorless, which
indicates a full deposition of Pt-Co nanoparticles onto carbon sup-
port. The as prepared Pt-Co/C catalyst was heat-treated under Ar
atmosphere at 250°C for 3 h to remove organic surfactants (OAc
and OAm) and to clean the catalyst surface. The finish sample
was denoted as Pt-Co/C-250Ar (40 wt%). We used same quantity
of carbon ink and reduced the volume of hexane containing Pt-
Co nanoparticles by half to prepare Pt-Co/C catalyst with a metal
loading of 20 wt%. Multi-walled carbon nanotube (MWNT, diam-
eter: 30-50 nm, MER Corp.) was also used as support to prepare

20wt% Pt-Co/MWNT. Pt-Co(2+), Pt-Co(Li) and Pt-Fe nanoparti-
cles were deposited onto carbon support according to a similar
synthesis route as above mentioned and denoted as Pt-Co/C(2+),
Pt-Co/C(Li) and Pt-Fe/C. No heat-treatment process performed on
these samples and the Pt-M metal loading was maintained at
40 wt%.

2.3. Catalyst characterization

Thermogravimetric analysis was carried out on a high resolu-
tion TGA instrument (Mettler/Toledo, SDA851e). A 5.5 mg of Pt-Co
nanoprticle or Pt-Co/C was put into the sample holder and then
the test chamber was heated from room temperature to 800°C at
a heating rate of 5°Cmin~! under air. TGA data was recorded and
analyzed by a linked computer using STARe software V.1.0.

ICP-AES and EDS were conducted to determine the Pt and Co
element ratios in the Pt-Co/C catalysts. For ICP-AES, the Pt-Co/C
catalysts were dissolved in an aqua regia solution (‘royal water’),
and then diluted to prepare solution with 3-10 ppm Pt2* or Co3*.
Element analyses of Pt%* and Co3* concentrations in the solu-
tions were performed on an ICP-AES instrument (PerkinElmer,
Optima3000DV). A PHILIPS XL30-FEG SEM instrument was used
to perform EDS, a small amount of catalyst powder was pasted on
the holder surface using a small piece of conducting tape, and then
was put into the SEM chamber, five spots with around 20 x 20 pwm?
were detected for each sample and the average Pt-Co element ratio
was reported.

Transmission electron microscopy (TEM) characterizations
were carried out on a Philips CM300 instrument operating at
120kV. Samples for TEM analysis prepared by drying catalyst
ethanol inks on amorphous carbon coated copper grids, particle size
distribution were determined by counting more than 300 particles.

Powder XRD patterns were obtained on a Brucker X-ray diffrac-
tion meter using Cu-Ka radiation with a Ni filter. The tube current
is 40 mA and tube voltage is 40 kV. The 26 angular regions between
20° and 85° were explored at a scan rate of 5° min~! with an angu-
lar resolution of 0.02°. The mean Pt-Co particle size was calculated
from Debye-Scherrer formula based on the Pt(220) diffraction
peak.

2.4. Membrane electrode assembly (MEA) fabrication and PEMFC
test

Four MEAs consisting of cathode with Pt-Co/C and commer-
cial Pt/C (as reference) were prepared. The polymer electrolyte for
the MEA is a treated Nafion membrane 112 or 115, and the treat-
ment procedures can be found somewhere else [46]. Pt/C (20 wt%,
E-TEK) and Pt-Co/C (20 wt%, 250Ar) mixing with 5 wt% Nafion solu-
tion (dry Nafion weight ratio is 30 wt%) were brushed directly on a
gas diffusion layer (GDL, 25CC, SGL Corp.) to prepare the anode
and cathode, respectively. The catalyst loading was maintained
at 0.2 mgPt cme‘lﬁmode. The MEA with an active electrode area of
4.41 cm? (2.1 cm x 2.1 cm) were obtained by hot-pressing a cath-
ode, a treated Nafion 112 or 115 membrane (3 cm x 3cm) and an
anode with a pressure of 50 kg cm~2, at 135 °C for 1.5 min. The refer-
ence MEA was obtained by hot-pressing two Pt/C based electrodes
according to same experimental conditions mentioned above. The
PEMFC performances for the four MEAs were tested in an Arbin fuel
cell test stand. The operation conditions are as follows: the oxy-
gen and hydrogen operation pressures were 35 psi and their flow
rates were 200 ml min—!, the temperature of cell, anode and cath-
ode humidifier was 70, 75 and 75 °C, respectively. The polarization
I-V curves were collected after 2 h activation at constant operation
voltage of 0.6 V.



W. Li et al. / Journal of Power Sources 195 (2010) 2534-2540 2537

3. Results and discussion

Using Pt-Co/C (40 wt%) as an example, the procedures of syn-
thesis of Pt-M/C catalyst via the solution-phase reduction method
are illustrated in Fig. 1. The heating of Co(acac); and Pt(acac),
mixture in the presence of oleic acid (OAc), oleylamine (OAm),
and 1,2-hexadecanediol refluxing at 285 °C leads to monodisperse
2-3 nm Pt-Co nanoparticles. A hexane solvent containing the fine
Pt-Co nanoparticle colloid was then slowly dropped into carbon
black ethanol ink to form homogeneously dispersed Pt-Co/C cata-
lyst. Since the stabilizers (OAc and OAm) tend to aggregate in polar
solvent ethanol, thus leaving Pt-Co nanoparticles depositing onto
carbon support. Finally, an optimized temperature of 250 °C was
used for 3h to remove organic stabilizers, while maintain small
PtCo nanoparticles (<3 nm).

TGA was conducted to determine the Pt-Co metal loading as
well as analyze the amount of residues (organic protective agents,
etc) left in the catalyst, as shown in Fig. 2. The blue dot line repre-
sents the weight loss percentage of Pt-Co nanoparticle after copious
ethanol washing. It is observed ca. 12% weight loss from 100 to
250°C, which can be mainly attributed to the loss of organic sta-
bilizers of OAc and OAm. It was reported that around 50 wt% OAc
and OAm covered the catalyst surface without the ethanol wash-
ing process [44], using same molar ratio of metals to stabilizers
(1:1). In our case, copious ethanol washing is believed to account
for the removal of majority of organic stabilizers. The solid black and
red lines are the weight loss percentage for Pt-Co/C and Pt-Co/C-
250Ar (heat-treatment at 250 °C for 3 h) catalysts. It is interesting
to observe that the weight loss of Pt-Co/C-250Ar sample is very
low (<4%), which indicates most organic stabilizers (OAc and OAm)
can be removed at a moderate temperature of 250 °C. This is an
appropriate temperature for heat-treatment of the Pt-Co/C cata-
lysts. Further TEM characterizations show that Pt-Co nanoparticles
do not undergo observable agglomeration after the heat-treatment
of 250°C under inert gas. Luo et al., reported that some organic
compounds, such as decanethiol or oleylamine, were employed to
stabilize the nanoparticles by interacting with the Au-Pt or Pt-V-
Fe nanoparticles surface, however, high temperature (e.g. 500°C)
is usually required to remove the stabilizers as well as to clean the
catalyst surface and enhance catalyst electric conductivity [42-46].
In our case, the Pt-Co/C catalysts were treated under an inert gas
atmosphere at a comparatively low temperature, which was suf-
ficient to remove majority of organic stabilizers. The TGA curves
also show around 42 wt% metal or metal oxide left after heating-
treatment, which is slightly higher than the setting loading of
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Fig. 2. TGA curves of Pt-Co/C, Pt-Co/C-250Ar catalysts and Pt-Co nanparticles.

Table 1
Element compositions of Pt-Co/C catalysts determined by SEM-EDS and ICP-AES.

Pt-Co (ICP-AES) Pt-Co (SEM-EDS)
Pt-Co/C 58:42 57:43
Pt-Co/C (2+) 56:44 55:45
Pt-Co/C(Li) 49:51 50:50

40 wt%. Considering Co could be oxidized to Co,03/Co304 at a high
temperature and increase the sample weight, this method offers a
convenient way to accurately control Pt-Co metal loading just by
altering the ratio of dispersed Pt-Co nanoparticles to the carbon
support in the catalyst synthesis process.

The element ratios of Pt and Co in the Pt-Co/C catalysts were
measured by both ICP-AES and EDS, as shown in Table 1. The Pt-Co
ratio of Pt-Co/C is 57:43 (EDS) and 58:42 (ICP-AES). As we know,
ICP-AES gives bulk elements composition of a material, while SEM-
EDS provides surface elements composition in a small portion of
the material (e.g., 20 x 20 um?). The Pt-Co ratios obtained from
SEM-EDS are the average results through detecting five different
areas for each sample, since the element ratios from ICP-AES and
EDS are very close, this indicates these Pt-Co/C catalysts have uni-
formly mixing of Pt and Co metals. We used Co(acac), (Co2*) as
precursor to prepare Pt-Co/C(2+) catalyst, and found it has a similar
Pt-Co ratio (EDS: 55:45; ICP-AES: 56:44) as Pt-Co/C (Co3* as pre-
cursor). However, the Pt-Co ratios in catalysts are higher than the
initial precursor Pt-Co ratio of 50:50 for both Pt-Co/C samples pre-
pared using different Co precursors (Co3* and Co2*), this indicates
that 1-2-hexanedecandediol, even at over-stoichiometric amount
(reducing agent: precursor=2.5:1), cannot fully reduce Co3*/Co%*
to Co at the given synthesis conditions (285 °C for 20 min). 15% Co
for Pt-Co/C(3+) and 10% Co for Pt-Co/C (2+) cannot be reduced and
deposited onto the carbon support. In comparison, the Pt-Co/C-Li
prepared by an injection of LiBEt3H has a Pt-Co ratio of 49:51 (ICP),
which is very close to the setting ratio of 50:50. This means the
strong reducing agent LiBEt3H can fully reduce Co3*/Co2* to Co.

Typical TEM images of Pt-Co/C samples with different metal
loadings and with/without heat-treatment are shown in Fig. 3.
Small spherical Pt-Co nanoparticles are homogeneously dispersed
on carbon black and have narrow size distribution, ranging from
2 to 4nm, for both 20 and 40 wt% samples (see Fig. 3a and c). In
addition, nearly no observable metal nanoparticles agglomerations
were found after the heat-treatment at 250°C under Ar atmo-
sphere, shown in Fig. 3b and d. The TEM image of Pt-Co/C (2+)
shows Pt-Co nanoparticles are as small as 2-3 nm and deposited
uniformly on carbon support, which is just like Pt-Co/C (Fig. 3e).
However, Pt-Co/C (Li) prepared by additional injection of LiBEtsH
has some particle aggregates (Fig. 3f), though the average parti-
cle size can be controlled <3 nm. We also used this solution-phase
synthesis method to prepare MWNT supported Pt-Co and carbon
black supported Pt-Fe catalysts. It is interesting to observe that both
Pt-Co/MWNTs and Pt-Fe/C have very small particle size, uniform
particle size distribution (2-4 nm) and homogeneous particles dis-
persion on the carbon supports (see Fig. 3g and h). This suggests
that this solution-phase reduction route is an effective approach to
prepare a broad spectrum of fine noble metal-cheap metal alloy
nanoparticles supported on different carbon materials.

Fig. 4 shows the powder XRD patterns of carbon supported Pt-Co
catalysts with different loadings and with/without heat-treatment.
The diffraction peaks of the face centered cubic (fcc) Pt lattice
- Pt(111), Pt(200), Pt(220), Pt(311) are clearly recognizable in
all XRD patterns. It is known that the diffraction peaks become
broader as the particle size gets smaller, based on Debye-Scherrer
formula. Possible influence of the support on the lattice structure
of these nano-sized Pt-Co/C catalysts are not accounted for the lat-
tice parameter calculation, however, such influences are expected
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Fig. 3. TEM images of (a) Pt-Co/C (20 wt%), (b) Pt-Co/C-250Ar (20 wt%), (c) Pt-Co/C (40 wt%), (d) Pt-Co/C-250Ar (40 wt%), (e) Pt-Co/C(2+) (40 wt%), (f) Pt-Co/C(Li) (40 wt%), (g)

Pt-Fe/C (40 wt%), and (h) Pt-Co/MWNT (20 wt%) catalysts.

to be small for the system studied here. Particle size and lattice
parameters for these Pt-M/C catalysts are shown in Fig. 4. The mean
particle size of Pt-Co/C-250Ar (40 wt%) catalyst is around 2.3 nm,
which is slightly larger than that of Pt-Co/C sample (<2.0 nm). This
is in good agreement with the TEM images. The absence of diffrac-
tion peaks typical for Co, Co,03 and Co304 can be attributed to
reasons such as Co being dissolved in Pt lattice, that is, forming
a Pt-Co alloy, and/or Co being in present in the amorphous form.
The position of the Pt(11 1) peak for all Pt-Co/C samples is shifted
to a higher 2-theta-position (40.69°) than that for pure Pt, whose
maximum diffraction peak Pt(11 1) is at 39.76°. The lattice param-
eter of pure Pt fcc phase is 3.920 A, while those of the heat-treated
Pt-Co/C-250Ar catalysts are 3.872 A (20 wt%) and 3.868 A (40 wt%).
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Pt-Co/C-250Ar (40Wt%)
| —— PUC (E-TEK, 20wi%)
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Fig. 4. Powder XRD patterns of Pt/C (20 wt%, E-TEK) and Pt-Co/C catalysts.

This indicates good Pt-Co alloy has been formed even treated at
a moderate temperature of 250°C. Therefore, we believe that in
this high boiling point organic phase reduction system, an inti-
mate Pt-Co precursors interaction and a reduced redox potential
difference in organic medium between Pt and Co might result
in a good mixture of Pt and Co crystal seeds, thus leading to a
small particle size and an excellent Pt-Co initial contact, which
will benefit the formation of Pt-Co alloy at moderate temperature
treatment. Further, it should be noted that with the heat-treatment
temperature of 250 °C, the Pt-Co/C catalyst does not show any sup-
per lattice CoPt fct crystalline diffraction peaks, e.g. CoPt(110) or
CoPt(210).

Since PEMFC performance is an ultimate electrocatalytic activ-
ity test for Pt-Co/C, we directly investigated the polarization curve
of single PEMFC employing the Pt-Co alloy/C as cathode cata-
lyst, as shown in Fig. 5a. Two types of Nafion membranes (112
and 115) were used as PEMFC electrolyte, the Nafion 112 based
MEAs exhibit better PEMFC performances than the Nafion 115
based ones. This clearly shows that thinner electrolyte membrane
can effectively reduce cell inner resistance and improve mass
transport. The Pt-Co/C-250Ar based MEAs show better fuel cell
performances at low (<0.2Acm~2) and medium (0.2-1.5Acm™2
for Nafion 112 based MEAs, 0.2-0.7 Acm~2 for Nafion 115 based
MEAs) current density regions. As shown in Fig. 5b, at operation
voltage of 0.9V, the Pt-Co/C-250Ar based MEA has a mass activ-
ity of 0. 30AmgPt , which is 2.3 times higher than that of Pt/C based
MEA (0.13 Amgp, 1. In Fig. 5b, we compared the benchmark activity
of Pt/C and Pt-Co/C catalysts with self-made Pt-Co/C-250Ar cata-
lyst [4], although the mass activity of Pt/C in this study is lower
than the benchmark activity (0.13 vs. 0. 16Amgpl) self-prepared
Pt-Co/C-250Ar shows slightly higher mass activity than the bench-
mark for commercial Pt-Co/C catalyst (0.30 vs. 0.28 A mgl;t1 ). Atan
operation voltage of 0.8V, the PtCo/C based MEA (with Nation
112 membrane) can reach a power density of 320mW cm2,
while the Pt/C based MEA’s power density is 240 mW cm~2. For
a fuel cell electrocatalyst, mass activity =electrochemical sur-
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Fig. 5. (a) Polarization curves of PEMFCs with Pt/C (red line) and Pt-Co/C-250Ar
(black line) cathode catalysts, (b) mass activity at 0.9V for commercial Pt/C (E-TEK)
and Pt-Co/C-250Ar cathode catalysts. Anode: Pt/C (E-TEK, 20 wt%), 0.2 mgPt cm~2,
cathode: 0.2 mgPt cm~2. Electrolyte: solid: Nafion 112; hollow: Nafion 115. Test con-
ditions: cell: 70°C, 100% RH, Anode and cathode: H, and O,; flow rate: 0.2 Lmin—?,
backpressure: 35 psi. (*) The green columns in (b) represent the benchmark mass
activity of Pt/C (46 wt%, TKK) and Pt-Co/C (TKK) in Nafion 112 based MEAs under
standard PEMFC tests [4]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.).

face are (ECSA) x specific activity, smaller particle size will give
higher ECSA. The reduced Pt-Pt neighboring distance will favor
the bridge adsorption of oxygen, and facilitate cleavage of the
0=0 bond [4,10], thus improving the ORR specific activity. There-
fore, the improved mass activity for Pt-Co/C can be reasonably
attributed to (1) its smaller particle size (<2.0nm vs. 2.6 nm), and
(2) reduced lattice parameter (3.872A vs. 3.920A). However, at
high current density region (>1.5 and 0.7 Acm~2 for Nation 112
and 115 based MEAs, respectively), the two Pt-Co/C-250Ar based
MEAs are slightly lower than the corresponding commercial Pt/C
based MEAs, this is probably attributed to the impurities of Pt-
Co/C catalyst surface (surrounded by trace organic stabilizers),
thus impeding the mass transport of reactants. More characteri-
zations and analysis are needed to investigate the mass transport
issue, further optimization of the catalyst layer structure for the
self-made Pt-Co/C based MEA is expected to improve the PEMFC
performance at high current density region. This solution-phase
method is promising to prepare other Pt based bi-, tri-metallic
catalysts, e.g. carbon supported Pt-Ni, Pt-Ru, and Pt-Ni@Pt core
shell nanostructures, these work are currently under way in our
groups.

4. Conclusions

In this paper, we reported a solution-phase synthesis method for
preparing carbon (carbon black and carbon nanotubes) supported
Pt-M (Pt-Co and Pt-Fe) alloy catalysts. The Pt and M organic precur-
sors (Pt(acac),, Co(acac)s, Co(acac),, Fe(acac),) were used as metal
precursors, which were reduced in a high boiling point solvent octyl
ether in the presence of oleic acid and oleylamine as stabilizers to
synthesize Pt-Co/Pt-Fe alloy nanoparticles. The TGA indicates that
the stabilizers can be removed through copious ethanol washing
and moderate temperature heat-treatment (250 °C) under an inert
gas atmosphere (Ar). TEM images show the as prepared Pt-M/C cat-
alysts have very small nanoparticles homogeneously dispersed on
the carbon support (carbon black and CNTs), with a particle size
distribution of 2-4 nm. The Pt-Co nanoparticles do not aggregate
observably after 3-h-heat-treatment under Ar. XRD analyses fur-
ther indicate the average particle size remains around 2.3 nm, and
the lattice parameter is 3.868 A for Pt-Co/C-250Ar. The element
analysis techniques of ICP-AES and SEM-EDS show that the Pt-Co
ratio of final nanoparticles is slightly higher than the initial Pt-Co
ratio in their precursors, which suggests little amount of Co can-
not be fully reduced and deposited on carbon support. Addition of
small amount of strong reducing agent LiBEtsH can help to fully
reduce and deposit Co, however, results in Pt-Co particles agglom-
eration. PEMFC tests on the MEAs (with Nafion 112 membrane)
show that the mass activity of Pt-Co/C is O.30Amgljt1, which is 2.3
times higher than that of Pt/C(0.13A mggS ) at a working voltage of
0.9V, this can be attributed to its smaller particle size and superior
lattice parameter. This solution-phase synthesis approach is very
promising for preparing other highly active carbon supported Pt-M
nanocatalysts, such as Pt-Ni/C, Pt-Ru/C, and Pt-Ni@Pt core shell/C,
etc.
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