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Pt-Ru/Sn0,/C catalysts were prepared by rapid quenching method. The structure and morphology of Pt-Ru particles of Pt-
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Ru/Sn0,/C are controlled to obtain the same Pt-Ru particle

as commercial Pt-Ru catalyst. Pt-Ru/Sn0,/C and commercial

Pt-Ru catalyst were characterized by x-ray diffraction and scanning transmission electron microscopy. Electrochemical

activities were evaluated by CO stripping voltammetry, a single cell test, in situ infrared reflection—absorption

spectroscopy (IRRAS), and surface-enhanced infrared absorption spectroscopy (SEIRAS). Pt-Ru/Sn0,/C catalyst showed the

same structure, morphology, and catalytic activity for hydrogen oxidation reaction (HOR) in the absence of CO as Pt-Ru/C

catalyst. Both of activity of electrochemical CO oxidation and the Pt-CO bond strength were quantitatively evaluated. The

addition of SnO, decreasing Pt-CO bond strength with maintaining HOR activity to enhanced CO tolerance.

Introduction

The residential cogeneration systems with polymer electrolyte
fuel cell (PEFC) have been attracting great interest as one of
the promising power sources, since fuel cell systems are
expected to contribute to the reduction of CO, emission.
Generally, reformate H, gas, produced from city gas which is
mainly composed of CH,, is used as fuel for PEFC. Because CO
is contained in reformate H,, the anode catalyst is deactivated
by the adsorption of CO. The Pt-Ru/C catalyst has been
recognized as the most active catalyst, and the bifunctional
mechanism® 2 is usually considered to contribute to the CO
tolerance. On the other hand, it was reported that various Pt
alloy catalyst, such as Pt-Sn, Pt-Fe, and Pt-Co showed high CO
tolerance®”. Mukerjee et al. reported that Pt-Mo alloy catalyst
(Pt:Mo=5:1) showed high performanceg. For metal oxide-
modified systems, it was reported that the addition of SnO,,
TiO,, and NbO, enhanced CO tolerance®™. loroi et al.
reported that Pt/MO,/C system showed higher CO tolerance
than Pt-Ru catalystslz. The unoccupied orbital of transition
metal suppress the back-donation of 5d electron Pt to CO,
resulting in the week bond strength of Pt-CO (ligand effect)?.
Not only Pt-alloys but also supports can affect Pt electronic
structure. Nakamura et al. reported the evidence that support
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has an interaction with Pt, resulting in a modification of Pt
electronic structure and lowering adsorption energy of CO 1417,
The PtMo/C® ¥ and PtSnOXZI'24 catalysts are investigated for
H,/CO electrochemical oxidation, and the promotional effect
of Mo in the PtMo/C catalyst and SnO, in the PtSnO, catalysts
on CO tolerance were observed. Compared with that on the
Pt-Ru/C catalyst, a lower onset potentials of electrochemical
CO oxidation® > % are obtained on the PtMo/C and PtSnO,
catalysts. Electrochemical oxidation of CO does not
significantly contribute to CO tolerance. Weakening of Pt-CO
bond strength caused by ligand effect contributes to CO
tolerance; however, it is hard to evaluate Pt-CO bond strength
quantitatively in situ. Weakening of Pt-CO bond strength often
decrease HOR activity27'29 in membrane electrode assembly
(MEA), and CO tolerance was not improved in these cases.

In this study, we aimed quantitative evaluation of Pt-CO bond
strength, electrochemical CO oxidation, and HOR activity in
MEA. Pt-Ru/SnO,/C catalysts were prepared by rapid
quenching method®” *. The structure and morphology of Pt-
Ru particle of Pt-Ru/Sn0,/C are controlled to prepare the same
Pt-Ru particle. The activities for electrochemical CO oxidation
were evaluated by CO stripping voltammetry and in situ
infrared reflection—absorption spectroscopy (IRRAS)32‘34. The
Pt-CO bond strengths were evaluated by SEIRAS®>>. The HOR
evaluated by single the
absence/presence of CO.

activities were cell in

Experimental

Catalyst synthetic procedures Materials and methods
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SnCl, and ethylene glycol were mixed and stirred in a glass
bottle at 190°C for 0.5 h to form SnO, colloid. After cooling to
the room temperature, carbon black, E-type carbon from
Tanaka Kikinzoku Kogyo K.K., was added to the mixed solution,
which was stirred at 190°C overnight. SnO,/C sample obtained
were filtered and washed with hot distilled water. Then the
samples were dried in 60 ml/min stream of N, at 80°C
overnight to form 4 wt% SnO,/C.

Second, 40 wt% Pt/Sn0O,/C was prepared. Sn0,/C, a solution of
Pt(NO,),(NH,), (4.597 wt% as Pt) from Tanaka Kikinzoku Kogyo,
ethanol, and distilled water were mixed at 95°C overnight. 40
wt% Pt/Sn0O,/C catalyst obtained were filtered and washed
with hot distilled water. Then the samples were dried in 60
ml/min stream of N, at 80°C overnight to form 40 wt%
Pt/Sn0O,/C.

Next, Pt-Ru/Sn0,/C catalysts of Pt:Ru = 2:3 were prepared. 40
wt% Pt/Sn0,/C, RuCl3-nH,0, methanol, and distilled water
were mixed and stirred in a glass bottle at 70°C. During this
process, Ru was reduced by methanol and adhered to Pt/C.
The molar ratio of Pt : Ru in the catalysts a were 2:3. After 12 h
of stirring, the catalysts obtained were filtered and washed
with hot distilled water. Then the catalysts were dried in 60
ml/min stream of N, at 80°C overnight.

Finally, the catalysts were treated with He for 0.5 h, H,/Ar (5%

H,) for 1 h, followed by for He for 1 h at the room temperature.

Then, catalysts were treated with He during rapid heating to
900°C within 10 min. The oven was turned off immediately
when the temperature had reached 900°C to rapidly cool the
catalyst. The temperature decreased from 900 to 500°C in 18
min and decreased from 500°C to room temperature in about

50 min, followed by reduction in H,/Ar (5% H,) for 2 h at 150°C.

Commercial catalyst, Pt,Rus/TKK TEC61E54 (Pt 29.6%, Ru
23.0%, Tanaka Kikinzoku Kogyo), was used as a reference.

Physical characterization

XRD patterns of the Pt-Ru/SnO,/C catalysts were recorded
with a powder x-ray diffractometer (RIGAKU, RINT 2000) using
Cu Ka radiation with a Ni filter. The tube current was 20 mA
with a tube voltage of 40 kV. The 20 angular regions between
10 and 85° were explored at a scan rate of 5°/min. The
morphology of the Pt-Ru/Sn0O,/C catalysts was investigated by
using a STEM (Hitachi HD-2000) at 200 kV and 30 mA.

CO stripping voltammetry was carried out in a 250 mL three-
electrode cell (HR200, Hokuto Denko Corp.) at 25°C. A
commercial glassy carbon (GC) electrode (HR2-D1-GC-5, 5 mm
in diameter, Hokuto Denko Corp.), a Pt-wire electrode (0.3 mm
in diameter, Hokuto Denko Corp.) and a saturated calomel
electrode (Hokuto Denko Corp.) were used as a working
electrode, counter electrode, and reference electrode,
respectively. The potential of the working electrode was
controlled by an lviumstat Electrochemical Interface System
(Ivium Technologies B.V.). 6 mg of the catalyst was dispersed
in a mixture of 2 mL water, 3 mL ethanol, and 50 pL Nafion
solution (5 wt %, Aldrich) with ultrasonic stirring to form a
homogeneous catalyst ink. The catalyst layer was prepared by
dropping 10 pL of the catalyst ink (PtRu = 6.4 ug) onto a GC
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disk electrode by a microsyringe and drying at
temperature. All potential values in this paper are referred to a
reversible hydrogen electrode. Pure CO was supplied into the
electrolyte solution (0.1 M HCIO,) for 20 min at a fixed
potential of 0.05 V at 60°C and then high-purity (99.99%) Ar
was bubbled for 30 min to remove the CO dissolved in the
electrolyte solution. Current—potential cycles were obtained
from 0.05 to 1.2 V at a scan rate of 10 mV/s.

In situ IRRAS measurements were carried out in a homemade
PTFE cell with a CaF, optical window using a JASCO FT/IR-6100
spectrometer equipped with a TGS detector™ 3%, A gold disk
(10 mm in diameter) was used as an electrode substrate for
IRRAS measurements. The catalyst layers were deposited on
the gold electrode surface by the same method as described
for the CO stripping voltammetry experiments. Adsorption of
CO was conducted first by bubbling CO into the cell for 20 min
under potential control at 0.0 V, and then high-purity Ar was
bubbled for 35 min to remove the CO dissolved in the
electrolyte solution. Then the electrode was pushed onto the
CaF, prism window with the thin-layer geometry to reduce the
IR absorption by aqueous solution. The in situ IR spectra were
recorded with a scan rate of 0.25 mV/s, and 25 interferograms
were co-added to each spectrum. The recorded spectrum at
the potential, that adsorbed CO was completely oxidized, was
used a reference spectrum of adsorbed CO. The spectrum
recorded at 0.0 V was used as a reference spectrum of the
production of CO,.

The SEIRAS experiments were carried out using a vertical
spectro-electrochemical cell in Kretschmann ATR configuration
as shown in Fig. 1. The working electrode was an Au thin film
prepared by electroless deposition onto the hemicylindrical Si
prism (Pier optics)37. A thin gold foil was used for the electrical
contact with the Au thin film. Pt wire and Ag/AgCl (sat. NaCl)
were used as counter and reference electrodes, respectively.
Electrode potential was controlled by a potentiostat (Hokuto
Denko, HA-151B) and a function generator (Hokuto Denko, HB-
111). 0.5 M H,SO, solution was used as an electrolyte solution.
After CO gas was introduced in to the spectro-electrochemical
cell at -150 mV, CO remaining in the solution was removed by
bubbling Ar gas through the electrolyte solution for 30 min.
Consequently, CO should exist only on the Pt-Ru surface at the
initial stage of the experiments. The spectra were collected

room

with p-polarized light and the spectral resolution was 2 cm™.
All the measurements were carried out at room temperature.

f_/_\ CE:
RE:

Ag/AgCl

WE: gas
Au thin film )

Si prism
IR light

Fig. 1. Schematic diagram of surface-enhanced infrared absorption
spectroscopy (SEIRAS) glass cell.

This journal is © The Royal Society of Chemistry 20xx
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Fuel Cell Test

For preparation of MEA, carbon paper was used as the backing
layers of the anode and cathode. Anode catalysts, Pt-Ru/C and
Pt-Ru/Sn0,/C, and nafion solution were ultrasonically
suspended in water. The carbon paper was painted with the
catalyst ink. The loading of Pt-Ru in the anode catalyst layer
was 0.5 mg cm™. In all cases, an identical cathode catalyst
layer was prepared by the same procedure. A commercial Pt/C
cathode catalyst (40 wt % Pt) was used instead of Pt-Ru/C
catalysts, and the loadings of Pt in the cathode layer were 0.5
mg cm™ Finally, the anode and cathode (22 x 22 mm) were
placed onto the two sides of a nafion NRE-212 membrane
(Aldrich) and hot-pressed at 135°C and 4 MPa for 10 min to
form the MEA. The MEA was assembled into a single cell with
flow field plates made of graphite and copper end plates
attached to a heater (FC05-01SP, ElectroChem, Inc.). The single
cell was connected to fuel cell test equipment (Chino Corp.).
Pure H, (or H,/CO mixture) and O, were supplied at flow rates
of 80 mL/min to the anode and cathode, respectively, at
ambient pressure. During the measurement, a single cell was
operated at 75°C, and the anode and cathode humidifiers were
set at 75 and 70°C, respectively.

Results and discussion,
Powder x-ray diffractometer

XRD patterns of Pt-Ru/C and Pt-Ru/Sn0O,/C catalysts are shown
in Fig. 2. Both of the catalysts showed similar diffraction peaks.
The broad peak at around 26° is assigned to C(002) plane as it
can observed for both samples. The diffraction peak at around
40 and 69 are assigned to Pt (111) and (220) plane. If Ru and Pt
with (Ru/Pt molar ratio of 1.5) make a merely complete alloy,
peak at Pt (220) plane is expected to appear at 68.8°, based on
the following equation38‘ .

a = Qap-0.124 xR, (Xru: Ru atomic fraction)

Both of Pt-Ru/C and Pt-Ru/Sn0,/C catalyst showed a Pt (220)
plane peak at 68.8° this indicates that alloying degrees of both
Pt-Ru/C and Pt-Ru/Sn0O,/C catalysts are identical and high
enough. The possible Sn0O,(110) peak is at 25°, which is
interfered by C(002), then it cannot calculate the SnO,
crystallite size.

Pt(111) Pt(220)

(b) Pt-Ru/SnO,/C

a) Pt-Ru/C ‘

f T T II T T Il 1
10 20 30 40 50 60 70 80

20 (degree) (CuKa)

Fig. 2. XRD patterns of (a) Pt-Ru/C and (b) Pt-Ru/Sn0O,/C.

STEM images
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Fig. 3 shows STEM images of Pt-Ru/C and Pt-Ru/Sn0,/C
catalysts. Both of the catalysts have similar morphologies with
a uniform distribution on the carbon support and similar
particle size distribution. Particle sizes of both catalysts ranging
from 2 to 4 nm. These data suggested that the structure and
morphology of Pt-Ru particle of Pt-Ru/Sn0,/C are the same as
that of Pt-Ru/C. The SnO, cannot recognize by STEM images
due to the low content as 1.84%.

—
10 nm

—
10 nm

(a) Pt-Ru/C

(b) Pt-Ru/Sn0,/C

Fig. 3. STEM images of (a) Pt-Ru/C and (b) Pt-Ru/Sn0O,/C.

CO stripping voltammetry

Fig. 4 shows the results of CO stripping voltammetry at 60°C
for of both Pt-Ru/C and Pt-Ru/SnO,/C catalysts. For the
PtRu/C catalyst, CO is electrochemically oxidized at 0.28 V. In
case of PtRu/Sn0,/C, CO is electrochemically oxidized at 0.13 V.
This result indicated that SnO, addition improved activity for
electrochemical CO oxidation. Maillaerd et al. reviewed the
electrochemical CO oxidation on Pt-Ru’®. Based on the
bifunctional mechanism, CO is preferably adsorbed on Pt for
Pt-Ru/C,

CO + S(Pt-Ru) - CO-S(Pt) (1)
S(Pt-Ru) is a surface site on the Pt—Ru alloy, while CO-S(Pt) is
CO adsorbed on the Pt. H,0 is oxidized to form OH group
preferably on Ru surface.

H,O + S(Pt-Ru) 2 OH-S(Ru) + H" + e (2)
OH-S(Ru) is OH adsorbed on Ru. CO reacts with OH to form
CO,.

CO-S(Pt) + OH-S(Ru) > CO, + H + " + 2S(Pt-Ru) (3)
For Pt-Ru/Sn0,/C catalyst, not only above reactions (2) and (3),
but also following reactions (4) and (5) proceed

H,0 + S(Sn0,) 2 OH-S(SNO,) + H + & (4)

CO-S(Pt)+0OH-5(Sn0,) = CO,+ H'+ e+ S(Pt-Ru)+S(Sn0,)  (5)
S(Sn0O,) is surface site of Sn0O,, while OH-S(Sn0O,) is OH
adsorbed on SnO,. It is obvious that the Pt-Ru/Sn0,/C catalyst
showed the lowest onset potential. By bifunctional mechanism,
the enhancement of activity for electrochemical CO oxidation
by the SnO, addition, was quantitatively evaluated by CO
stripping voltammetry.

In situ IRRAS

By the FTIR results from our previous research showed that
Pt/Sn0O,, which has better CO oxidation, also has less CO
tolerance than PtRu/C'', the ranking of CO stripping and
tolerance of the catalysts are as follow;
CO oxidation by CO stripping:  Pt/SnO,
CO tolerance by MEA analysis: PtRu

> PtRu > Pt
> Pt/SnO, > Pt

J. Name., 2013, 00, 1-3 | 3
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(a) Pt-Ru/C

100

Current (uA cm?)
o
z

(b) Pt-Ru/Sn0O,/C

o 01 0z 03 04 05 06 07 08

Potential (V vs. RHE)
Fig. 4. CO stripping voltammetry at 60°C for (a) Pt-Ru/C and (b) Pt-
Ru/Sn0,/C. CO was (1) fed for 20 min at 0.05 V in 0.1 M HCIOy; (2)
purged for 30 min; and (3) swept at 60°C between 0.05 and 0.8 V at 10
mV/s.

In situ IRRAS measurement was carried out to observe CO,
formation on the catalyst surface during the electrochemical
CO oxidation. Fig. 5 shows in situ IR spectra obtained from the
Pt-Ru/C and Pt-Ru/Sn0,/C surface in CO-dissolved 0.1 M HCIO,
solution, in the potential region between 0.0 and 0.6 V. As
shown in Figure 5 (a), at 0.20 V, a new positive peak and a new
negative peak appear at around 2340 em™ and 2030 ecm™,
which can be assigned to C-O stretching mode of CO, and Pt-
adsorbed CO, respectively. Figure 5(a) and (b) shows
integrated IR intensities of generated CO, and reacted CO for
Pt-Ru/C and Pt-Ru/Sn0O,/C catalyst. These figures indicate that
CO is oxidized over 0.2 V on Pt-Ru/C, while CO is oxidized over
0.1 V on Pt-Ru/Sn0,/C. Rate of CO, formation Pt-Ru/Sn0O,/C
over 0.2 V is higher than that on Pt-Ru/C. Although CO
oxidation peak cannot be observed by FTIR under 0.2 V,
PtRu/C is well known as a high CO tolerance catalyst.
Therefore, it can be considered that CO tolerance is not only
depending on CO oxidation. The evaluation of bond strength is
necessary to confirm the effect of adding SnO,. Moreover,
addition of metal oxide such as SnO, enhances electrochemical
CO oxidation, but it might possibly reduce HOR activity.

010 0.10 [

e 045V

005 [ '|| _—

Absorbance
o
=
by
<
Absorbance

T pav

= 0.3V

~ 0.2V

S 0V

0 oV 0 ——— o
2400 2200 2000 1800 2400 2200 2000 1800

Wavenumber (cm)

(b) Pt-Ru/Sn0O,/C

Wavenumber (cmr!)

(a) Pt-Ru/C

Fig. 5. IRRAS spectra of (a) Pt-Ru/C and (b) Pt-Ru/Sn0,/C deposited on
a gold substrate surface CO was (1) fed for 20 min at 0.0 Vin 0.1 M
HCIO,; (2) purged for 35 min; (3) the electrode was pushed onto the

4| J. Name., 2012, 00, 1-3

CaF; prism window with the thin-layer geometry; the in situ IR spectra
were recorded with a scan rate of 0.25 mV/s; 25 interferograms were

co-added to each spectrum.

In situ SEIRAS

For the in situ SEIRAS measurements, CO was adsorbed at -150
mV, the potential was stepped to -200 mV and a series of
spectra were taken at each potential in the range of -200 to
800 mV at 50 mV intervals. Fig. 6 shows the potential
dependent FTIR spectra of CO adsorbed at saturation on Pt-
Ru/C (Fig. 6(a)) and Pt-Ru/ SnO, /C (Fig. 6(b)) catalyst. The
spectrum observed at 800 mV was used as a reference. Linear
bonded CO at Pt sites were observed at 2009-2020 cm™ for Pt-
Ru/C and 2014-2025 cm* for Pt-Ru/Sn0, /C.

otential /mV
IU.UUI vs. RHE

Potential 'mV
vs. RHE

r J 0.001

}
y

. \V/\L 8

z z 100
= 100 £ ]
= =

v P 4 w

= 150 = 150
< <

200 |

250 |

:
)

250 |

1950 1975 2000 2025 2050 2075 1950 1975 2000 2025 2050 2075

Wavenumber (cm™) Wavenumber (cm'!)

(a) Pt-Ru/C (b) Pt-Ru/Sn0O,/C

Fig. 6. SEIRAS spectra of adsorbed CO as a function of potential on (a)
Pt-Ru/C and (b) Pt-Ru/Sn0,/C in 0.5 M H,S0,.

Potential dependence of the peak wavenumber is plotted in
Fig. 7 for Pt-Ru/C and Pt-Ru/ SnO, /C catalyst. Linear frequency
shift were observed for both Pt-Ru/C and Pt-Ru/Sn0O,/C
catalysts with dO/dE = 42 and 44 cm/V, respectively in the
potential region where CO adsorbed on the surface. This peak
shift to higher wavenumber with increasing potential can be
explained as a lowering of the metal-CO binding due to the
decreasing of back-donation from metal to co*. The
wavenumber of CO stretching band adsorbed on Pt-Ru/Sn0,/C
always appeared ca. 5 em™ higher than the CO stretching band
adsorbed on Pt-Ru/C in the potential range between -200 mV
to 50 mV. Since the coverage of CO decreases with an increase
in the electrode potential, the peak wavenumber can shift by
change of the dipole-dipole interactions as mentioned®® *.
Hoffman also reported that the peak could slightly shift to the
higher wavenumber with an increase in CO coverage. In this
potential range surface is fully covered with CO for Pt-Ru/C,
but not fully covered with CO in case of Pt-Ru/Sn0O,/C (as
shown in Fig. 4). Thus, the peak shift to higher wavenumber
observed in Pt-Ru/Sn0O,/C even with a small amount of
desorbed CO can be explained by lowering of the metal-CO
binding which result in adsorbed CO to be easily oxidized on

This journal is © The Royal Society of Chemistry 20xx
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Pt-Ru/Sn0,/C compared to Pt-Ru/C. Sato et al also report the
weaken of Pt-CO bond strength by sublayer of Pt-Ru aIon45
and particle size by similar technic*®. The CO-Pt bond strength
was quantitatively evaluated by in situ SEIRAS measurements.
Ligand effect of SnO, on Pt-Ru catalyst was evaluated by this
method. However, if addition of metal oxide reduces the HOR
activity, ligand effect did not contribute to CO tolerance.

2025 R
= 2020
2 9
g ® J
= A
5 2015 F o
> Yy
= “llc,
= v

2010 [ @)

0 50 100 150 200 250
Potential (mV vs. RHE)

Fig. 7. The CO stretching peak frequency vs. potential for (a) Pt-Ru/C
and (b) Pt-Ru/Sn0O,/C.

CO tolerance

The effect of CO concentration on cell voltage at 0.2 Afem? is
shown in Fig. 8. Pt-Ru/C catalyst and Pt-Ru/Sn0O,/C showed the
same cell voltage as high as 0.78 V at 0.2 A/cm? in the absence
of CO. This means that HOR activity of Pt-Ru/Sn0O,/C is
completely the same as Pt-Ru/C catalyst, as is suggested by
XRD measurement and STEM observation. In our previous
study SnO” modified Pt-Ru/C having high CO tolerance showed
cell voltage of 0.76 V at 0.2 A/cm’ in the absence of CO, which
is 0.02 V lowers than that of Pt-Ru/C. While addition of SnO,
reduce the HOR activity a little for SnO,-modified Pt-Ru/C in
the previous study, addition of SnO, does not reduce the HOR
activity at all for Pt-Ru/Sn0,/C in the present study.

0.9

0.8 [

07F (b) Pt-Ru/SnO,/C

Cell Voltage (V)
=)
(=)
T

(a) Pt-RwC

03 1 1 | 1 1
0 500 1000 1500 2000

CO concentration (ppm)

Fig. 8. Effect of CO concentration on cell voltage at 0.2 A/cm®.
Cell temp.: 70°C; electrolyte: nafion NRE 212; cathode: Pt/C

(0.5 mg/cm?2); O, humidified at 70°C; flow rate: 80 mL/min;
anode: (a) Pt-Ru/C and (b) Pt-Ru/Sn0O,/C (0.5 mg Pt-Ru/cm?);

This journal is © The Royal Society of Chemistry 20xx
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H, containing 0-2000 ppm CO humidified at 70°C; and flow
rate: 80 mL/min.

Pt-Ru/Sn0,/C catalysts showed higher cell voltage than Pt-
Ru/C catalyst in the presence of CO. Pt-Ru/Sn0,/C shows the
cell over 0.7 V at 0.2 A/cm” in the presence of 500 ppm CO,
and enhancement of CO tolerance is due to the SnO, addition.

Conclusions

Electrochemical CO oxidation, Pt-CO bond strength, and HOR
activity in MEA were quantitatively evaluated by CO stripping
voltammetry, SEIRAS, and fuel cell test. Addition of SnO, does
not reduce the HOR activity at all for Pt-Ru/Sn0,/C. The
weakening of Pt-CO bond strength contributes to CO tolerance,
resulting in much higher activity in the presence of CO than
commercial Pt-Ru/C catalyst.
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