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Abstract

In this paper, five Pt3Sn,/C catalysts have been prepared using three different methods. It was found that phosphorus deposited on the surface of
carbon with Pt and Sn when sodium hypophosphite was used as reducing agent by optimization of synthetic conditions such as pH in the synthetic
solution and temperature. The deposition of phosphorus should be effective on the size reduction and markedly reduces PtSn nanoparticle size,
and raise electrochemical active surface (EAS) area of catalyst and improve the catalytic performance. TEM images show PtSnP nanoparticles are
highly dispersed on the carbon surface with average diameters of 2 nm. The optimum composition is Pt;Sn;P,/C (note PtSn/C-3) catalyst in my
work. With this composition, it shows very high activity for the electrooxidation of ethanol and exhibit enhanced performance compared with other
two Pt3Sn,/C catalysts that prepared using ethylene glycol reduction method (note PtSn/C-EG) and borohydride reduction method (note PtSn/-B).
The maximum power densities of direct ethanol fuel cell (DEFC) were 61 mW cm™? that is 150 and 170% higher than that of the PtSn/C-EG and

PtSn/C-B catalyst.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Direct alcohol fuel cells (DAFCs) were attracting increasing
interest as a compact power sources for portable applications,
mainly due to the relatively simple handling, storage, and trans-
portation of the fuel. Though the interests is focused on the use of
methanol because of its better reaction kinetics and hence better
performance in a fuel cell. However, the question of the toxic-
ity of methanol remains crucial. Methanol is considered since a
long time as a toxic product (mainly neurotoxic) [1]. It is to use
other alcohols presenting negligible or very low chemical tox-
icity, which is essential, at least for some applications. Ethanol
appears to be an interesting alternative fuel for a wide utilization.
Its low toxicity added to its availability (from biomass products)
is an important positive point for its use as an alternative fuel
to methanol even if its reactivity is slightly lower. Hence, it is
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a promising liquid fuel for directly fueled DEFCs [1-7]. How-
ever, ethanol oxidation to CO; is associated with the cleavage
of the C—C bond, which requires higher activation energy than
C—H bond breaking, at least for currently known electrocatalysts
[8—12]. To achieve this, it is necessary to modify the composition
and structure of the anode catalyst [7,13-16].

The case of the oxidation of ethanol is more difficult than
that of methanol with the necessity to break the C—C bond to
obtain its complete oxidation. The reaction is known to pro-
ceed via a complex multistep mechanism, involving a number
of adsorbed reaction intermediates and byproducts resulting
from incomplete ethanol oxidation [17]. The major adsorbed
intermediates were identified as adsorbed CO and C-1 and
C-2 hydrocarbon residues, whereas acetaldehyde and acetic
acid have been detected as the main byproducts using dif-
ferential electrochemical mass spectrometry (DEMS), infrared
spectroscopy, ion chromatography, and liquid chromatography
[18-21]. Conversely to the case of methanol, Pt—-Ru based
electrocatalysts lead to poor improvement of the ethanol elec-
trooxidation. Pt—Sn supported on high surface area carbon as
the electrocatalysts of the anode for DEFCs is still considered
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to be the best catalysts among all those studied [1-16], and the
Pt3Sn is one of the most active systems known for CO oxidation
[22]. Lamy and co-workers have found that the Pt—Sn/C catalyst
synthesized by impregnation—reduction method possessed much
higher catalytic activity for ethanol electrooxidation than pure Pt
[1,2,23,24]. Xin and co-workers also found PtSn catalysts pre-
pared by modified polyol method showed superior performance
for ethanol electro-oxidation [25,26]. DEFC testing data indicate
high performance when either unsupported or supported Pt—Sn
catalysts are used, depending on anode catalyst composition and
particle size [1,2,4,7,25].

It has been reported that addition of a non-metallic element,
P, drastically reduced the size of Fe single crystal in a magnetic
alumite film [27]. Ultrafine amorphous alloy particles (UAAP)
consisting of transition metal (M =Fe, Co, Ni) and metalloid
element phosphorus have been studied extensively because of
their interesting chemical and physical properties [28—31]. Many
studies have addressed on the influences of P on the electronic
state of metal elements, which obviously should have significant
effects on some of the properties, e.g. magnetic and catalytic
properties, of UAAP [31-34]. Okamoto et al. reported that a
variation in 3d electron density on the nickel metal induced
by phosphorus would modify the activity and selectivity of the
nickel catalyst for hydrogenation [34]. Lukehart and co-workers
[35] reported that they synthesized accidentally PtRuP2/C cata-
lysts using five different Pt,Ru-bimetallic precursors as sources
of metal. The results of experiment indicated that the presence
of substantial amounts of PtRuP2 does not poison the catalytic
performance of these catalysts and might even slightly enhance
methanol electrooxidation. Daimon and Kurobe [36] studied that
the addition of N, P and S reduced the size of PtRu catalyst par-
ticle deposited on carbon support and to improve the catalystic
performance for methanol electrooxidation. In the previous work
[37], we have also found that the PtRuP/C catalyst synthesized
by hypophosphite deposition possessed much higher catalytic
activity for methanol electrooxidation.

In this work, three kinds PtSnP/C catalysts and two kinds of
Pt3Sn;/C electrocatalysts were prepared by different methods.
It was found that deposited phosphorus can improve the dis-
persion of PtSn nanoparticles on carbon surface, reduce size of
PtSn naoparticles and raise electrochemical active surface (EAS)
area of catalyst when the sodium hypophosphite was used as
reducing agent during the preparation of PtSn/C catalyst. The
cyclic voltammetry and the single cell performance tests jointly
show that Pt3Sn{P,/C (PtSnP/C-3) catalysts present the highest
activity for ethanol electrooxidation among five catalysts.

2. Experimental section
2.1. Catalyst preparation

2.1.1. Materials

The chemical reagents H, PtClg-6H,>O and SnCl,-2H; O were
purchased from Aldrich Chemical Co. The sodium hypophos-
phite, sodium borohydride and sodium citrate were purchased
from Beijing Chemical Co. The Vulcan Carbon powder XC-
72 was purchased from Cabot Corporation. Ultrapure water

H,PtCl,.6H,O and
SnClL,.2H,O Solution

A4

Mixing with carbon (Vulcan XC-72)
with magnetic stirring.

Route 1 * Route2 + Route 3
NaH,PO,.H,0 | | NaH,PO,.H,0 | | NaH,PO,.H,0
Solution Solution Na,C,H;O,H,0

: ‘ ‘

| Add 5% NaOH, pH=9~10 |

v v v

One drop of diluted Reaction:90~100°C for 8 hour at
NaBH, Solution magnetic stirring

v v v

| Filter, wash, and then dry at 80°C |

v

PICl + 2H,PO, + 2H,0 = 2H, POy + 4H' + 6CI + Pt (1)
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Sn?" + H,P0O, + Hy0 = H,PO; +2H' + Sn )
3H2P02- = H2PO3_ + H20 +20H + 2P (3)
H2P02- + H20 = H2PO3- + H2 (4)

Fig. 1. Schematic flow chart of the preparation of carbon supported PtSnP
electrocatalysts by the sodium hypophosphite method.

(18.2 M€2) was used to prepare the solutions. All solvents were
reagent grade and used as received unless otherwise noted.

2.1.2. Preparation of carbon supported PtSnP catalysts

We synthesized the catalyst using three routes, as shown
in Fig. 1. The primary steps of this synthesis were given
below: First, 165 mg H,PtClg-6H,O and 24 mg SnCl,-2H,0
(the ratios of Pt:Sn=3:1) aqueous solutions were mixed with
300 mg Vulcan XC-72 carbon in the distilled water. Then, the
above solutions were ultrasonic agitation for 30 min in air at the
room temperature. The appropriate amounts solution of sodium
hypophosphite (1.35 g) and sodium citrate (125 mg) was then
added into the mixture with stirring. The pH value of the solution
was adjusted to 9.2 using a 5 wt% sodium hydroxide solution,
subsequently heated to 90°C for 8 h, and then cooled in air.
The carbon-supported PtSnP catalysts were then filtered and
extensively washed with distilled water. The carbon-supported
PtSnP catalysts were generally dried at room temperature in
air. The following four independent reactions may take place
in the system during reduction of metal chlorides with sodium
hypophosphite (see Fig. 1). This means that while the hypophos-
phite was used as reducing agent for the preparation of PtSn/C
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alloy catalysts, the non-metallic phosphorus with platinum and
tin deposited together on the surface of support. The PtSnP/C
catalyst prepared by route 1, route 2 and route 3 were called as
the PtSnP/C-1, PtSnP/C-2, PtSnP/C-3 catalysts, respectively.

2.1.3. Preparation of carbon supported PtSn catalysts

For comparison, other two the total metal loading (Pt plus Sn)
of 20 wt% PtSn/C catalysts were also synthesized by modified
polyol method [25,26] and conventional reduction method.

Carbon supported PtSn catalyst was synthesized by modified
polyol method. 165 mg H,PtClg-6H,O and 24 mg SnCl,-2H,0
(the ratios of Pt:Sn=3:1) were dissolved, respectively, in ethy-
lene glycol or its mixture solution with water, in which the water
volume content was 10%. Then following them, the pH of solu-
tion was modified to 12 and the temperature was increased up to
130 °C and kept constant for 2 h so that the metals were reduced
adequately. Then the ultrasonically dispersed carbon slurry was
added dropwise. After impregnation for 4 h, the mixture was fil-
tered and the filter cake was dried in a vacuum oven at 80 °C for
2 h. The catalysts prepared in this way were called as PtSn/C-EG
catalysts.

Impregnated Carbon supported PtSn catalyst was synthesized
by the conventional reduction method. A 165 mg H,PtClg-6H,O
and 24 mg SnCl,-2H,O (the ratios of Pt:Sn =3:1) aqueous solu-
tions were dispersed in a mixture of 250 mL deionized water.
To this mixture, 300 mg Vulcan XC-72 carbon was added and
the suspension was placed in an ultrasonic bath for 30 min. The
suspension was stirred for 30 min before the pH was adjusted
to 8.0 with 0.1 M NapCOs solution. The suspension continued
stirring for complete impregnation. After that, reduction was
performed by dropwise addition of 22 mL of 0.2ML~! NaBHj,
The slurry was maintained at room temperature for 3 h to allow
complete reduction of Pt and Sn. The slurry was filtered and
washed copiously with hot distilled water to remove chloride
ions. The catalyst was dried in vacuum oven at 80 °C for 2 h. The
catalysts prepared in this way were called as PtSn/C-B catalysts.

The total metal loading (Pt plus Sn) was maintained at
20 wt%, for all the initial catalysts preparation in this work, and
the Pt:Sn ratio of the precursor salts is 3:1.

2.2. Catalysts of physical characterization

The X-ray diffraction (XRD) patterns for the catalysts were
obtained using a Rigaku-D/MAX-PC 2500 X-ray diffractome-
ter with the Cu Ko (A = 1.5405 A) radiation source operating at
40kV and 200 mA.

The bulk composition of the prepared catalysts and elements
distribution were evaluated by energy dispersive X-ray analysis
(EDX) in a scanning electron microscope (JEOL JAX-840).

The measurements of transmission electron microspec-
troscopy (TEM) were carried out with a JEOL 2010 microscope
operating at 200kV with nominal resolution. Samples were
prepared by dispersing catalyst/ethanol suspension onto a 3-mm-
diam copper grid covered with holey carbon film as a substrate,
then evaporating the solvent and drying them in air.

X-ray photoelectron spectroscopy (XPS) was carried out
using an ESCALAB MKII photoelectron spectrometer (VG Sci-

entific). The fast entry chamber allowed rapid sample transfer
from air to UHV pressures (base pressures during XPS analysis
were in the low-to-mid 10~ !0 Torr range). The XPS experiments
were performed in the spectroscopy chamber using a standard
Mg anode X-ray source (and the Mg Ko X-rays at 1253.6eV)
and a 150 mm hemispherical electron energy analyzer.

2.3. Catalysts of electrochemical characterization

2.3.1. Electrochemical measurement

An EG&G model 273A potentiostat/galvanostat (Princeton
Applied Research) and a conventional three-electrode test cell
were used for electrochemical measurements. A Pt flat was used
as the counter electrode. The Ag/AgCl/Cl™ electrode was used
as the reference electrode. All the potentials were quoted with
respect to the reference Ag/AgCl/CI™ electrode. The working
electrode was a thin layer of Nafion impregnated catalyst cast
on a glassy carbon disk held in a Teflon cylinder. The detailed
preparation method was described in our previous work [38].
First, 5 mg of the Pt—Ru/C catalyst was dispersed ultrasonically
in 1 mL of the alcohol solution with 50 wL of 5% Nafion solu-
tion. Then, 10 L of the dispersion was pipetted and spread on
a mirror-finished glassy carbon electrode with 3 mm diameter.
Finally, the electrode was dried at room temperature for 30 min.
The glassy carbon electrode was polished with slurry of 0.5 and
0.03 pwm alumina successively and sonicated in the triple dis-
tilled water before use. The apparent surface area of the glassy
carbon electrode was 0.07 cm?. All electrolyte solutions were
purged from the solution by bubbling with high purity nitro-
gen for 15 min prior to each electrochemical measurement. For
cyclic voltammograms of ethanol were measured at the work-
ing electrode by cycling the potential between —0.2 and 0.9V
versus Ag/AgCl/Cl~ at 10mVs~! in the 0.5M H,SO4 + 1M
CH3CH,OH solution.

2.3.2. Membrane electrode assembly (MEA) preparation
and single DEFC testing

The membrane electrode assemble (MEA) was prepared as
follows. The catalyst inks containing the appropriate weight per-
cent of a Nafion solution (Aldrich) was spread on the surface of
the carbon paper substrates (TGPH-090, E-Tek Co.) and formed
the anode and cathode catalyst layers. Then, 160 pL of 5 wt%
Nafion solution was spread on the catalyst layers and dried in
the room temperature. The catalyst loadings based only on metal
content were 1.5mgcm™2 of supported PtSn catalysts at the
anode and 1.5 mgcm™2 of 20 wt% Pt loadings on Vulcan XC-
72 (E-TEK commercial catalyst) at the cathode. The MEA is
fabricated by hot-pressing the anode and cathode catalyst layer
onto the pretreated Nafionl17 membrane for 2 min at 50 atm
and 120 °C. To fabricate the single DEFC, the MEA is placed
between two graphite current collectors with a serpentine design
for the fuel and air distribution. The single cell was consisting
of two ribbed graphite plates, which were compressed between
two gold plated end stainless steel plates. These we provided
with liquid and gas-feed tubes to which were connected the
electric wires for the current/voltage measurements. To measure
the performance of the single DEFC with a 3 cm x 3 cm active
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cross-sectional catalyst area, and a fuel cell testing system (Arbin
Instruments) that recorded cell potentials under constant-current
conditions, A 2.0 M ethanol solution was preheated 70 °C and
supplied to the anode with a 5.0mL min~—! flow rate and pure
oxygen was fed to cathode with 100 mL min~! flow rate at 2 atm
were used.

3. Results and discussion

Route 1: A drop of NaBH4 solution is added to a mix-
ture containing appropriate amounts of HyPtClg-6H,0, 24 mg
SnCl;-2H,0 and NaH,PO;-H, O, which has a pH value of 9-10
adjusted by adding a sodium hydroxide solution, after an incu-
bation period the autocatalytic reaction takes place at room
temperature. And this explains the fact that heating was often
needed to induce the reaction if there were no NaBHy added
(route 2 and route 3). Moreover, based on mechanistic stud-
ies, the overall reaction of the production of PtSnP is suggested
to be composed of the following four in dependent reactions.
As shown in Fig. 1, the initial pH value of the solution was
about 89-10. By adding a drop of NaBH4 solution or heating
the solution and after about 10 min incubation period, the pH
value of the solution dropped rapidly because of the reduction
of PtClg?~ and Sn** which produced H* as shown by Eqs. (1)
and (2). When the pH value dropped to about 6-7, the reaction
of Eq. (3) might slow down the decrease of pH value of the
solution, and meanwhile large amounts of H; evolved due to the
hydrolysis of HoPO, ™ as depicted by Eq. (4) catalyzed by the
PtSnP/C-1, PtSnP/C-2, PtSnP/C-3 ultrafine alloy nanoparticles
formed.

A summary of the preparation details and characteriza-
tion data for each sample is provided in Table 1. The total
metal and phosphorus content of each sample ranges from
10.50 wt% for sample PtSnP/C-1 to 19.68 wt% for PtSn/C-B cat-
alyst, depending on different reducing conditions. Experimental
results revealed that the different preparation conditions signif-
icantly affected the morphologies, particle sizes, surface area,
and the concentration of phosphorus bonded to the platinum
and tin metal. The compositions of these catalysts as deter-
mined by EDX were PtSnP/C-1 (Pt; 57Sn10P.33), PtSnP/C-2
(Pto.g6Snj oP122), PtSnP/C-3 (Pt306SnioP202), PtSn/C-EG
(Pt3.10Sn1 9), and PtSn/C-B (Pt; 9¢Snj o) catalysts, respectively.

Size distributions of the PtSn particles loaded on carbon were
evaluated by TEM analysis. Fig. 2 presents the TEM images
of (a) PtSnP/C-1, (b) PtSnP/C-2, (c) PtSnP/C-3, (d) PtSn/C-
EG and (e) PtSn/C-B catalysts. In Fig. 2a—c, the dark spots of
PtSn nanoparticles have a uniform and extremely narrow size
distribution with an average diameter of 2 and 1.8 nm, respec-
tively. For the PtSnP/C-1, as noted in Fig. 1a, the image shows
a slight increase in the size of the PtSn particles (2-2.2 nm).
The PtSn/C-EG and PtSn/C-B catalysts not only have an incre-
ment in the size of PtSn nanoparticles (3—5 nm), but also have
very poor distribution of the nanoparticles as seen in Fig. 2d
and e. The TEM observation demonstrates that the addition of
P inhibits the aggregation of PtSn and reduced the size of PtSn
nanoparticles, leading higher dispersion of the PtSn nanopar-
ticles with the size distribution of 1.8 £ 0.5 nm. It well known
that the uniform distribution of the catalysts and a small particle
size were key factors for the stable and efficient operation of
Direct Methanol (Ethanol) Fuel cells [1-4,39-45]. Daimon et
al. [36] and Xue et al. [37] synthesized 2.0 nm of well-dispersed
PtRu catalyst nanoparticle supported on carbon, respectively.
The about 2nm of size of PtRu catalysts can simultaneously
improve the catalytic activity and utilization efficiency of the
catalyst in DMFC application. Therefore, for the fuel cell appli-
cation, improvement of the catalytic activity and minimization
of the Pt requirement will be essential.

Fig. 3 shows the X-ray diffraction (XRD) patterns of (a)
PtSnP/C-1, (b) PtSnP/C-2, (¢) PtSnP/C-3, (d) PtSn/C-EG and (e)
PtSn/C-B electrocatalysts. The first peak at 20 about 25° was the
XC-72 carbon support. It can be seen that both PtSn/C-EG(curve
d) and PtSn/C-B (curve e) catalysts display four diffraction
peaks of Pt (111), Pt (200), Pt (220) and Pt (311) at the
corresponding diffraction positions, while apart from the four
diffraction peaks, there appears diffraction peaks of SnO; (10 1)
and SnO; (21 1) at around 34° and 52° (PCPDF#411445) for
PtSn/C-EG(curve d) and PtSn/C-B (curve e). The XRD pat-
terns of the PtSnP/C-1, PtSnP/C-2 and PtSnP/C-3 catalysts as
shown in Fig. 3B give two broad peak around 34° and 52°. This
is assigned to the diffractin peaks of SnO; (101) and SnO,
(211). The XRD diffraction peaks do not contain any distinct
peak corresponding to crystalline phase Pt (11 1), Pt (200), Pt
(220) and Pt (3 1 1) for the PtSnP/C-1, PtSnP/C-2 and PtSnP/C-
3 catalysts. Three samples all demonstrate amorphous structure,

Table 1
The data from the measurements of EDX, XRD, TEM, etc. for PtSnP/C-1, PtSnP/C-2, PtSnP/C-3, PtSn/C-EG, and PtSn/C-B elecrocatalysts
PtSnP/C-1 PtSnP/C-2 PtSnP/C-3 PtSn/C-EG PtSn/C-B
3:1:30* 3:1:30* 3:1:30* 3:1:0* 3:1:0*
Reducing agent NaH, PO, NaH,PO, NaH,PO; NazC¢Hs07-H,O Ethanol glycol NaBH4
Reaction conditions T (°C) Room temperature 90 90 130 Room temperature
Pt:Sn:P at ratio (EDX) Pt; 57Sn10P1.33 Pto.s6Sn1.0P1.22 Pt3 06Sn1.0P2.02 Pt3.10Sn).0 Pty 96Sn1 0
wt% Pt (bulk) 6.93 7.66 14.78 15.89 16.34
wt% Sn (bulk) 2.64 5.38 3.07 3.18 3.34
wt% P (bulk) 0.93 1.47 1.56
wt% total (bulk) 10.50 14.52 19.41 19.07 19.68
Average particle size (nm) by TEM 22 2 1.8 3.8 3.5
EAS H; adsorption (m?> g~ ') - - 172 123 107
EAS CO stripping (m” g~ ') - - 157 94 68

2 Pt:Ru:P mole ratios in the mother solution.
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Fig. 2. TEM images of 20 wt% PtSn/C synthesized at different method: (a) PtSnP/C-1, (b) PtSnP/C-2, (c) PtSnP/C-3, (d) PtSn/C-EG and (e) PtSn/C-B electrocatalysts.

which may be attribute to the deposition of phosphorus.In elec-
troless plating of Ni, NaH,PO, is known as a reductant, it is
well known that P is incorporated into Ni and that Ni becomes
amorphous by forming Ni phosphide [29,46,47]. However, two
comparatively broad diffraction peaks, located near 43° and 80°
26, were also present. These peaks do not correspond to the
principal diffraction peaks of tin metal.

In Fig. 4(A), we show the Pt 4f spectrum of the PtSnP/C-3,
PtSn/C-EG and PtSn/C-B catalysts. The binding energies at the
4f signal for the different 7/2 components were given in Table 2.
We find a definite positive shift in the binding energy of Pt 4f for
PtSnP/C-3 catalysts in relation to those observed for PtSn/C-
EG and PtSn/C-B catalysts. The 4f;, binding energy shifted
positively by 1.3 and 2.0 eV for PtSn/C-EG and PtSn/C-B cata-
lysts, respectively. We attribute this effect to an electron transfer
involving P, Sn and Pt atoms within the alloy in PtSnP/C-3 cata-
lyst. Since the respective elemental electronegativity values for

P,Sn and Pt were 2.52, 1.8 and 2.2, [48,49] respectively. P atoms
could produce an electron withdrawing effect from the Pt and
Sn atoms bringing about the polarisation of the PtSn bonds
in the alloy. In Fig. 4(B), we show the Sn 3d XPS spectrum
for PtSnP/C-3, PtSn/C-EG and PtSn/C-B catalysts, The binding
energies in various PtSn catalysts as obtained from their XPS
spectra were given in Table 2. From these data, we find a slight
negative shift in the binding energy of Sn 3d of PtSnP/C-3 for
PtSn/C-EG catalyst, while a definite positive shift was observed.

The Chemmical state of P in PtSnP/C-3 catalyst was ana-
lyzed by XPS and P3; spectrum was shown in Fig. 4(C). The
peaks at the lower and higher binding were assigned to phos-
phorus interacting with platinum and tin (129.5 eV) and oxidized
phosphorus (133.8 eV), respectively. The lower binding energy
peak at 129.5 eV shifted negatively by 0.9 eV from that for red
phosphorus (130.4). It is concluded that the phosphorus species
interacting with platinum and tin were negatively charged and
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Fig. 3. XRD patterns of (a) PtSnP/C-1, (b) PtSnP/C-2, (c) PtSnP/C-3, (d)
PtSn/C-EG and (e) PtSn/C-B electrocatalysts.

that the phosphorus accepts electrons [29,47,48]. There is small
peak attributed to pure phosphorus (130.4eV).

The composition of all samples was evaluate by EDX and
provided in Table 1. Fig. 5 shows the typical EDX spectrum of
the PtSnP/C-3 catalyst with the nominal atomic composition of
Pt3 06Sn; oP2.02. It was found that the P and PtSn coexisted. The
XPS and EDX analysis results suggested that P was enriched at
the surface of PtSn catalyst nanoparticle. Because of the addition
of P and change Pt (111), Pt (200) and Pt (220) plane of
the structure of PtSnP catalyst, which was estimated by XRD

in Fig. 3(B).Taking these analytical results into account, it is
considered that P coexisted with PtSn nanoparticle and that most
of P existed in oxidized phosphorus at surface of PtSn catalyst
nanoparticle and little forming interstitial compounds.

Fig. 6 shows the cyclic voltammograms of the PtSnP/C-3,
PtSn/C-EG and PtSn/C-B catalysts in 0.5 M H,SOy4 electrolytes
at room temperature at a scan rate of 10mVs~! between
—0.2 and 0.8V (versus Ag/AgCl/C17). On the three cata-
lysts that well defined hydrogen adsorption/desorption peaks
were found. For the PtSnP/C-3 catalyst, well-defined hydrogen
adsorption—desorption peaks with a much larger were observed
in the potential region —0.2—0.05, demonstrating the higher sur-
face area of the catalyst. The high surface area is owing to the
presence of narrow size and uniform distribution of the PtSn
nanoparticles as displayed in the TEM (see Fig. 2¢). The PtSn/C-
EG catalyst exhibits a broad peak relatively with slightly higher
current in the adsorption-desorption region than the PtSn/-B cat-
alyst. This is probably due to agglomeration and poor dispersion
of the PtSn nanoparticles in these catalysts (see Fig. 2d and
e). Electrochemical surface areas of PtSnP/C-3, PtSn/C-EG and
PtSn/B electrocatalysts prepared by different methods were 172,
123, and 107 m? g’1 and also listed in Table 1. These values were
obtained by calculating the areas under the coulombic charge for
hydrogen desorption peaks (see Fig. 6) after subtracting the con-
tribution from double lager charging according to ref 51. It was
found that addition P reduces the size of PtSn catalysts nanopar-
ticles and improvement in efficiency of the catalyst caused by
the increase the electrochemical surface areas of catalysts.

Fig. 7 shows CO stripping voltammograms of the PtSnP/C-
3, PtSn/C-EG and PtSn/C-B catalysts recorded at 10 mV s~ 1in
the 0.5 M H,SOy4 electrolyte at room temperature. The electro-
chemically active specific surface area of Pt and Sn metals in the
Pt—Sn/C catalysts can be calculated from the area of the oxida-
tion peak of CO,q [50]. While electrochemically active specific
surface were 157, 94.3, and 68 m? g~ ! respectively (as show
the Table 1). These data (EAScp) were in good agreement with
those of hydrogen desorption (EASH>). The higher activity of
PtSnP/C-3 catalysts is attributed to the higher surface area (see
Fig. 7 and Table 1). The results of this study further show that
the incorporation of P as metalloid elements into the Pt and Sn
may act to increase the total surface area. Similar results were
obtained by analysis of the Ni-P alloys [51,52,28].

The ethanol cyclic voltammograms results on the five cata-
lysts were shown in Fig. 8. From Fig. 8, it is clear that the addition

Table 2

The performance of single direct ethanol fuel cell of all catalysts

Catalyst At room temperature (DEFC) At 70°C (DEFC)
Open circuit Maximum Current density at Open circuit Maximum power density Current density at maximum
voltage (V) power density maximum power density voltage (V) (mW cm—2) power density (mA cm™2)

(mW cm™—2) (mA cm~—2)

PtSnP/C-1 - - - 0.678 36.44 150.70

PtSnP/C-2 - - - 0.671 27.42 100.10

PtSnP/C-3 0.703 8.33 27.15 0.797 61.84 183.39

PtSn/C-EG  0.633 4.68 17.16 0.739 42.86 133.15

PtSn/C-B 0.574 3.97 15.15 0.747 36.52 114.13
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Fig. 4. (A) XPS Spectra for Pt 4f of PtSnP/C-3, PtSn/C-EG and PtSn/C-B electrocatalysts, (B) XPS Spectra for Sn3d of PtSnP/C-3, PtSn/C-EG and PtSn/C-B

electrocatalysts.

of the P element to PtSn results in the negative shift of the first
ethanol electro-oxidation positive peak. The first positive oxida-
tion peak on PtSnP/C-3 appears at the most negative potential, at
about 0.674 V (versus Ag/AgCl/C1™), and the peak potential is
about 0.038 V lower than that on PtSn/C-EG catalyst. The first
electro-oxidation peak of ethanol on PtSnPC-1 and PtSnP/C-2
were 0.678 and 0.676 V (versus Ag/AgCl/C1™), respectively, and
lower than that on PtSn/C-B (0.682 V). The PtSnP/C-3 shows
the highest positive peak current density and has a lower overpo-
tential (0.674 V versus Ag/AgCl/C17). It is clear that the current
density is about 1.6 and 2.0 times higher than that PtSn/C-EG
and PtSn/C-B catalysts, respectively. The positive current den-
sity of ethanol electro-oxidation on PtSnP/C-1 is higher than

[u}
L W A, B

Enerav (keV)

Fig. 5. EDX spectrum of PtSnP/C-3 electrocatalyst.

that on PtSnP/C-2, but less than these on PtSnP/C-3, PtSn/C-
EG and PtSn/C-B, respectively. It maybe that the metal content
of PtSnP/C-1 and PtSnP/C-2 catalysts is 10.50 and 14.52 wt%,
respectively, and lower than these of PtSnP/C-3, PtSn/C-EG and
PtSn/C-B catalysts. Therefore, the PtSnP/C-1 and PtSnP/C-2
catalysts show lower activity to ethanol oxidation than other cat-
alysts. From the CV results, it is apparent that the ternary phases
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Fig. 6. The cyclic voltammograms of PtSnP/C-3, PtSn/C-EG and PtSn/C-B
electrocatalysts in 0.5 M H,SOy solution at 10 mV s~! at room temperature.
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perature.
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Fig. 9. Voltage as a function of current density for a direct ethanol fuel cell
(DEFC) using PtSnP/C-3, PtSn/C-EG and PtSn/C-B as anode electrocatalysts
at room temperature.

of composition Pt3 o¢Sny gP2.02 (PtSnP/C-3) exhibit higher pos-
itive peak current density, and consequently higher activity to
ethanol electro-oxidation from the point of current density.
The ethanol oxidation activity of the PtSn/C catalysts was
measured with a unit cell. It was well know that at low tempera-
ture, the catalysts have a dominating effect on the performance
of fuel cells, and comparisons of DEFC performance at rela-
tively low temperature were the most practical and powerful
ways of evaluating the activity of catalysts. Fig. 9 shows the
performances of single DEFC with PtSnP/C-3, PtSn/C-EG and
PtSn/C-B as the anode catalysts at room temperature. The
PtSnP/C-3 catalyst shows a current density of 27.25 mA cm ™2,
and exhibits a high maximum power density (8.33 mW cm™?2)
that were 78 and 110% higher than that of the PtSn/C-EG and
PtSn/C-B catalysts (4.68 and 3.97 mW cm~2). As identified in
the CV test, PtSnP/C-3 catalyst shows higher activity than other
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Fig. 8. Cyclic voltammograms of (a) PtSnP/C-1, (b) PtSnP/C-2, (c) PtSnP/C-3, (d) PtSn/C-EG and (e) PtSn/C-B electrocatalysts in 0.5 M H,SO4 + 1 M CH3CH,OH
solution at 10 mV s~ at room temperature.
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Fig. 10. Voltage (A) and power density (B) as a function of current density
for a direct ethanol fuel cell (DEFC) using PtSnP/C-1, PtSnP/C-2, PtSnP/C-3,
PtSn/C-EG and PtSn/C-B as anode electrocatalysts at 70 °C.

two catalysts in the single fuel cell tests. The open circuit voltage
(OCV) of the single DEFC fuel cell with PtSnP/C-3, PtSn/C-EG
and PtSn/C-B as the anode catalysts is 0.703, 0.633 and 0.574 V,
respectively. Fig. 10 shows the performances of single DEFC
with different anode catalysts at 70 °C.The performance of the
single DEFC with PtSnP/C-1 as anode catalyst is similar to that
of single DEFC with PtSn/C-B catalyst. The PtSnP/C-3 catalyst
produces a higher maximum power density of 61 mW cm~2 at
70°C, which is 150 and 170% higher than that of the PtSn/C-EG
and PtSn/C-B catalyst, respectively. Such an improved activity
indicates that the addition of P to PtSn enhances the ethanol oxi-
dation activity, and by testing the single DEFC performances.
The PtSnP/C-3 (Pt3.06Sn1 oP2.02/C) is evidently the more suit-
able anode catalyst among the five catalyst mentioned above.

4. Conclusions

In this paper, the Pt3Sn;/C and Pt3Sn P»/C catalysts for direct
ethanol fuel cell (DEFC) were prepared by using three different
methods. We have found that the addition of P reduced the size
of PtSn catalyst particle, and to lead to a uniform and extremely

narrow size distribution with an average diameter of 2 nm, and
to improve the catalytic performance. In contrast to PtSn/C-
EG and PtSn/C-B catalysts that prepared by modified polyol
method and conventional reduction method, respectively. The
electrocatalytic activity of the PtSnP/C-3 (Pt3Sn; P,/C) catalysts
for the ethanol oxidation was better than that of the PtSn/C-
EG and PtSn/C-B catalyst. From combining the results of the
electrochemical cell and the practical single DEFC, we con-
clude that PtSnP/C-3 catalysts was an excellent catalyst for the
direct ethanol fuel cell. The PtSnP/C catalyst is hopeful to have
a practical application in DMFC.
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