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Abstract

In the present work, several carbon supported PtSn catalysts with different Pt/Sn atomic ratios were synthesized and characterized by X-re
diffraction (XRD), Transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Both the results of TEM and XRD
showed that all in-house prepared carbon supported Pt and PtSn catalysts had nanosized particles with narrow size distribution. According
the primary analysis of XPS results, it was confirmed that the main part of Pt of the as-prepared catalysts is in metallic state while the mair
part of Snis in oxidized state. The performances of single direct ethanol fuel cells were different from each other with different anode catalysts
and at different temperatures. It was found that, the single DEFC employiBg,RE showed better performance at‘@Dwhile the direct
ethanol fuel cells with BEn/C and P§Srp,/C exhibited similar performances at 5. Furthermore, at 9@C, PtSn/C was identified as a
more suitable anode catalyst for direct ethanol fuel cells in terms of the fuel cell maximum power density. Surface oxygen-containing species
lattice parameters and ohmic effects, which are related to the Sn content, are thought as the main factors influencing the catalyst activity ar
consequently the performance of single direct ethanol fuel cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ogy into commercial markets. Low molecular weight alco-
hols, methanol and ethanol, are reasonably inexpensive and
Since 1990s, the large potential market for fuel cell ve- largely available, having higher electrochemical reactivity at
hicles, portable electrical devices and stationary applicationsrelatively low temperatures. The direct methanol fuel cell
has generated an accelerating interest in polymer electrolyte(DMFC) technology has already been demonstrated by Bal-
membrane fuel cells (PEMFCs) directly fed by liquid fu- lard [1], the Los Alamos National Laboratoff2] and oth-
els and operated at lower temperatures. Operating on lig-ers[3—6] to possess many beneficial characteristics appro-
uid fuels would eliminate the need for any fuel reformer priate to the commercial application, and great progresses
and greatly simplify the fuel cell system, and therefore, have been made in this field recenf§8]. The oxidation
it would assist the rapid introduction of fuel cell technol- of methanol over Pt alloyed with other metals has been ac-
cepted as a method to overcome the insufficient activity of
msponding author. Tel.: +86 411 84379071, fax: +86 41184379071, b e Pt for these PUFPOSES. Pt aIonlng_for m_ethanol OX'd.a'
# Co-corresponding author. Tel.: +30 24210 4065, tion intends to the establishment of a bl-fur_10t|0|_1al catalytic
E-mail addressestingin@dicp.ac.cn (Q. Xin), tsiak@mie.uth.gr system that must be capable of both chemisorbing methanol
(P. Tsiakaras). on Pt sites and promoting oxidation of the chemisorbed CO
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fragment by the secondary metal addition. These studies oflective anode catalysts. In this case, the addition of Ru to
Pt alloyed with other noble metals have shown that Ru has by Pt was found in many cases to decrease its electrocatalytic
far the largest promoting effect and the bi-functional mech- activity towards ethanol oxidation, owing to the inactivity
anism of oxidation in PtRu catalysts has been a subject of of Ru towards the adsorption of ethanol and the cleavage
detailed experimental investigation over the last 20 years of the C-C bond[18]. On the contrary, other bimetallic
[9-14] and trimetallic electrocatalysts such as PtSn and PtRuSn

In order to extend the practical application of low- have been investigated toward ethanol electro-oxidation
temperature fuel cells and facilitate their penetration into the and exhibit better activity than pure Pt and PtRu catalysts
transport market it is also desirable to increase the number[16,18]
of liquid fuels that can be employed in these devices. As  The present investigation has been undertaken the effort
an alternative to methanol, ethanol is safer, non-toxic, more to examine in detail the effect of Sn content in the PtSn alloy
convenient, and has greater energy density (8.01kWhkg catalysts. Following the previous wofk9], several carbon
versus 6.09 kWhkgl). In addition, ethanol can be easily supported PtSn catalysts with different Pt/Sn atomic ratio
produced in great quantity through fermentation of sugar- were synthesized using a novel preparation method and then
containing raw materials. Therefore, it is more attractive and employed as anode catalysts for direct ethanol fuel cells op-
appears to fulfill most of the requirements of the fuel for low- erating at different temperatures. Transmission electron mi-
temperature fuel cells. Thus, besides DMFC, direct ethanol croscopy (TEM), X-ray powder diffraction (XRD) and X-ray
fuel cell (DEFC) is another promising low-temperature fuel photoelectron spectroscopy (XPS) were employed as catalyst
cell[13-16] characterization techniques.

Compared to DMFC, the present development of DEFC
is still not satisfying although ethanol electro-oxidation has
been investigated for over 20 yedit3]. At present, the main 2. Experimental
obstacles facing DEFC development are the slow anode ki-
netics, the catalyst poisoning brought about by the CO-like  All carbon (Vulcan XC-72R, Cabot CdSggt = 237 nf/g)
intermediates at low temperatures and the reactants short cirsupported Pt and PtSn catalysts were synthesized as follows
cuit. The complete ethanol anodic oxidation, oxygen reduc- [19]. An ethylene glycol solution containing precursors of
tion and overall reaction of DEFC could be described as fol- Pt and Sn was mixed with carbon slurry, and kept at“120

lows: for 1 h after pH was adjusted to 13. The reduced mixtures
Anode reaction: were then acidified again at room temperature. The reduced

" B metals supported on carbon were filtered and washed with

CH3CH2OH + 3H,0 — 2C0; + 12H™ + 12¢7, copious distilled water. The in-house catalysts were obtained

E~ = 0.084V versus SHE after the filter cake was dried in vacuum oven afC0for
) 12 h. All catalysts were marked asBty, (subscript denotes

Cathode reaction: the atomic ratio). The Pt content in each sample was 20 wt.%.
30, + 12H" + 126 — 6H,0, XRD analysis was carried out to obtain gll reflection peaks.
Pt(2 2 0) reflection peak was scanned finely again and was

E* =1.229Vversus SHE fitted using the Gaussian function to calculate the particle

size and lattice parametej®0]. The nanoparticle sizes of
different Pt-based catalysts were also investigated by TEM.
CH3CH,0H + 30, — 2C0O, + 3H,0, Eemf= 1.145V More than 300 particles were calculated to obtain the in-
tegrated information of each catalyst. X-ray photoelectron
Here,E~ andE* denote the anodic and cathodic reaction spectroscopy characterization of catalysts was performed on
potentials, respectively aritdsdenotes the standard electro- a VG ESCA LABMKII X-ray photoelectron spectrograph
motive force E* — E~). SHE denotes the standard hydrogen under a vacuum of I Pa. Mg Ku ray was used as exci-
electrode. tation sourcelfy =1253.6 eV). Gs was used as the internal
Itis noticed that the complete electro-oxidation of ethanol standard to calibrate the binding energy results. The mem-
involves the release of 12 electrons per ethanol molecule andbrane electrode assemblies (MEASs), in which the cathode
the cleavage of the-@C bond. The latter is believed to playa was commercial Pt/C catalyst (20 wt.%) with a metal loading
key role in the ethanol electro-oxidation and has a determin- of 1.0 mg Pt/cri, were fabricated by pressing the electrodes
ing effect on the fuel cell efficiency and the electrical energy onto both sides of Nafidt+115 membranes at 13C for
yield. Besides the cleavage of the-C bond, the CO-like 90s[21]. The anode included the different in-house carbon-
intermediate fragments, which are formed during the disso- supported PtSn catalysts with a Pt loading of 1.3 mg/er-
ciative adsorption of ethanol on the catalyst sites, need ancept that the metal loading was 2.0 mgfcwhen Pt/C was
oxidative remova[17]. Both these requirements render the used as anode catalyst). The MEAs were fastened between
electro-oxidation of ethanol more complicated than that of two stainless steel polar plates with a dotted flow field and
methanol and impose the necessity for more active and sefixed on an in-house single-cell test apparatus. Two aureate

Overall reaction:
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wire nettings were placed between the bipolar plates and thebetween Pt and Sn. Average patrticle size and fcc lattice pa-
MEAs to collect current. In the DEFCs, unhumidified oxy- rameters for single-phase Pt-based catalysts were evaluated
gen with 2 atm (abs.) backpressure was directly fed to the according to the full width at half-maximum (FWHM) and
cathode side and 1.0 mol/L of ethanol solution without back- the angular position of the Gaussian-fitted (2 2 0) peaks, re-
pressure at a flow rate of 1.0 mL/min was directly fed to the spectively.Table 1clearly shows that the addition of Sn to
anode side. Every single cell has been operated for at leasthe Pt extends the fcc lattice parameters and that the lattice
three days. On the first day, the single cell was fed only by parameters of the PtSn catalyst increase as the Sn content
distilled water to the anode at 7€ for at least 4h in order  increases in comparison with that of pure Pt, indicating the
to fully hydrate the electrolyte membrane in the MEAs and interaction between Pt and $22,23]

remove any low molecular weight organic impurity on the As observed from a typical TEM patterns showrig. 1
anode firstly. Then the anode was fed by aqueous solution of, most of metal particle sizes of each sample are less than
ethanol. The cell voltage—current density data were collected6 nm, and the nanoparticles show homogeneous dispersion
on the second day. The power density—current density datawith similar particle sizes. Most of particles are in spheri-
were obtained from the multiplication of the cell voltage and cal shape, and no agglomerations are observed. The particle
the corresponding current density. The anode polarizationsize is approximately 1.5-3.5 nm with a very sharp size dis-
tests of ethanol electro-oxidation over PtSn catalysts weretribution, which is in good agreement with the XRD results.
conducted by employing a Potentiostat/Galvanostat Model Finally, XRD and TEM results jointly indicatf@ble 1 that
273A (EG&G) under the condition of the single fuel cell the catalysts investigated here have similar mean nanoparti-
at 90°C, in which cathode was fed directly not by oxygen cle sizes (1.5-3.5 nm) with homogeneous dispersion, demon-
but with the humidified hydrogen and served both as counter strating the suitability of the method to prepare nanometer
electrode and as reference electrode. catalysts with a high metal loading.

3.2. XPS results

3. Results and discussion
In Fig. 2, are reported the Sn 3d (a) and Pt 4f (b) spec-

3.1. XRD and TEM results tra for Pt/C, P§Snp/C and P1Sny/C catalysts. Limited to our
present analysis conditions, all the spectra have not been ex-
There were no obvious peaks for Sn or its oxides in the actly deconvoluted into different components. The binding
XRD patterns of all PtSn catalysts. During our experiments energies of the elemental Pt and Sn in various catalysts as
no special XRD peaks for Sn or its oxides were found even af- obtained from their XPS spectra in company with their coun-
ter the PtSn catalysts, which were synthesized by employingterparts from literatur¢22—23] are given inTable 2 In the
a novel method, were treated at high temperatures. XRD pat-entire Pt spectra, the 44 signal at around 71.50eV in all
terns of all Pt-based catalyst samples clearly and only demon-catalysts are assigned to zero-valent Pt. The relatively large
strated the characteristic peaks of the Pt fcc structure. It wasshift from the value of 70.9 eV of bulk Pt-metal is attributed
also found from the XRD patterns that there was an obvious to a significant contribution from the metal-support interac-
20 shift to lower angle for PtSn catalysts, which became more tion or small cluster-size effecf@3]. The comparison with
obvious as the Sn content increased. Th@fthe Pt(220) the data from literature suggests that the main part of Pt of
peak for PtSn with different atomic ratio has angle shift lower the in-house catalysts is in metallic state. The binding ener-
than that for Ptas itis summarizediiable 1 The lower angle gies of Sn are slightly higher than both reference data, due
shift of the Pt peaks and the absence of XRD peaks for Sn andto interactions between Sn and Pt, due to a higher Sn content
its oxides account for the alloy formation and the interaction or due to small cluster-size effects. From these experimental

Table 1
XRD and TEM results of carbon supported Pt and PtSn catalysts
Catalyst Piax (°) Lattice parameterﬁ() B(zg)b (mrad) Mean particle size (nm)
XRD TEM
pt/C 67.62 3.9156 64.18 2.6 2.7
11 66.24 3.9873 78.88 2.1 2.3
3/2 66.50 3.9735 87.26 1.9 2.2
PtSn/C
2/1 66.82 3.9562 63.88 2.6 3.0
(Pt/Sn=)
3/1 66.89 3.9530 87.47 1.9 2.2
4/1 67.17 3.9383 87.60 1.9 2.3

2 The angular position of Pt(2 2 0) reflection peak.
b The full width at half-maximum (FWHM) of the fitted (2 2 0) peak.
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Fig. 1. (A) A typical TEM image of RPiSn/C catalyst and (B) the histogram of the PtSn patrticles size distribution.

results, itis confirmed that the main part of Sn is in oxidized though there was a higher Pt loading (2.0 mg P¥)cat the
state, although the exact amounts of oxidized Sn and metallicagnode side.

Sn in the catalysts are not defined in the present work. As seen fronFig. 3 of single cell performance at 6C,
the cell voltages at a current density lower than 40 mA/cm
3.3. Single fuel cell performance results are increasingly improved as the Sn content in the anode cat-

alysts increases. The single ethanol fuel cell adopting pure
Carbon supported Pt and PtSn were, respectively used a$t as anode catalysts exhibits a very low open-circuit volt-
catalysts and evaluated in the single cell tests as DEFC an-age of 0.44V, which is far from the standard electromo-
odes. The anodes of all single cells employing PtSn as cat-tive force of 1.145\[24]. The great difference between the
alysts contain the same platinum loading and different tin open-circuit potential and the standard electromotive force
loading, which is much cheaper than platinum. The single is mainly attributed to the lower anode catalytic activity and
cells with different anode catalysts show different steady- the ethanol crossover. The ethanol crossover effectis identical
state polarization curve at 60, 75 and°@) as showed in  in every case of the present work because of the same elec-
Figs. 3-5When Pt/C was used as anode catalyst, the singletrolyte and MEAs preparation procedure usedin all single cell
cell exhibited poor performances at any temperature, eventests. The maximum power density of this ethanol fuel cell

(B) Pt“ m Pt 472

Pt,Sn /C

Pt.Sn,/C

Intensity (a.u.)

500 495 490 485 80 76 72 68

Binding Energy (el)

Fig. 2. X-photoelectron spectra of rand Pjs for Pt/C, P§Sn/C and PiSny/C catalysts.



54 W.J. Zhou et al. / Journal of Power Sources 140 (2005) 50-58

Table 2
Comparison of binding energies of4Pf2 and Sry®? between literature and experiment

References Data in literature Experimental data
PtO, PtO Pt Pt/C P4Snp/C Pt Sm/C
Pt4f7/2
[22] 74.5 73.6 70.9 71.50 72.03 71.53
[23] 74.5 72.93 71.55
SnG Sn P§Snp/C PtSm/C
SrBd5/2
[22] 486.4 484.6 487.60 487.00
[23] 486.87-487.10 485.26-485.65

@ This data changes slightly because of the contents of Sn and total metal loadings.

is only 5.2 mW/crd at the current density of 38.4 mA/émat show. The single cells employingd3p, and P£Smy as anode
60°C. When employing RSn; as anode, the performance catalysts give the highest maximum power densities of about
of the single ethanol fuel cell is obviously improved in com- 40.0 mW/cn? at about 105 mA/cfh P&Srp and PsSry are
parison with the single cell with Pt as anode. The open- thought as more suitable anode catalysts for direct ethanol
circuit voltage is increased from 0.44 V (for Pt)to 0.65V (for fuel cell operated at 7C in terms of the maximum power
PyuSny), and the maximum power density is also increased density.

to 15.2 mW/cr at 65.6 mA/cm (P4 Sny). It is worth noting As presented ifrig. 5, at 90°C, when pure Pt is used as
that the anode Pt loading is 2.0 mgkmhen Pt is used as  the anode catalyst, a low open-circuit potential of 0.55 V was
anode catalyst, while the Pt loading is only 1.3 mgevhen observed for direct ethanol fuel cell. A significant potential
Py Sy is employed. The total metal loading at the anode for drop of about 0.28 V, more than half of the open-circuit poten-
P4Sny is only 1.5mg (Pt+Sn)/ch As the Sn atomic con- tial, was observed when a current density of 30 mA/evas

tent of the anode catalysts is increased from 20%SR) passed through the cell, and the corresponding power density
to 25% (P§Sm), the performance of the single ethanol fuel at 30 mA/cnt was only 8.1 mW/cra This behavior indicates
cell is improved further. The open-circuit voltage increases a strong activation control at low current densities, typical of
by about 0.1V and the maximum power density increases the ethanol-oxidation reaction. The maximum power den-
to 23.0mW/cm at 75.6 mA/cri. As the Sn content is in-  sity of this single cell with Pt/C was only 10.8 mW/érat
creased further, both the open-circuit voltage and the max- 75 mA/cn?.

imum power density of the single ethanol fuel cell are en-
hanced. However, the differences among th&SRt, PESmp
and Pi{Sm are not so obvious as those amongS?k, P4 Smy
and Pt. Although at 60C the single ethanol fuel cell with

FromFig. 5it can also be seen that the open-circuit volt-
ages of all single cells with PtSn as anode catalyst are above
0.7V at 90°C. Both the performances of single cells with
Pty Sm/C and P$Sny/C, respectively are inferior to that of the

P&Smp as anode catalyst shows the highest maximum power cellemploying PtSm/C, but still superior to those employing

density (30.3 mW/crhat 94.4 mA/cm), the single cell with

Pt/C and PtRu1/C [25]. The maximum power densities with

Pt,Sm shows a better performance in low current density re- PtySm/C and P$Sny/C are 34.6 and 43.0 mW/dnrespec-
gion. The relation between the single ethanol fuel cell perfor- tively atabout 130 mA/crat 90°C. The open-circuit voltage
mances (the cell power density at a defined current density) atof the cell adopting BSmn/C is 0.81V, as high as that of the
60°C and the Sn atomic content in the corresponding anodecell with P4Sm/C. The cell voltage loss was only 0.13V

catalysts is presented itxig. 3(C). As it can be distinguished
from Fig. 3(C), the power densities at 30 and 40 mAfcm

as the current density was increased from 0 to 30 mA/cm
and the corresponding power density was 20.4 m\¥/am

increase with the Sn atomic content increment. In terms of 30 mA/cn?. The cell voltage decreased quite slowly from

the maximum power density, thesBp (with Sn content of
40.0 at.%) is more suitable for the single ethanol fuel cell
operated at 60C.

When the operating temperature is increased o] $he

single ethanol cells with different anode catalysts show im-

proved performance$(g. 4). Both the open-circuit voltages

0.68V (at 30 mA/cri) to 0.61 V (at 60 mA/crf). The maxi-
mum power density of this cell reached 61.2 mWfamhthe
current density of 146 mA/cfy after which there is a drop
of cell voltage as the current density increases. When the
Sn atomic content increases to 40%, namely whgB8mtC

is employed as the anode catalyst, the open-circuit volt-

and the maximum power densities are enhanced in compari-age is up to 0.82V. The cell voltages are 0.68 and 0.59V

son with those obtained at 8C. In the current density region
from 0 to 80 mA/cm, the performances of the single ethanol
fuel cells with P{Sm, PSrp and PtSn; are very similar,
all of which are better than that of{8m;, PwSm and Pt, just
as both curves ifrig. 4(C) (the lines of 30 and 60 mA/ctHh

at 30 and 60 mA/cH) respectively. The peak power den-
sity is 55.8 mW/cm at the corresponding current density of
135.6 mA/cn3. As P4 Sny/C was employed as the anode cat-
alyst, the open-circuit voltage of single cell rises to 0.81V
compared to 0.55V of single cell with Pt/C. There is a small
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Fig. 3. Performance comparison of PtSn anode based direct ethanol fuel

cells at 60°C. Anode catalyst: carbon supported PtSn with different Pysn Fig- 4. Performance comparison of PtSn anode based direct ethanol fuel
atomic ratio with a Pt loading of 1.3 mg/@Cethano= 1.0 moliL, flow rate: cells at 75 C. Anode catalysts: carbon supported PtSn with different Pt/Sn

1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading &tomic ratio with a Ptloading of 1.3 mg/énCethano= 1.0 mol/L, flow rate:
of 1.0 mg Pt/cr, Po, =2 bar. Electrolyte: Nafidh-115 membrane. 1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading
2 of 1.0mg Pt/cr, Po, =2 bar. Electrolyte: Nafidh-115 membrane.

voltage drop of about 0.15V when the current density in- PtRu/C [25], which indicates that PEm/C is more active
creases from 0 to 30 mA/chin the activation-control region.  to ethanol electro-oxidation thanyRuy/C, which is primar-
The cell voltage with RSm/C at 30 mA/crd is comparable  ily used as anode catalysts for methanol electro-oxidation
to the open-circuit voltage of the single ethanol cell with and CO-tolerance at present. Even at the current density of
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Fig. 5. Performance comparison of PtSn anode based direct ethanol fuel
cells at 90°C. Anode catalysts: carbon supported PtSn with different Pt/Sn
atomic ratio with a Pt loading of 1.3 mg/@rCethano= 1.0 mol/L, flow rate:

1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading
of 1.0mg Pt/cr, Po, =2 bar. Electrolyte: Nafidh-115 membrane.
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60 mA/cn?, the cell voltage is still as high as 0.58 V, and the
corresponding power density is 34.8 mW£&nstill higher
than the maximum power density of the single cell with
PtRuw/C. The cell voltage decreases to 0.5V as the current
density increases to 90 mA/énwith a corresponding power
density of 45.0 mW/crh This single cell gives a peak power
density of 52.0 mW/crh nearly five times that of the single
cell with Pt/C. The performances of the single cells with dif-
ferent PtSn catalysts at 9C are showniifrig. 5(C). Itis clear

that there is a power density peak in each performance curve
at the same Sn atomic content of about 33%, and the corre-
sponding Pt/Sn atomic ratio is 2. From the practical point of
view, the single cell test is the final evaluation criterion for

a novel electrocatalyst and electrolyte, although there are so
many factors affecting the performance of a single cell such
as the MEA fabrication and the activities and conductivities
of the electrocatalysts. In the present work, the anode catalyst
is the one and only variable and other factors such as cathode
catalyst, electrolyte and MEA preparation parameters are de-
fined. Therefore, the single cell performances with different
anode catalysts can be used to compare the activities of anode
catalysts to a certain extent.

For the sake of comparison, PtRu/C prepared by the sim-
ilar method to PtSn/C, with almost the same average patrticle
size, was also used as the ethanol anode oxidation electrocat-
alysts[19]. As one can see frorRig. 6 of the anode polar-
ization results of different anode catalysts, theSPt cata-
lyst demonstrates higher activity to ethanol electro-oxidation
than PtSrp in the potential region lower than 350 mV (ver-
sus DHE). From this figure, it is also clear that bothS?g
and PtSnp are more active than PtRu for ethanol electro-
oxidation. The polarization test is in accordance with the re-
sults of single fuel cell test, both of which indicate that anode
activities and consequently single fuel cell performances are
different from each other with different anode catalysts and
current densities.

1: PtZSn :
2: Pt_‘Sn2

10 3:PtRu

Current Density (mA/cm?)

400

200 300
Potential (mV vs DHE)

Fig. 6. Anode polarization results of ethanol on carbon supportg8inpt
PtSmp and PiRuy; catalysts at 90C. Anode metal loading: 1.3 mg Pt/ém
Ethanol concentration and flow rate: 1.0 mol/L ethanol and 1.0 mL/min.
Nafior®-115 was the electrolyte. Counter and reference electrode: Pt/C
(20%, 1.0 mg Pt/cif). Scan rate was 2 mV/s.
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