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Introduction

With increasing demands for energy and limitations surround-
ing fossil fuels, there is great interest in developing direct fuel

cells. It is known that liquid fuels can be stored easily in com-
parison with gas fuels such as H2

[1] and CH4.
[2] Methanol and

ethanol are two such electroactive fuels. Methanol can be

nearly completely electrooxidized to the final product of CO2

because of its simple molecular structure. On the other hand,

ethanol is less toxic,[3] less corrosive, and easily stored com-
pared with methanol, and it can be produced in a sustainable

way. As a result, researchers pay more attention to ethanol oxi-
dation because of its potential application in direct ethanol
fuel cells.

An efficient catalyst for ethanol electrooxidation should pos-
sess the following attributes: 1) the ability to break C¢C bonds
of the ethanol molecule under mild condition and 2) high tol-
erance to immediate species generated over the surface of the

catalysts during alcohol electrooxidation.[4] It is known that
highly dispersed Pt and Pt-based nanoparticles have been

widely used as catalysts for ethanol electrooxidation, because
they possess particular properties.[5, 6, 7] Platinum-based cata-
lysts, including Pt, Pt-based alloys, and Pt modified with other

metal/non-metal materials have been investigated over the
past few decades.[8, 9] The catalytic activity of pure Pt for etha-

nol electrooxidation is limited because Pt will be easily pois-
oned by intermediate species such as CO during the electroox-

idation process.[10, 11] Moreover, Pt is extremely expensive, so it

is necessary to decrease the use of Pt and improve its applica-
bility.[12] The addition of Au, Ru, or Sn has proved to be an ef-

fective strategy.[13] Among these elements, Sn is low-cost and
widely available, and is thus preferred for the prepare PtSn

binary catalysts for ethanol electrooxidation.[14] Many research-
ers have investigated the role which Sn plays in enhancing the
catalytic activity.[15, 16, 17] The Sn changes the electronic structure

of Pt and as a result decreases CO adsorption on the surface of
Pt.[17]

A variety of methods have been used to prepare PtSn cata-
lysts. The polyol method has been proposed as a suitable ap-

proach in which the PtSn/C (Pt/Sn = 1:1) electrocatalysts were
prepared.[4, 18–20] Also, pulse microwave deposition is a facile ap-

proach to fabricate PtSn catalysts onto graphene nanosheets
(GNs) within a short time.[21] In addition, simple chemical meth-
ods have been used to preparation PtSn catalysts,[22, 23] which

show good catalytic performances towards ethanol oxidation.
Herein, catalysts composed of PtSn with different molar ratio

such as Pt1Sn2, Pt1Sn1, Pt2Sn1, Pt3Sn1, and Pt5Sn1 were synthe-
sized by a one-pot chemical reduction method, using solutions

of sodium borohydride (to reduce chloroplatinic acid) and

stannous chloride. The catalytic activity and stability of as-pre-
pared catalysts were evaluated in an alkaline medium. The re-

sults indicate that the addition of Sn can obviously affect the
catalytic activity of Pt catalysts, where Pt3Sn1 displayed the

highest catalytic activity and stability during the electrooxida-
tion of ethanol.

PtSn nanoparticles with different molar ratio are fabricated by
chemical reduction to form a relatively efficient catalyst for
ethanol electrooxidation in an alkaline solution of KOH (1.0 m)

containing C2H5OH (1.0 m). The surface composition and struc-
ture of the as-prepared catalysts are characterized by using
scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS), and energy dispersive X-ray spectroscopy
(EDX). Cyclic voltammogram (CV) and chronoamperometric

(CA) measurements are used to evaluate the electrochemical
activity and stability of the as-prepared catalysts. As the con-

tent of Sn in the catalysts changed, the catalysts showed differ-

ent catalytic activity. The results indicate that the moderate ad-
dition of Sn can enhance the catalytic activity of Pt catalyst,

and Pt3Sn1 displays the highest catalytic activity and stability
among the as-synthesized PtSn nanoparticles during the elec-

trooxidation of ethanol.
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Results and Discussion

Characterization of the as-prepared PtSn catalysts

The SEM images of all samples of catalysts are shown in
Figure 1. The nanoparticles of PtSn and Pt catalysts prepared

by the chemical reduction method display a porous structure.
Although the PtSn catalysts have different proportions of Pt

and Sn, there is no apparent difference in the particle mor-

phology and the structure among all the catalysts.[10, 24] It is
possibly because that all these catalysts were prepared by the

same methods.
Meanwhile, EDX analysis was performed to analyze the sur-

face composition of all as-pre-
pared catalysts[25, 26] (Figure 2).

The molar ratio of Pt to Sn for

Pt1Sn2, Pt1Sn1, Pt2Sn1, Pt3Sn1, and
Pt5Sn1 catalysts shown in Table 1.

These molar ratios were mea-
sured to be 0.49, 1.02, 1.75, 3.13,

and 4.95, respectively, which are
consistent with the molar ratio

of Pt and Sn precursors before

reduction. This outcome reveals
that the as-prepared catalysts
have molar ratios consistent
with the precursors but with

some variation in composition,
thus the chemical reduction

method applied in this study is
suitable and reliable.

It is well-known that the for-

mation of PtSn alloy is extremely
easy.[27–29] As already mentioned

in the introduction, tin-alloying
effects on the electronic struc-

ture of PtSn surfaces can en-

hance the catalytic activity for
ethanol electrooxidation.[30] In

addition, Sn can be easily oxi-
dized in air without the need for

an inert atmosphere such as
argon or nitrogen.[31, 32] The crys-

tal structure of these PtSn catalysts was determined using X-

ray diffraction.[33] In Figure 3, the signals at around 39.68, 46.28,
67.38, and 81.58 are attributed to the diffraction peaks of face-
centered cubic planes of Pt (111), Pt (200), Pt (220), and Pt
(311).

[2] In the case of PtSn catalysts, the corresponding diffrac-
tion peaks at about 268 and 348 are assigned to SnO2 (110)

and (101) planes, thus indicating that Sn has been successfully
introduced into the Pt catalysts in the form of SnO2.[34, 35] Ac-

cording to prior reports[27–29, 31, 32] and results of XRD analysis,

we can reasonably assume that the PtSn alloy is first formed
and tin is gradually oxidized into tin oxide upon storage.

X-ray photoelectron spectroscopy was used to identify the
Sn composition (Figure 4). Table 2 presents the binding ener-

gies of elemental Pt and Sn in various as-obtained catalysts de-
termined from their XPS spectra and match those values al-

ready reported.[36–38] In the entire Pt spectra, the 4f7/2 signal at

around 71.50 eV for all catalysts are assigned to zero-valent Pt.
The binding energies of Sn are slightly higher than the refer-

ence data,[36–38] owing to interactions between Sn and Pt result-
ing from a higher Sn content or small cluster-size effects.[37]

Figure 1. SEM images of Pt1Sn1 (A), Pt1Sn2 (B), Pt2Sn1 (C), Pt3Sn1 (D), Pt5Sn1 (E),
and Pt (F).

Figure 2. EDX image for Pt1Sn1 (A), Pt1Sn2 (B), Pt2Sn1 (C), Pt3Sn1 (D), Pt5Sn1 (E), and Pt (F).

Table 1. The experimental EDX results for the PtSn catalysts.

Pt1Sn2 Pt1Sn1 Pt2Sn1 Pt3Sn1 Pt5Sn1

predicted molar ratio of Pt/Sn 1:2 1:1 2:1 3:1 5:1
experimental molar ratio of Pt/Sn 0.98:2 1.02:1 1.75:1 3.13:1 4.95:1
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The Sn3d spectra clearly exhibits intense doublets attributable
to the 3d3/2(495.5 eV) and 3d5/2(487.3 eV) of Sn2 +/4 + . In addi-

tion, it is difficult to distinguish between SnII and SnIV by XPS

because their binding energies have very close values.[39, 40] No
doublet resulting from metallic Sn (493.2 and 484.8 eV) was

observed, thus suggesting that the surface Sn was completely
oxidized to oxide tin. Other researchers also found that most

tin atoms existed as oxides in PtSn catalysts prepared by differ-
ent methods.[41, 42]

Typical TEM images of PtSn catalysts and Pt nanoparticles

are presented in Figure 5, and where it can be seen that the
PtSn nanoparticles are almost spherical. The corresponding

particle-size distribution histograms are shown in Figure 6. The
average size of PtSn nanoparticles is around 4–5 nm and there

is no apparent difference in the shape and average size among
these PtSn bimetallic nanoparticles, meanwhile the average

size of Pt nanoparticles is about 7 nm. In catalysis, the size of

noble metal particles play a key role in achieving reliable cata-
lytic performance and high efficiency.[43, 44] The average size of

Figure 3. XRD patterns of Pt1Sn1 (a), Pt1Sn2 (b), Pt2Sn1 (c), Pt3Sn1 (d) and Pt5Sn1 (e). Enlarged patterns of a’ (Pt1Sn1), b’ (Pt1Sn2), c’ (Pt2Sn1), and d’ (Pt3Sn1).

Figure 4. Pt4f and Sn3d XPS spectra of the PtSn catalysts: P1Sn1 (a), Pt1Sn2 (b),
Pt2Sn1 (c), Pt3Sn1 (d), and Pt5Sn1 (e).

Table 2. Comparison of binding energies of Pt4f
7/2 and Sn3d

5/2 between lit-
erature and experiment.

Refs. Literature data Experimental data (this study)

Pt4f
7/2 Pt0 Pt2 + Pt4 + Pt1Sn1 Pt1Sn2 Pt2Sn1 Pt3Sn1 Pt5Sn1

[36] 70.90 73.60 74.5 71.54 71.86 71.29 71.36 71.12
[37] 71.55 72.90 74.5
[38] 71.40 72.7 74.6
Sn3d

5/2 Sn0 Sn4 +/2 + – Pt1Sn1 Pt1Sn2 Pt2Sn1 Pt3Sn1 Pt5Sn1

[36] 484.60 486.40 – 487.35 487.32 487.04 487.30 487.35
[37] 485.26 486.87 –
[38] 484.80 486.90 – Figure 5. TEM images of Pt1Sn1 (A), Pt1Sn2 (B), Pt2Sn1 (C), Pt3Sn1 (D), Pt5Sn1 (E),

and Pt (F).
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PtSn nanoparticles is smaller than that of Pt nanoparticles,

which suggests that PtSn catalysts have enhanced electro-
chemical activity compared to Pt.

Electrochemical characterization

Figure 7 shows the cyclic voltammograms of PtSn and Pt cata-

lysts in an alkaline medium. Some typical characteristic regions
can be observed in the CV profiles: Hydrogen adsorption/de-

sorption peaks (¢1.0 to ¢0.5 V vs. SCE), electrochemical
double-layer region (¢0.5 to ¢0.3 V vs. SCE), peaks for plati-

num oxide formation (¢0.3 to 0.2 V vs. SCE), and platinum
oxide reduction regions (¢0.5 to 0 V vs. SCE) can be observed

in the image.[17] In general, Sn pushes hydrogen adsorption/de-

sorption and Pt oxide formation/reduction potentials more
negative owing to surface modification. The electrochemically

active surface areas (ECSAs) of PtSn/GCE and Pt/GCE have

been derived by calculation of hydrogen adsorption/desorp-
tion area according to Equation (1):[45, 46]

ECSA ¼ QH

Pt½ ¤0:21
ð1Þ

where [Pt] in mg represents the platinum loading in the elec-
trode, QH in mC represents the charge that was estimated by
hydrogen adsorption/desorption, the constant 0.21 (mC cm¢2)

represents the maximum surface charge transferred to Pt
during the adsorption of monolayer of H. The specific calculat-

ed value of ECSAs are listed in Table 3. According to a recent
report,[47] a dealloying process occurred in Pt3Ni7 catalysts that

was beneficial to oxygen reduction reaction (ORR). Based on

the results of XRD, it can be assumed that the initial PtSn alloy
was followed by dealloying of Sn from Pt and the consequent

formation of Pt nanoporous structures, which have indeed
been shown to greatly electrocatalytic activity. The discrepancy

in ECSA may be explained by the oxidization of Sn, which

Figure 6. The corresponding particle-size distribution histograms of Pt1Sn1 (A), Pt1Sn2 (B), Pt2Sn1 (C), Pt3Sn1 (D), Pt5Sn1 (E), and Pt (F).

Figure 7. Cyclic voltammograms of Pt1Sn1, Pt1Sn2, Pt2Sn1, Pt3Sn1, Pt5Sn1, and
Pt in 1.0 m KOH solution at a scan rate of 50 mV s¢1.

Table 3. Comparison of ECSA values (cm2 mg¢1) for ethanol oxidation on
PtSn/GCE and Pt/GCE.

Pt1Sn1 Pt1Sn2 Pt2Sn1 Pt3Sn1 Pt5Sn1 Pt

ECSA values 8.71 11.38 173.38 230.82 17.09 37.63
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leads to the Sn dealloy from the initial PtSn alloy, thus forming
Pt nanoporous structure. As known, the increase of ECSA can

promote electrocatalytic activity.[32, 46]

The catalytic activity of the as-prepared PtSn catalysts was

investigated by cyclic voltammetry in a solution of C2H5OH
(1.0 m)/KOH (1.0 m; Figure 8 A). There are two oxidation peaks

observed in the voltamogramms during the scan: the peak in
the forward sweep at about ¢0.25 V corresponds to the direct
oxidation of ethanol, and the other peak in the reverse sweep

at about ¢0.40 V corresponds to the oxidation of intermedi-

ates formed in the forward scan.[48] As seen clearly in Fig-
ure 8 A, the forward peak-current densities of ethanol oxidation
are in the following order: Pt3Sn1>Pt2Sn1>Pt5Sn1>Pt>

Pt1Sn2>Pt1Sn1. The ECSAs for Pt1Sn1/GCE, Pt1Sn2/GCE, Pt2Sn1/
GCE, Pt3Sn1/GCE, Pt5Sn1/GCE, and Pt/GCE are 8.71, 11.38,

173.38, 230.82, 17.09, 37.63 cm2 mg¢1, respectively. The inte-
grated areas of the hydrogen absorption and desorption peaks

for Pt3Sn1 catalysts are larger than other those of PtSn catalysts

and Pt catalysts. This outcome suggests that the moderate ad-
dition of Sn increases the ECSA of Pt catalysts and enhances

the catalytic activity of Pt catalyst toward ethanol electrooxida-
tion.

The long-term stability of different PtSn and Pt catalysts
were measured by chronoamperometry in a solution of

C2H5OH (1.0 m)/KOH (1.0 m) at ¢0.25 V (vs. SCE; Figure 8 B). For
all samples, the current value decreased rapidly in the initial

stage, and was probably caused by poisoning of the surface
active sites and instability of the catalyst particles.[49–51] Then

the current densities gradually decreased. After 1000 s, the
order of the final current densities of these catalysts is:

Pt3Sn1>Pt2Sn1>Pt1Sn2>Pt1Sn1>Pt>Pt5Sn1. These PtSn cata-
lysts gave higher current density compared with pure Pt, espe-
cially Pt3Sn1 catalyst, thus demonstrating their greater long-

term stability. It confirms that the introduction of Sn can en-
hance the stability of Pt catalyst towards ethanol electrooxida-
tion. Meanwhile, the Pt3Sn1 catalyst presents the highest final
current density, which suggests that Pt3Sn1 catalyst has the

best long-term stability among these PtSn catalysts. Based on
the above results, it can be concluded that Pt3Sn1 has the high-

est catalytic performance, thus indicating that the optimum

molar ratio of Pt to Sn is 3:1.
Finally, electrochemical impedance spectrometry (EIS) was

carried out on Pt3Sn1/GCE to evaluate the interfacial processes.
Figure 9 shows the Nyquist plots of Pt3Sn1/GCE in a solution of

C2H5OH (1.0 m)/KOH (1.0 m) at different electrode potential
from ¢1.0 to 0.4 V. The ethanol electrooxidation shows differ-

ent impedance behaviors on PtSn/GCE at various potentials. As

seen in Figure 9 A, the diameter of the impedance arc (DIA) in-
creases with increasing potentials from ¢1.0 to ¢0.5 V. This

outcome is possibly due to poisoning and oxidation of the
Pt3Sn1 catalyst during the reaction. As the potential continu-

ously increases, the arc reverses to the second quadrant at
¢0.3 V (Figure 9 B), and the impedance of the arcs decreases

with increase of the electrode potential. This finding is proba-

bly due to the reactivation of catalytic active sites, which is re-
lated to the removal of reaction intermediates by OHads ad-

sorbed on the PtSn nanoparticles.[52] Then the arc gradually
flips back to the first quadrant in the potential range from 0 to

0.55 V (Figure 9 C), because the surface of the PtSn may be
covered by Pt oxides at high potentials, which inhibits the oxi-

dation of ethanol.

Conclusion

Several PtSn composite catalysts with different molar ratio
were synthesized by a one-pot chemical reduction method.
The composite catalysts display porous structure, and the aver-

age size of the nanoparticles are about 4–5 nm. Their electro-
catalytic performances towards ethanol electrooxidation in al-

kaline medium were investigated. According to the results of
CV, CA, and EIS, PtSn catalysts present greater catalytic per-

formances toward ethanol oxidation compared with pure Pt

catalyst, thus indicating that certain amount of Sn loadings on
Pt can enhance the catalytic performance of the Pt catalyst

toward ethanol electrooxidation. Meanwhile, results show that
Pt3Sn1 has the highest catalytic activity, thus demonstrating

that a Pt/Sn molar ratio of 3:1 is optimum for the PtSn compo-
site catalyst.

Figure 8. Cyclic voltammograms (A) and chronoamperograms (B) of PtSn/
GCE and Pt catalyst in 1.0 m C2H5OH/1.0 m KOH solution, respectively. Scan
rate: 50 mV s¢1.
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Experimental Section

Materials and instruments

H2PtCl6·6 H2O, SnCl2·2 H2O (Shanghai Shiyi Chemicals Reagent Co.,
Ltd, China), NaBH4, C2H5OH and KOH (Sinopharm Chemical Reagent
Co., Ltd, China) were all of analytical grade and used without fur-
ther purification. Nafion-117 (5 wt %) aqueous solution was pur-
chased from Sigma–Aldrich. Doubly distilled water was used for all
the experiments. A scanning electron microscope (SEM, S-4700,
Japan) equipped with an energy-dispersive X-ray analyzer (EDX)

was used to determine the morphology and composition of sam-
ples. The particle size of all the catalysts was characterized using
a TECNAI-G20 electron microscope (TEM) with an accelerating volt-
age of 200 kV. The crystal structure of the nanomaterials was deter-
mined on an X’Pert PRO multiple crystals (powder) X-ray diffrac-
tometer (XRD, PANalytical Company, Holland). X-ray photoelectron
spectroscopy (XPS) measurements were performed on an ESCALa-
b220i-XL electron spectrometer from VG Scientific by using 300 W
AlKa X-ray radiation for excitation.

All the electrochemical measurements were carried out on a CHI
660B galvanostat (CH Instrumental Co. , Ltd. , China) with a conven-
tional three-electrode-cell system at room temperature. Pt wire, sa-
turated calomel electrode (SCE), and a GCE (3 mm diameter) were
used as the counter, reference and working electrode, respective-
ly.[45] Cyclic voltammetry (CV) measurement was used to analyze
the catalytic activity of as-prepared catalysts in an alkaline media
containing C2H5OH (1.0 m)/KOH (1.0 m) with a scan rate of
50 mV s¢1.

Chronoamperometry (CA) measurements were conducted at
¢0.25 V in a solution of C2H5OH (1.0 m)/KOH (1.0 m) for 1000 s. The
electrochemical impedance spectrometry (EIS) was recorded be-
tween 1 Hz and 105 Hz with the AC voltage amplitude 5.0 mV.

PtSn electrodes preparation

Please see the Supporting Information for the exact conditions for
all catalysts prepared. The appropriate amounts of H2PtCl6·6 H2O
and SnCl2·2 H2O were used for obtaining different PtSn molar ratio,
such as Pt/Sn = 1:1, 1:2, 2:1, 3:1, and 5:1. A defined amount of
SnCl2 was added to a certain amount of H2PtCl6 solution, then
fresh aqueous solution of NaBH4 was added dropwise into the mix-
ture with intense stirring for about 3 h (the amount of NaBH4 was
changed based on the amount of Sn). The suspension was
washed, filtered, and dried. Then the as-obtained black powder
was dispersed in 2 mL of doubly distilled water with the addition
of 5 mL Nafion solution. After ultrasonic homogenization of the sus-
pension, 10 mL catalyst ink was added dropwise onto the glassy
carbon electrode (GCE), which have been polished with alumina
slurries using a polishing cloth.[3, 12] The exact quantities used for
preparing each catalyst are presented in the Supporting Informa-
tion.

For comparison, a solution of NaBH4 was added dropwise to a solu-
tion of H2PtCl6 under continuous stirring to prepare pure Pt cata-
lyst. Meanwhile all other steps were the same as for the prepara-
tion of PtSn catalysts.
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