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The Effect of Sn Addition on a Pt/C Electrocatalyst
Synthesized by Borohydride Reduction and Hydrothermal
Treatment for a Low-Temperature Fuel Cell
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A 3Pt1Sn/C catalyst was readily synthesized by borohydride reduction and hydrothermal treatment for the anode electrode of a
low-temperature fuel cell. The physical and electrochemical characterization of the 3Pt1Sn/C catalyst was performed by trans-
mission electron microscopy (TEM), X-ray diffraction, H, adsorption-desorption, methanol oxidation, and CO stripping. In the
TEM image, the PtSn nanoparticles were uniformly well-dispersed on the carbon support with an average particle size of around
2.4 nm. The 3Pt1Sn/C catalyst showed higher activity than commercial catalysts, and its onset potential for methanol oxidation
was lower, possibly due to the electronic interaction between Pt and Sn and the increase of Pt lattice parameter.
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The most suitable electrocatalyst for a low-temperature fuel cells

is Pt metal supported on carbon. However, Pt, which is expensive
and whose usage is therefore restrictive, is not the best catalyst for
the anode material due to its easy poisoning by the strongly ad-
sorbed CO. It is well known that methanol oxidation on a Pt catalyst
produces CO as an 1ntermed1ate which is adsorbed on the active
sites, resulting in their poisoning. "' To decrease the amount of Pt and
to overcome the problem of CO poisoning, much effort has been
made worldw1de One solutlon is to use secondary metals such as
Ru,”* Sn,”® Mo,'*!"! and Cr'? to enhance the activity for the oxida-
t10n of methanol and promote the oxidation of the chemisorbed
co.” Among these different possibilities, PtRu alloy is one of the
most active catalysts and has been studied by many groups.
Ru forms an oxygenated species at lower potentials than Pt, and its
presence promotes the oxidation of adsorbed CO to CO, through a
bifunctional mechanism.'*"'® Recently, PtSn/C catalyst, which has
been studied for the oxidation of methanol and ethanol, was used to
promote the 0x1dat10n of both methanol and CO chemisorbed on the
Pt sites.>®17?% In previous works, PtSn/C catalyst synthesized by an
impregnation and modlﬁed 2[?olzyol method showed much higher ac-
tivity than Pt/C catalyst In this study, a 20 wt % 3Pt1Sn/C
catalyst was synthesized by borohydride reduction and hydrothermal
treatment for use as the anode electrode of a low-temperature fuel
cell. The catalyst was characterized using X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), and
cyclic voltammetry.

Experimental

The 20 wt % PtSn/C catalyst with an atomic ratio of Pt/Sn
= 3:1 was prepared by borohydride reduction and subsequent hydro-
thermal treatment. This catalyst was named as 3Pt1Sn/C in this
study. The preparation procedure was as follows: 0.022 g of chloro-
platinic acid (H,PtClg-6H,0, Acros Organics), 0.0032 g of stannous
chloride dehydrate (SnCl,-2H,0, Junsei Chemicals), and 0.04 g of
pretreated carbon black (Vulcan XC-72R, Cabot Co.) were quanti-
tatively dissolved into 100 mL of distilled water and methanol in a
Teflon bottle, and then NaOH was slowly added until the pH
reached 11. Under vigorous stirring, 0.01 g of sodium borohydride
(NaBHy, Junsei Chemicals) in 50 mL of H,O was added dropwise
to the solution, whereupon the color of the solution immediately
turned dark black. The Teflon bottle was held in a stainless steel
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vessel and sealed tightly. The hydrothermal treatment was per-
formed at 150°C for 3 h in an oven, after which the autoclave was
cooled to room temperature and HCI added until the pH was 2. The
resultant suspension was filtered, washed with excess amounts of
ethanol and distilled water, and dried in a vacuum oven at room
temperature overnight. The hydrothermal process employs a high
temperature and pressure to bring about the crystallization of PtSn
alloy and Sn oxide. The activity of the 3Pt1Sn/C catalyst for metha-
nol oxidation and its electrochemical active surface area (EAS) for
H, adsorption-desorption were evaluated. XRD, HRTEM, and cyclic
voltammetry were employed to characterize the 3Pt1Sn/C catalyst.

The structural characteristics of the synthesized powders were
investigated by XRD (Bruker, D8 ADVANCE) analysis using Cu
Ka as a radiation source. The working voltage and current were
maintained at 40 kV and 30 mA, respectively. The 26 angular re-
gion between 20 and 80° was explored at a scan rate of 1 deg/step.
The surface morphology of the PtSn nanoparticles on the surface of
carbon black was studied by an HRTEM (JEOL, JEM-3010) oper-
ated at 300 kV. The TEM samples were prepared by adding a drop
of a suspension, which was made by dispersing the catalyst in eth-
anol under ultrasonic condition, on a copper grid covered with car-
bon film, and then evaporating the ethanol.

Electrochemical measurements were carried out in a half-cell
using a potentiostat (Gamry Instruments, PC4/750). The catalyst ink
was prepared by mixing the catalyst particles with a 5% Nafion
solution (DuPont, 1100 EW) and isopropyl alcohol (IPA) under ul-
trasonic conditions for about 30 min to form a slurry. The ratio of
catalyst to Nafion in the catalyst ink was 3:1. A glassy carbon (GC)
disk electrode (BAS, MF-2010) with a diameter of 6 mm, which
was polished to a mirror finish with a 0.05 pm gamma alumina
suspension (Buehler, 40-6301-016) before each experiment, was
used as the substrate for the catalyst ink. A drop of catalyst ink was
pipetted onto the surface of the GC disk electrode and dried at room
temperature. Each electrode was installed into a three-electrode cell
with a platinum mesh electrode (Princeton Applied Research,
219810) as the counter electrode and a KClI saturated Ag/AgCl elec-
trode (Bioanalytical System, Inc., MF-2052) as the reference elec-
trode. The reference electrode was located as close as possible to the
working electrode. The three-electrode cell was filled with the elec-
trolyte solution and purged with nitrogen gas to remove the dis-
solved oxygen in the electrolyte solution. In this study, all of the
potentials were recorded with respect to a normal hydrogen elec-
trode (NHE).

Downloaded 20 Feb 2010 to 147.46.245.45. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



B88 Electrochemical and Solid-State Letters, 10 (5) B87-B90 (2007)

Pt(111)

Carbon(110)
Sn0,(101)

l

Pt(200)

sno,(211) PU220)

3Pt18niC

PtRU/C(E)

2 Theta / degree

Figure 1. XRD patterns of the 3Pt1Sn/C, PtRu/C, and Pt/C catalysts.

Results and Discussion

The XRD patterns of the 3Pt1Sn/C catalyst synthesized by boro-
hydride reduction and hydrothermal treatment are shown in Fig. 1.
The patterns of the commercial PtRu/C and Pt/C catalysts (E-TEK)
are also shown in the same figure for comparison. It is clearly seen
from the diffraction pattern of 3Pt1Sn/C in Fig. 1 that both crystal-
line Pt phase and SnO, phase exist. No obvious peaks for Sn are
observed in Fig. 1. The Pt (220) peak of the 3Pt1Sn/C shifts slightly
to a lower 20 value compared with that of Pt/C, suggesting the
formation of an alloy, which is caused by the interposition of Sn in
the face-centered cubic (fcc) structure of Pt. The characterization
results are also shown in Table I. The lattice parameter of the com-
mercial PtRu/C catalyst after alloying is smaller than that of the
commercial Pt/C catalyst, while the lattice parameter of the
3Pt1Sn/C catalyst is larger than that of the commercial Pt/C catalyst
due to lattice expansion after alloying between Pt and Sn. The lattice
parameter of the 3Pt1Sn/C catalyst synthesized by borohydride re-
duction and hydrothermal treatment is similar to that of the bulk
3Pt1Sn solid solution.'”*® Table I shows that the crystallite size of
the 3Pt1Sn/C catalyst is smaller than those of the PtRu/C and Pt/C
catalysts. The 3Pt1Sn/C catalyst has a crystallite size of around
2.5 nm, as calculated from the width of the Pt (220) peak according
to Scherrer’s formula.

In Fig. 2a it can be seen that 3Pt1Sn nanoparticles with a narrow
particle size distribution are well-dispersed on the carbon support.
The size distribution of 3Pt1Sn nanoparticles on the carbon support
was obtained by measuring the sizes of 150 randomly chosen par-
ticles from a TEM image. The HR-TEM image of the 3Pt1Sn/C
catalyst is shown in Fig. 2b, which shows that the 3Pt1Sn nanopar-
ticles are dispersed on the edges of each grain of the carbon support
and are uniform, with an average particle size of around 2.4 nm,
which is in good agreement with the XRD data. The good distribu-
tion of the 3Pt1Sn nanoparticles is known to be important for the
catalytic actiVity.20 The 3Pt1Sn nanoparticles deposited on a carbon

Table I. The physical properties of the 3Pt1Sn/C, commercial
PtRu/C, and commercial Pt/C, calculated from the XRD data

Lattice Crystallite
parameter Pt surface area size
Sample (nm) (m?/g) (nm)
3Pt1Sn/C 0.3963 112 2.5
Pt/C(E) 0.3917 87.4 32
PtRu/C(E) 0.3881 71.7 3.6

(a)

Figure 2. (a) TEM image and (b) HRTEM image of the 3Pt1Sn/C catalyst
synthesized by borohydride reduction and hydrothermal treatment.

support, synthesized by borohydride reduction and hydrothermal
treatment, are expected to have good catalytic activity and CO tol-
erance in the methanol oxidation.

For the measurement of the H, adsorption-desorption curve, the
potential was cycled between 0 and 1.2 V [vs a normal hydrogen
electrode (NHE)] at 20 mV/s ina 0.5 M H,SO, electrolyte solution
purged with nitrogen at 25°C. These curves were stabilized after ten
cycle in the potential range. Figure 3 shows the H, adsorption-
desorption curves of the 3Pt1Sn/C, PtRu/C, and Pt/C catalysts.
These catalysts exhibit well-defined H, adsorption-desorption peaks
in the potential region of ca. 0to 025V (vs NHE) and the
adsorption-desorption peaks of oxygen species at around 0.7 V and
1.0 V (vs NHE), which are in a good agreement with the literature
values.”?® The 3Pt1Sn/C and PtRu/C catalysts show a much less
distinct H, adsorption-desorption region in comparison with Pt/C,
due to the occurrence alloying between Pt and Sn (or Ru).>’*® The
cyclic voltammogram curve of the 3Pt1Sn/C catalyst shows an in-
crease in the current density at the double layer caused by the addi-
tion of Sn.””? It can be seen in Fig. 3 that small peaks appear at
around 0.53 and 0.75 V, which may be attributed to the adsorption
and desorption of oxygen-containing species resulting from the dis-
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Figure 3. Cyclic voltammograms of H, adsorption-desorption on the
3Pt1Sn/C, PtRu/C, and Pt/C catalysts.

sociation of water on Sn02.5’6’29 This may be attributed to the pres-
ence of SnO,, as observed in the XRD patterns of Fig. 1, which
plays a very important role in methanol oxidation and CO oxidation
at low potentials.30

In order to check the activity of the catalyst for methanol oxida-
tion, a mixed solution of 2 M CH;0OH and 0.5 M H,SO, purged
with nitrogen at 40°C was used as the electrolyte solution. The
current values were normalized by both the loading amount and the
surface area of Pt metal, considering that methanol adsorption
and dehydrogenation occur only on the Pt sites at room
temperature.3 T5:31-33 The mags- and area-normalized current densi-
ties were obtained as shown in Fig. 4. However, the current densities
are generally normalized by the amount of loaded metal due to the
economic efficiency. In Fig. 4, the mass- and area-normalized cur-
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Figure 4. (a) Mass- and (b) area-normalized cyclic voltammograms of
MeOH oxidation on the 3Pt1Sn/C, PtRu/C, and Pt/C catalysts.
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Figure 5. Galvanostatic polarization curves for the 3Pt1Sn/C, PtRu/C, and
Pt/C catalysts obtained at 40°C in a mixed solution of 0.5 M H,SO, and
2 M MeOH.

rent densities of methanol oxidation on the 3Pt1Sn/C, PtRu/C, and
Pt/C catalysts are shown. The 3Pt1Sn/C catalyst shows higher cata-
Iytic activity than the PtRu/C and Pt/C catalysts in both the cases.
The current densities of methanol oxidation on the 3Pt1Sn/C and
PtRu/C catalysts sharply increase in the region of 0.4-0.5V (vs
NHE), while that on the Pt/C catalyst slightly increases until 0.55 V
(vs NHE). The area-normalized current densities were obtained by
dividing the measured currents by the calculated electrochemical
surface areas from the CO, stripping test. The area-normalized cur-
rent density represents the intrinsic activity of the active sites in the
electrocatalysts. Because the mass-normalized current density repre-
sents the economic efficiency of the catalysts, however, it is gener-
ally adopted instead of the area-normalized one in case of similar
catalytic environments resulting in the same qualitative trends. The
3Pt1Sn/C catalyst showed a same trend in order being compared
with the PtRu/C and Pt/C catalysts between mass- and area-
normalized current densities at 0.5 V (vs NHE), as shown in Fig. 4.
The difference in gaps of the two defined current densities is due to
the different metal dispersions.

According to the results shown in Fig. 4a, the onset potentials of
methanol oxidation on the 3Pt1Sn/C, PtRu/C, and Pt/C catalysts are
0.32, 0.35, and 0.45 V, respectively. The onset potential of methanol
oxidation is lower on the 3Pt1Sn/C catalyst than on the PtRu/C and
Pt/C catalysts.S‘G’17 This indicates that the energy required for
methanol oxidation on the 3Pt1Sn/C catalyst is lower, which may be
attributed to both the electronic interaction between Pt and Sn and
the changes in the Pt lattice parameter due to the addition of Sn. 303
The presence of alloyed Sn which expands the lattice allows metha-
nol to adsorb and dissociate, thus allowing the C—H bonds to be
broken at lower potentials than that observed on the PtRu/C and
pt/C catalysts.17 Therefore, the 3Pt1Sn/C catalyst is thought to be a
more suitable catalyst for methanol oxidation than the PtRu/C and
Pt/C catalysts.

The galvanostatic polarization curves were obtained for the
3Pt1Sn/C, PtRu/C, and Pt/C catalysts at 40°C in a mixed solution
of 0.5 M H,SO,4 and 2 M MeOH. The current is plotted at mA/mgPt
in Fig. 5 to ensure that the data are comparable. It can be seen from
Fig. 5 that the 3Pt1Sn/C catalyst shows the best performance over
the entire range of polarization. This result is consistent with the
result of methanol oxidation presented in Fig. 4.

The activity of the 3Pt1Sn/C catalyst for CO oxidation was in-
vestigated by CO stripping voltammetry at 50 mV/s, during which
CO was adsorbed on the catalysts at 0.1 V (vs NHE) for 30 min.
The CO stripping voltammograms of the 3Pt1Sn/C, PtRu/C, and
Pt/C catalysts are shown in Fig. 6. The onset potential of CO oxi-
dation occurs at 0.39 V (vs NHE) for the PtRu/C catalyst and
0.71 V (vs NHE) for the Pt/C catalyst, whereas on the 3Pt1Sn/C
catalyst, the onset potential of CO oxidation starts at 0.23 V (vs
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Figure 6. CO stripping voltammograms for the 3Pt1Sn/C, PtRu/C, and Pt/C
catalysts obtained at room temperature with a scan rate of 50 mV/s in a
0.5 M H,SOy solution.

NHE), showing a maximum peak at 0.76 V (vs NHE). This indi-
cates that the activity of the 3Pt1Sn/C catalyst for CO oxidation is
superior to those of the PtRu/C and Pt/C catalysts. It appears that Sn
has the ability to promote the oxidation of adsorbed CO at low
potentials.18 The shift of the onset potential on the 3Pt1Sn/C cata-
lyst may be attributed to the presence of oxygenated species on the
Sn sites at a lower potential as compared to the PtRu/C and Pt/C
catalysts.lg'20 The superior activity of the 3Pt1Sn/C catalyst can be
explained by a bifunctional mechanism. OH adsorbed and formed
by the dissociative adsorption of water onto the Sn or Sn oxide sites
could oxidize the CO adsorbed onto Pt to CO, at lower potentials.5 /8
The shift of the onset potential to a lower value in the CO stripping
voltammetry for the PtSn/C catalyst is in agreement with the find-
ings previous works.>617-20 Vigier et al. reported that SnO, could
supply oxygen species for the oxidation of CO adsorbed on the
adjacent Pt sites, thereby enhancing the oxidation of ethanol at low
potentials.35 Moreover, the range of potentials allowing for the oxi-
dation of CO on the 3Pt1Sn/C catalyst is wider than those on the
PtRu/C and Pt/C catalysts. According to Massong et al.,® this is
due to the presence of adsorbed, linearly bonded CO and bridge-
bonded CO on the Pt sites. They claimed that the bridge-bonded CO
could be oxidized at a lower potential on PtSn/C than on Pt/C.
Therefore, the addition of Sn is thought to prevent CO from poison-
ing the active Pt sites through the easier oxidation of adsorbed CO.

Conclusions

In conclusion, a 20 wt % 3Pt1Sn/C electrocatalyst was easily
synthesized by borohydride reduction and hydrothermal treatment
for use as the anode electrode of a low-temperature fuel cell. From
both the XRD and HR-TEM results, it was found that the 3Pt1Sn/C
nanoparticles were uniformly well dispersed on the carbon support
with an average particle size of 2.4 nm. The good distribution of the
3Pt1Sn nanoparticles is known to be an important factor in the cata-
Iytic activity. The 3Pt1Sn/C catalyst showed higher catalytic activity
for methanol oxidation than the commercial catalysts. The catalytic
activity for methanol oxidation was consistent with the galvanostatic
polarization curves. The onset potential for methanol oxidation with
the 3Pt1Sn/C catalyst was lower, which may be attributed to both
the electronic interaction between Pt and Sn and the changes in the
Pt lattice parameter due to the addition of Sn. The oxidation of CO
on the 3Pt1Sn/C catalyst occurred at a lower potential than that on
the commercial catalysts. It appeared that Sn has the ability to pro-

mote the oxidation of adsorbed CO at low potentials. The removal
of the CO adsorbed onto Pt proceeded via its reaction with OH
adsorbed onto the Sn or Sn oxide sites formed by the dissociative
adsorption of water.
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