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Abstract Disordered alloy and bi-phase PtSn nanoparti-
cles of nominal Pt:Sn ratio of 70:30 atomic % with con-
trolled size and narrow size distribution were synthesized
using a single-step polyol method. By adjusting the solution
pH it was possible to obtain Pt;Snz nanoparticles of various
sizes from 2.8 to 6.5 nm. We found that the presence of
NaOH in the synthesis solution not only influenced the
nanoparticle size, but as it was revealed by XRD, it appar-
ently also dictated the degree of Pt and Sn alloying. Three
catalysts prepared at lower NaOH concentrations (Cnaog <
0.15 M) showed disordered alloy structure of the nominal
composition, while the other three catalysts synthesized at
higher NaOH concentrations (Cnaon > 0.15 M) consisted
of bi-phase nanoparticles comprising a crystalline phase
close to that of pure Pt together with an amorphous Sn phase.
These observations are plausibly due to the phase separation
and formation of monometallic Pt and amorphous SnOy
phases. A proposed reaction mechanism of Pt;Sn; nano-
particle formation is presented to explain these observations
along with the catalytic activities measured for the six syn-
thesized carbon-supported Pt;Sn; catalysts. The highest
catalytic activity towards ethanol electro-oxidation was
found for the carbon-supported bi-phase catalyst that formed
the largest Pt (6.5 nm) nanoparticles and SnO, phase. The
second best catalyst was a disordered alloy Pt;Sn; catalyst
with the second largest nanoparticle size (5 nm), while
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catalysts of smaller size (4.5-4.6 nm) but different structure
(disordered alloy vs. bi-phase) showed similar catalytic
performance inferior to that of the 5 nm disordered alloy
Pt;Sn; catalyst. This work demonstrated the importance of
producing bi-metallic PtSn catalysts with large Pt surfaces in
order to efficiently electro-oxidize ethanol.

Keywords PtSn catalysts - Ethanol electro-oxidation -
Nanoparticles - Polyol synthesis - Disordered alloy

1 Introduction

Direct ethanol fuel cells (DEFCs) are a type of fuel cells
developed for portable electronic devices. Ethanol is con-
sidered to be an attractive fuel for micro fuel cells due to its
non-toxicity and high power density [1]. In addition it can be
obtained in great quantity from biomass through a fermen-
tation process of renewable resources such as sugarcane,
wheat, corn or straw. Major drawback for implementation of
DEFCs is a lack of electro-catalysts which can efficiently
break C—C bond and be highly tolerant to poisonous inter-
mediates, e.g., carbon monoxide. Conventional platinum-
based catalysts have difficulties to efficiently oxidize etha-
nol and are easily passivated by the strongly bonded CO,q4
intermediates [1-3]. One of the ways to improve Pt electro-
catalytic performance for ethanol electro-oxidation is a
design of bi-metallic nano-structured particles with modi-
fied electronic and structural properties. Several studies
report ethanol electro-oxidation (EOR) on Pt,M; _, systems,
where M is Sn [2, 4-17], Ru [17-19], Ir [20]. Among
investigated bi-metallic systems, Pt,Sn;_, catalysts were
found to be most active for EOR [3, 17]. Synthesis procedure
has a huge influence on the composition, structure and par-
ticle size of PtSn materials, and also has an effect on their
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electro-catalytic activity and stability [10-17]. Modified
polyol method is suitable to prepare PtSn carbon supported
electro-catalysts for EOR, as was demonstrated by Jiang
et al. [4, 7, 11] and Zhou et al. [6]. These authors prepared
PtSn alloy [4] and bi-phase Pt/SnO, nanoparticles with
different atomic ratios of Pt:Sn = 5:5, 6:4, 7:3, 8:2 [7] by
using co-reduction or successive reduction, respectively, of
precursor salts in ethylene glycol. They found that
Pt;(SnOx); electro-catalysts of 2 nm size consisting of two
phases, Pt + SnO,, was the most active for ethanol electro-
oxidation. This was attributed to a good compromise
between tin oxide content needed for OH formation and the
available active Pt ensembles required for ethanol dehy-
drogenation and C-C bond splitting. A single DEFC per-
formance test also further showed that Pt;(SnO,);/C
operating at 90 °C had superior activity compared to the
other Pt:Sn ratios [7]. Recently Zhu et al. [12] investigated
the effect that the alloying degree of Pt3Sn/C catalyst has on
their catalytic activity for EOR. They proposed that PtSn/C
catalyst with low alloying degree could enhance the yield of
acetic acid via bi-functional mechanism and PtSn/C catalyst
with high alloying degree promoted the entire activity for
EOR due to an electronic effect.

Despite the large amount of studies devoted to EOR on
Pt,Sn;_ electro-catalysts prepared by various chemical and
physical methods, no agreement exists in the preferred struc-
ture: alloy versus bi-phase, as well as in the optimal compo-
sition and particle size of Pt,Sn,_, electro-catalysts for EOR.

In the present work we synthesized carbon-supported
Pt,Sn;_, nanoparticles of nominal Pt:Sn ratio of 70:30
atomic % with controlled size and narrow size distribution
using a modified polyol method. For the first time, a single-
step modified polyol method was used to control (via the
synthesis NaOH concentration) both the structure—alloy
Pt;Snj; versus bi-phase Pt/SnO,—and size of resulting Pt;Sn3
nano-catalysts. The present work is organized as follows:
first, transmission electron microscopy (TEM), X-ray dif-
fraction (XRD) and X-ray photoelectron spectroscopy (XPS)
characterization results for the synthesized materials are
presented and discussed. This is followed by discussion of a
proposed reaction mechanism for the Pt;Sn; nano-catalysts
formation and then a comparison of their electro-catalytic
activity for ethanol electro-oxidation reaction.

2 Experimental section
2.1 Catalyst synthesis

2.1.1 Unsupported nanoparticles

Tin(Il) chloride anhydrous (ACROS Organics, 98%
Anhydrous) and Platinum(IV) chloride (Alfa Aesar, 99.9%
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Table 1 Synthesis conditions of Pt;Sn; nanoparticles in 50 mL of
ethylene glycol

Catalyst mSnCl, mPtCly CraoH MCarbon Final
no. (€ ® M) ©® pH

1 0.0223 0.0932 0.08 0.2174 8

2 0.0223 0.0923 0.10 0.2157 7

3 0.0225 0.0915 0.12 0.2146

4 0.0229 0.0927 0.15 0.2180 10

5 0.0230 0.0932 0.20 0.2190 9

6 0.0230 0.0935 0.30 0.2200 9

metal basis, Pt (57.75%)) were used as precursor salts.
Synthesis of Pt;Sn; nanoparticles was carried out in eth-
ylene glycol solution (anhydrous 99.8% Sigma-Aldrich).
First, precursor salts were dissolved in ethylene glycol
containing appropriate amount of NaOH (EM Science,
ACS grade). The solution was stirred for 1 h at room
temperature and then refluxed at 190 °C for 2 h. Dark
brown solutions containing Pt;Sn; colloids were formed in
this manner. Table 1 summarizes the synthesis conditions
for Pt;Sn3 nanoparticles prepared in the present work.

2.1.2 Carbon supported Pt;Snz nanoparticles

Appropriate aliquots of the colloidal solutions were mixed
with carbon black (Vulcan XC-72R, Cabot, corporation) in
a large beaker for up to 24 h, resulting in the deposition of
the colloids on the carbon substrates. Pt;Sn; loadings of 20
weight (wt) % on carbon were prepared in this manner. The
carbon supported Pt;Snj catalysts were filtered and exten-
sively washed with nanopure water (18 MQ cm) and then
dried in air at 80 °C for 3 h.

2.2 Physicochemical characterization of Pt;Snj
nanoparticles

2.2.1 TEM and EDS

Transmission electron microscopy (TEM) analysis of
unsupported Pt;Sn; and carbon-supported Pt;Sn;/C cata-
lyst were carried out using a JEOL JEM 2100F FETEM
microscope operating at 200 kV. The samples were pre-
pared for TEM analysis by sonicating the Pt;Sn; unsup-
ported colloids with ethylene glycol for 10 min while
carbon-supported nanoparticles were suspended in ethanol.
A drop of as-prepared colloid or carbon-supported catalysts
were applied directly onto clean copper grids and dried in
the oven at 80 °C for 2 h. The size distribution and the
mean particle size of each sample were obtained by mea-
suring ~ 300 particles from bright field micrographs.
Bulk elemental composition of the resulting Pt;Sn;
nanoparticles deposited on carbon support was studied
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using energy dispersive X-ray analysis (EDS). The EDS
analysis was performed using a JEOL JSM-7500F field
emission scanning electron microscope equipped with an
energy dispersive X-ray spectrometer (Oxford Instrument).
The spectra were acquired at an acceleration voltage of
20 kV and magnification of 500. EDS analysis supported
that atomic composition of the samples was close to the
nominal 7:3 at. ratio of Pt to Sn.

2.2.2 XRD

The X-ray diffraction powder patterns were collected using
a Bruker AXS D8 Advance system 6-0 powder diffrac-
tometer, equipped with a Cu tube and a Vantec position-
sensitive detector with radial Soller slits to reduce the
background at low angles. The diffractograms were col-
lected between 30° and 100° 20 with a step of 0.0142° 2.
The Pt;Sn3/C 20 wt% catalyst samples were deposited in a
flat-surfaced, semi-infinite filled trough machined into a
low-background single-crystal silicon wafer holder and
then gently pressed flat using a glass slide. The average
crystallite sizes for the Pt;Sn;/C catalysts were evaluated
using the full width at half maximum (FWHM) and full
width at three-quarter maximum (3/4). The width of the Pt
(220) peak was used to calculate the average crystallite size
according to the Debye’s formula based on the spherical Pt,
Pt3,4Sny,4 and Pt,/3Sn;,3 cluster models [21, 22]. Scattering
profiles for Pt nanoparticles were calculated on clusters
containing between 100 and 35,000 atoms derived assum-
ing a cubic cell parameter a = 3.9231 A. For Pt3,4Sny,4 and
Pt,3Sn,,; compositions, cell parameter values of respec-
tively 3.9694 and 3.9848 A were assumed based on a linear
extrapolation from Pt to the value of a = 3.9416 A mea-
sured for bulk PtoSn alloy [23]. For these two compositions,
random site-occupation cluster models were obtained by
duplicating four times (Pt3/4Sn;,4) or three times (Pt;/;35n;,3)
the set of atom coordinates generated for a starting spherical
Pt cluster of given diameter size, then replacing the correct
proportion of Pt atoms by Sn atoms, and finally multiplying
by 1/16 (Pt3/4Sn1/4) or 1/9 (Pt2,3Sn1/3) the resulting dif-
fraction intensities calculated using Debye formula. Both
the cluster generation and profile calculations were per-
formed with Materials Toolkit [24] and using Debye for-
mula for scattering by randomly oriented molecules, as
described in details in [22].

2.2.3 XPS

Pt;Sn; catalysts were analyzed by X-ray photoelectron
spectroscopy equipped with a KRATOS Axis Ultra DLD
that has a Hybrid lens mode. The XPS analysis was con-
ducted at 140 W and at pass energy of 20 eV. The peak
positions were corrected for sample charging by setting the

C Is binding energy at 284.4 eV. The carbon supported
Pt;Sn; catalysts were deposited on a sample holder and
vacuumed to get rid of excess impurities in the sample.
For comparison of binding energies, carbon-supported Pt
catalysts of 3.5 nm size and pure Pt foil were run at the
same conditions.

2.3 Electrochemistry

All electrochemical measurements were conducted using
Parstat 2273 Advanced Electrochemical System (Princeton
Applied Research) in conjunction with Electrochemical
Power Suite version 2.58 (Advanced Measurement Tech-
nology, Inc.) for Windows software program.

2.3.1 Electrochemical cell and electrolyte solutions

Experiments were carried out in a Pyrex three-compartment
electrochemical cell. During the experiments, H, gas
(99.997% Linde Canada Limited) was bubbled through the
Pt/Pt-black reference electrode compartment. High-purity
Ar gas (99.998% Linde Canada Limited) was passed
through the working electrode compartment. The large
surface area gauze Pt counter electrode was contained in a
separate compartment. All potentials were measured with
respect to a reversible hydrogen electrode (RHE) immersed
in the supporting electrolyte solution (0.5 M H,SO,) in a
separate compartment provided with a Luggin capillary. The
sulfuric acid (Fisher-Scientific, 98% ACS grade), ethanol
(Commercial Alcohols Inc., 100% ACS grade) and nano-
pure water (18 MQ cm) were used to prepare solutions.

2.3.2 Working electrode

A glassy carbon disc electrode (GC DE) (0.196 cm? geo-
metrical surface area, Pine Research Instrumentation
Company) was used as a working electrode. The working
electrode was a carbon-supported Pt;Sn; composite cast on
a carbon disk electrode. The catalyst powders were formed
into electrodes by sonicating 13 mg of the carbon-sup-
ported catalyst powders in 1 mL of H,O and 300 pL of
Nafion solution for 15 min, forming a catalyst ink. Sub-
sequently 2.5 puL of catalyst ink was applied to a glassy
carbon disc. The catalyst layer was then dried in air at
80 °C for 30 min. All electrochemical experiments were
carried out at room temperature.

2.3.3 Cyclic voltammetry and chronoamperometry
Cyclic voltammograms (CVs) were carried out at
10 mV s~' in 0.5 M H,SO, starting from the open circuit

potential for 10 cycles between the potential limits of
0.1-1.1 V. The ethanol electro-oxidation was performed at
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10mV s~ in a nitrogen purged solution of 1.0 M
C,HsOH + 0.5 M H,SO,4 between 0.1 and 1.0 V starting
from open circuit potential for 25 cycles. Here we present
the forward scan of the 25th cycle. For chronoampero-
metric (CA) measurements, the potential was first held at
0.1 V for 300 s, then stepped to 0.5 V for 1 h. Nitrogen gas
was bubbled through the electrolyte solution before and
during the 1 h experiment.

3 Results and discussion

3.1 TEM of unsupported and carbon-supported Pt;Snj
nanoparticles

Typical TEM micrographs and corresponding histograms
of particle size distribution for the as-prepared colloidal
and carbon-supported Pt;Snsz catalysts synthesized using
sodium hydroxide concentration of 0.15 M are shown in
Fig. 1. It can be seen that the resulting Pt;Sn; colloidal
nanoparticles (Fig. la) are spherical in shape and show
narrow particle size distribution. We found some degree of
particle agglomeration that likely took place over time after
synthesis. Nevertheless, the identity of individual particles
was recognizable even for agglomerated particles. Pt;Sns

Fig. 1 TEM images (left) and
corresponding histograms
(right) of Pt;Sn; unsupported
(a) and carbon supported

(b) catalyst no. 4, synthesized in piia A . . -~
ethylene glycol using NaOH | A
concentration of 0.15 M. The .
bar in a and b indicates 20 nm e ® i
scale .

@ Springer

particles with a mean size diameter of 2.5-8 nm were
prepared depending on the synthesis solution pH. The
smallest Pt;Sn; nanoparticles, of 2.5 £ 1 nm in diameter,
were synthesized using NaOH concentration of 0.15 M.
After the same nanoparticles were deposited on carbon
(Fig. 1b), we observed a slight increase in the particle size
and presence of agglomerates. This could be related to the
procedure of nanoparticle deposition on carbon substrate,
which involved stirring and may have lead to particle
agglomeration. A summary of the average particle sizes
obtained by TEM for colloidal and carbon-supported
Pt;Sn; nanoparticles is shown in Table 2. Overall, the
TEM observations showed that the platinum-tin nanopar-
ticles prepared in this work were of narrow size distribu-
tion, although the size distribution increased somewhat as
larger nanoparticles were made.

3.2 XRD of carbon-supported Pt;Sns catalysts

Experimental XRD patterns obtained for the carbon-sup-
ported Pt;Sn; catalysts are shown in Fig. 2. Figure 2a, b
show XRD patterns for catalysts prepared at Cnaon
between 0.08 and 0.12 M and Fig. 2c, d for larger NaOH
concentrations of 0.15-0.3 M. As can be seen from the
figure, all catalysts synthesized in the present work show

R B T 50
" "., - 0\° (a)
x : > 40t
., 2
- A T 1 =
e " L 30f
.y o
-' | ‘.6
© 20}
? s
] [
> 5 8 10 |
l' - nd-h)
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(b)
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Percentage of particles / %
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Table 2 Average particle size obtained from TEM and XRD, 20,,., full-width at half maximum (FWHM) and full width at % maximum
(FW3/4M) of (220) fcc peak, electrochemical active surface area (EASAy,) and current density at 0.2 V (Fig. 8) of Pt;Snj catalysts

Catalyst CraoH Average particle Average particle 20 max of (220) FWHM (°) FW3/4M EASAy, iat 0.2V
no. M) size (nm) size (nm) (°40.01°) 20 ) 26 m*gx) (A cm™?)
TEM XRD

1 0.08 - 42 66.47 291 1.83 33.70 10.16

2 0.10 6.0 5.0 66.53 2.56 1.53 7.685 65.42

3 0.12 5.5 (4.5% 4.5 66.56 2.69 1.67 13.38 35.80

4 0.15 3.5 (2.5% 2.8 67.16 4.07 2.51 76.41 5.790

5 0.20 5.8 4.6 67.37 2.88 1.53 10.5 38.55

6 0.30 8.5 6.5 67.43 1.92 1.18 4.893 155.5

# Particle size for unsupported Pt;Snz nanoparticles

face-centered cubic (fcc) structure typical for bulk and
nano-structured Pt [22, 25]. Peaks around 40, 46, 68 and
81°20 correspond to Pt-type fcc reflections (111), (200),
(220) and (311), respectively. Only the Pt;Sn; catalyst
prepared using the lowest sodium hydroxide concentration
(Cnaon = 0.08 M) was found to have additional peaks
at 34° and 52°, which correspond to crystalline-phase
SnO, (101) and (211) reflections. There was no separate
crystalline-phase SnO, observed for any other carbon-
supported Pt;Sn; samples.

As we pointed out recently [26], carbon Vulcan XC-72
has reflections near 25 and 45°20, which correspond
respectively to graphite reflections 002 and 101. As these
two peaks overlap with the main fcc (111) and (200) dif-
fraction peaks, the present analysis of XRD patterns was
therefore carried out at the fcc (220) peak around 68° 20
(Fig. 2b, d). This peak does not overlap with any diffrac-
tion peaks from carbon Vulcan XC-72. Accordingly, the
(220) reflection was thus used to calculate the average
crystallite size according to Debye formula for scattering
by randomly oriented molecules [21] as we demonstrated
in [22] for colloidal Pt and Pt,Ru,_,, as well as in [26] for
carbon-supported Pd,Pt;_, catalysts. The average crystal-
lite size was estimated using the full width at half maxi-
mum (FWHM) and full width at 3/4 maximum (FW3/4M)
of the fcc (220) as described in [22]. The 26 position at
maximum intensity (26,,,,x) for reflection (220) was derived
from a third order polynomial fit close to the top of the
peak [22]. Table 2 summarizes the average particle sizes of
the carbon-supported Pt;Sn; catalysts estimated by XRD,
along with 260,,.x,, FWHM and FW3/4M of (220) peak.

It is clear from Fig. 2b and d that the (220) peak is
shifted to lower 20 values compared to the 220 position for
bulk fcc Pt. The observed shift for the (220) peak can be
related to the alloy formation as well as to the small-par-
ticle size effect [22, 23]. The latter can be very pronounced
for nanoparticles smaller than 5 nm as shown earlier in
[22] and also seen in Fig. 3. Figure 3 reports the Cu K, 20

positions at maximum intensity calculated for the 220 peak
versus the nanoparticle diameter size for clusters of Pt (a),
Pt;3Sn,5 (b) and Pt34Sn;,4 (c) compositions. These cal-
culated values (filled black circles linked with solid lines)
were extracted numerically from the results of simulated
powder-diffraction profiles as described in Sect. 2.2.2 on a
series of Pt,Sn;_, spherical cluster models. Note that the
observed shift in the 20 position resulting from the small-
particle size effect reaches 1.45° 20 for particles with
diameter of 1.0 nm for all three compositions considered.

Figure 3 also shows experimental 20,,,, of (220) peak
for Pt;Sn3 catalysts prepared in this work (open triangles).
By comparing the experimental results with the theoreti-
cally calculated curves, it is clear that two distinct sets of
observations directly follow for catalysts nos. 1, 2, 3
compared to nos. 4, 5, 6. First, nanoparticles with a dis-
ordered alloy structure of the nominal Pt:Sn ratio of 7:3
were formed only for catalysts nos. 1, 2 and 3. These
samples correspond to the three smallest NaOH concen-
trations used for synthesis (Table 1). For catalysts nos. 4, 5
and 6, prepared using higher NaOH concentrations of
respectively 0.15, 0.2 and 0.3 M, only partial alloying
occurred and nanoparticles with a structure and composi-
tion close to that of pure Pt were formed. No evidence
of metallic Sn or SnO, crystalline phases were found on
XRD patterns for these three catalysts, suggesting that the
Sn content observed by EDS analysis is present in an
amorphous state. We conclude that bi-phase Pt/SnOy nano-
catalysts were synthesized at the higher NaOH concentra-
tions used for samples nos. 4, 5, 6.

In conclusion to this XRD section, we would like to point
out that by adjusting solution pH we were able to obtain
Pt;Sn; nanoparticles of various sizes from 2.8 to 6.5 nm.
We would like to stress that the presence of NaOH in the
synthesis solution not only influenced the nanoparticle size,
but as it was revealed by XRD, it apparently also dictated
the degree of Pt and Sn alloying that occurred. Nano-
particles prepared at the larger NaOH concentrations
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Fig. 2 Slow scan XRD pattern a b
of the carbon supported Pt;Snj ( ) 111) ( ) Bulk Pt (220)
catalysts in the broad range of
20 a + ¢ and zoom to fcc (220) _
peak b + d. Numbers in 3 b =]
parenthesis refer to the catalyst © g =
nos. identified in Table 2 - 5 @20 @1 >
.(7’ ' -a
S E, (©)
= =
@)
™) ______/\ )
30 50 70 920 62 64 66 68 70 72
20 / degree 20/ degree
© (11) (d) Bulk Pt (220)
3 3
« «
~ ' ~
2 2
= g
c
] )
£ (5) = (6)
)
(4) W (4)
30 50 70 90 62 64 66 68 70 72
20 / degree 20/ degree
68.0 separation and formation of monometallic Pt and amor-
C phous Sn phases. A possible explanation to this observation
675 related to the mechanism of Pt;Sn3 nanoparticle formation
E is presented in Sect. 3.4 below.
67.0
A 3.3 XPS of carb d catal
;5; 66.5 | . of carbon-supported catalyst
° - (a) . o
5 66.0F Atomic surface compositions of Pt;Snj catalysts supported
S s on carbon were determined by X-ray photoelectron spec-
o 65.5 F troscopy. For this purpose, the integrated areas measured
- (b) under the Pt 4f, C 1s, O 1s, and Sn 3d core level peaks were
65.0 £ used. Figure 4 shows the variation of the Pt and Sn surface
(c) concentration with respect to the NaOH concentration in
G4 the synthesis solution. Surface composition appeared close
0 1 2 3 4 5 6 7 8 to the nominal 7 to 3 atomic ratio of Pt to Sn in most cases

particle size / nm

Fig. 3 Cu K, 20 angle at maximum peak intensity versus cluster
diameter. Filled circles linked with solid lines correspond to
simulations using Debye formula for: Pt clusters (a); Pty;3Snj;
clusters (b); PtsuSnyy clusters (c); open triangles correspond to
experimental 20, angles of carbon supported Pt;Sn; catalysts.
Numbers in parenthesis refer to the catalyst nos. identified in Table 2

(Cnaon > 0.15 M) showed compositions close to that of
pure Pt, however XRD did not reveal the presence of any
crystalline Sn or SnO, phases. This is plausibly due to phase

@ Springer

(catalysts nos. 1, 4, 5 and 6). For catalysts nos. 2 and 3,
prepared at respectively Cna.oy of 0.1 and 0.12 M, an
apparent surface enrichment by Sn is found. The surface
energies of Pt and Sn are yp,=2.341] cm 2 and
ysn = 0.57 J cm™2, respectively. It is then reasonable to
expect that the surface of alloyed nanoparticles would
contain excess of Sn, because this would minimize the
energy of the system. The binding energies of Pt and Sn in
carbon-supported Pt;Sn; catalysts as obtained from the
fitting of higher resolution Pt 4f and Sn 3d core level XPS
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Fig. 4 Variation of the surface atomic concentration of carbon
supported Pt;Snj catalysts with respect to sodium hydroxide concen-
tration. Numbers in parenthesis refer to the catalyst nos. identified in
Table 2

spectra are given in Tables 3 and 4, respectively. In addi-
tion, Table 3 shows binding energies for Pt bulk foil and
carbon supported Pt nanoparticles of 3.5 nm size obtained
at the same experimental conditions as XPS spectra mea-
sured for Pt;Sns catalysts. The Pt 4f;, core level peaks
were fitted using two components. The peak at ~71.3 eV
was assigned to Pt (0) and the peak around 72.0 eV to PtO.
A shift to lower binding energies was observed for carbon-

supported Pt;Sn3 nanoparticles compared to the values for
Pt nanoparticles. This may come from the electronic
interaction between Pt and Sn, since the respective ele-
mental electronegativity values for Sn and Pt are 1.8 and
2.2 [27]. Pt atoms could produce an electron withdrawing
effect from Sn atoms changing the polarization of Pt—Sn
bonds [28, 29].

The Sn 3ds/, core level peaks were deconvoluted using
two components. The peak at ~485 eV was assigned to Sn
metal and at ~487 eV to tin oxide SnO,. Binding energies
for SnO, and SnO are quite similar at 486.4 and 486.6 eV,
respectively. Consequently, it was difficult to distinguish
between these two species. The binding energies of Sn in
all carbon-supported Pt;Sn; catalyst samples are higher
than the reference values [30]. This might be due to the
electronic effect generated between Pt and Sn metal
interaction or the small-particle size effect [31]. XPS was
able to confirm that the main part of Sn is in the oxidized
state.

3.4 Proposed reaction mechanism of nanoparticle
formation during synthesis

In the present work Pt;Sny nanoparticles of different
structure, disordered alloy versus bi-phase Pt/SnO,, with
controlled size were formed by varying the sodium
hydroxide concentration in the synthesis solution. Figure 5
shows the average particle size of the synthesized carbon-
supported Pt;Sn3 nanoparticles, found from XRD analysis,
as a function of NaOH concentration. For convenience,
we divided this graph into three regions according to

Table 3 Parameters extracted

from analysis of Pt 45, core Catalyst A'Vtgage particle  Cna,onm (M)  Species  Binding energy of Pt 4f;,,
level XPS spectra of carbon no- size” (nm) Binding FWHM (eV) Atomic
supported Pt;Snj energy (eV) conc. (at.%)
1 4.2 0.08 Pt 71.2 0.9 71.4%
PtO 71.9 1.6
2 5.0 0.10 Pt 71.2 0.8 42.4%
PtO 71.9 1.6
3 4.5 0.12 Pt 71.3 1.0 41.3%
PtO 72.2 1.6
4 2.8 0.15 Pt 71.3 0.9 70.5%
PtO 72.0 1.4
5 4.6 0.20 Pt 70.9 0.9 63.6%
PtO 71.95 1.5
6 6.5 0.30 Pt 71.1 0.8 60.0%
PtO 71.9 1.5
Pt/C 3.5 n.a Pt 71.5 1.2 n.a.
PtO 72.3 23
Bulk Pt foil n.a. n.a Pt 70.9 1.0 n.a.

? From XRD analysis
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Table 4 Parameters extracted

from analysis of Sn 3ds, core Catalyst A've{age particle Cna0H Species Binding energy of Sn 3ds),
level XPS spectra of carbon 1o size” (nm) M) Binding FWHM Atomic conc.
supported Pt;Sn3 energy (eV) (eV) (at.%)
1 42 0.08 Sn 485.1 1.3 28.6
SnOy 487.1 1.4
5.0 0.10 SnOy 486.9 14 57.6
4.5 0.12 Sn 485.3 0.9 58.7
SnO 487.3 14
4 2.8 0.15 Sn 484.8 1.0 29.5
SnOy 486.7 1.3
5 4.6 0.20 Sn 485.1 0.8 36.4
SnOy 486.6 1.3
6 6.5 0.30 SnOy 485.8 1.5 40.0

* From XRD analysis

Chraon- In region 1 (Cnaon < 0.08 M), Pt;Sn; nanoparti-
cles could not be formed and large micron-size particles
were found in the solution. It is related to the mechanism of
nanoparticle stabilization. Prepared in the present study
PtSn nanoparticles were stabilized by one of the products
of ethylene glycol oxidation, i.e., the glucolate [32, 33]. At
low pH it is mostly present in its protonated form, i.e., gly-
colic acid, which may explain formation of micro-sized
particles in the region 1 of Fig. 5. In region 2 (Cn,0on ranges
from 0.08 to 0.15 M), we observed formation of disordered
alloy nanoparticles with average size of 4.2-5 nm. At Cnaon
larger than 0.15 M (region 3), bi-phase Pt/SnO, nanoparti-
cles were formed. It can be seen that both structure and
particle size were related to the presence of NaOH, as was
also previously demonstrated for mono-metallic Pt and Ru,
as well as bi-metallic Pt/Ru nanoparticles [32, 33]. Whereas
it was demonstrated in [32] that the size of Pt nanoparticles

7. 100
i s

L 'Region 2 ; Region 3
6 i Disordered ! Bi-phase | o
i alloy : PYSNO, 180
g °f ‘ E
£ 7 ©
= r 1 e
N4t 60 &
o | g
S 3 [ Region1 1 40 'g
E I Large ] g
o 2 [ precipitates ! 2
H -
7 1 3]
i 20 <
Tr :
; ®
0 e S S S S S 0

NaOH concentration / M
Fig. 5 Effect of NaOH concentration on the average particle size of

carbon supported Pt;Sn; nanoparticles and on the calculated active
electrochemical surface area (Eq. 3)
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increases with decreasing solution pH, this was not the case
for the Pt;Sn; nanoparticles prepared in the present work
(Fig. 5). In fact, an opposite trend was observed here and this
behavior may be explained by the interaction of NaOH with
SnCl, precursor salt resulting in the formation of poorly
soluble Sn(OH), compound:

Sn’>~ +20H~ — Sn(OH), +2CI". (1)

Poorly soluble Sn(OH),, plausibly serves as a nucle-
ation site for nanoparticle growth leading to initial for-
mation of Sn core—Pt shell particle. Due to the difference
in Pt and Sn atomic sizes, atoms would tend to redistribute
in order to minimize energy of the system. This was
apparently the case for region 2 where lower NaOH con-
centrations were used for synthesis and disordered alloy
Pt;Sn; nanoparticles were formed (Fig. 5). For alloy
Pt,M, _, nanoparticles where Pt is mixed with a metal M
giving rise to a larger cubic cell parameter, it is expected
that the minimum energy will correspond to an M-enriched
surface. This was indeed observed by XPS where a surface
enrichment in Sn is noted for catalysts nos. 2 and 3 (Fig. 4).
However, in the presence of excess of sodium hydroxide
(region 3, Fig. 5), a poorly soluble Sn(OH), is transformed
to a soluble compound according to the reaction:

Sn(OH), +20H™ — Sn(OH),>” = Sn0,>~ +2H,0. (2)

Poorly soluble Sn(OH), and soluble Sn0,>~ compounds
may then co-exist in the synthesis solution. Therefore
Pt,Snjo_x (x < 7) nanoparticles may form starting from
Sn(OH), nucleation sites, while SnOzzf(aq) is reduced by
ethylene glycol and could be re-deposited on the surface of
Pt,Sn;o_x nanoparticles or form a separate phase. This
apparently was indeed observed in the region 3, Figs. 5 and
3 (catalyst nos. 4, 5 and 6). Note that for region 3, the size
of synthesized nanoparticles increased as Cna,oy Was
increased.
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3.5 Electrochemistry
3.5.1 Cyclic voltammetry in 0.5 M H>SO,

Carbon supported Pt;Sn; catalysts synthesized in the
present work were first studied in a half molar sulphuric
acid in order to evaluate their electrochemical active sur-
face areas (EASA). Figure 6 shows typical cyclic voltam-
mograms of carbon-supported Pt;Snz catalysts (catalyst
nos. 1, 4 and 6) in 0.5 M H,SO4. The electrochemical
active surface areas were calculated using the hydrogen
desorption peak area in the CV curves between 0.1 and
0.3 V versus RHE. The EASA can be calculated from the
following equation [34]:

2 1 Qu
EASA (m*s™) = 557, [P{ ®)
where Qg (mC cm™?) represents the charges exchanged
during the desorption of hydrogen on the Pt surface, [Pt]
(mg cm™?) is the Pt loading in the electrode, and 0.21
(mC cm™?) is the charge required to oxidize the monolayer
of hydrogen on the Pt surface. The calculated EASA values
of all Pt;Sn; catalysts are summarized in the Table 2 and
Fig. 5. As expected larger particles showed smaller surface
area. The largest active surface area was found for Pt;Sn;
catalyst no. 4, which had particle size of 2.8 nm and
bi-phase Pt/SnOy structure.
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Fig. 6 Cyclic voltammograms of carbon supported Pt;Sn; catalysts
in 0.5 M H,SO4 with a sweep rate of 10 mV s~1. Numbers shown
refer to the catalyst nos. identified in Table 2

3.5.2 Electro-oxidation of ethanol on carbon-supported
Pt,Sn; nanoparticles

Catalytic activities of Pt;Snj catalysts for ethanol electro-
oxidation were characterized using cyclic voltammetry and
chronoamperometry. Figure 7 shows a forward scan of the
cyclic voltammogram for carbon-supported Pt;Sns cata-
lysts in 1.0 M C,HsOH + 0.5 M H,SO,. Current densities
are given per calculated EASA (Eq. 3) and Table 2 sum-
marizes current densities obtained at 0.2 V versus RHE.
For catalyst nos. 1, 2 and 3 with disordered alloy structures
(Fig. 7, thin solid line), the lowest current density was
obtained for catalyst no. 1 that had the smallest particle size
among these catalysts (nos. 1, 2 and 3), while behaviors of
catalysts nos. 2 and 3 were quite similar due to their
comparable particle size and structure (although slightly
better activity was observed for no. 2 compared to no. 3).
Among the set of bi-phase Pt/SnOj structures (Fig. 7, thick
solid line; catalysts nos 4, 5 and 6), the catalyst no. 6,
which consisted of large 6.5 nm Pt nanoparticles and an
SnOy phase, had the lowest overpotential (0.1 V vs. RHE)
and highest current density for ethanol electro-oxidation.
The overpotentials for the catalyst nos. 2, 3 and 5 were
0.2 V, while for nos 1 and 4 were 0.25 V. Obtained
overpotentials are comparable to those reported recently by
Zhu et al. [12] for binary PtSn catalysts with varied degree
of alloying. For bi-phase PtSnO,/C catalysts, authors

12

| Catalyst Nos. 1,2 and 3 are disordered alloys (6)

10 I Catalyst Nos. 4,5 and 6 are bi-phase Pt/SnOy

i /mA cm?

0.1 0.3 0.5 0.7 0.9
E vs.RHE/V

Fig. 7 Cyclic voltammograms (forward scan) of carbon supported
Pt;Sn; catalysts in 1.0 M C,HsOH + 0.5 M H,SO, at a sweep rate of
10 mV s~'. Current densities are given per electrochemical active
surface area (EASA). Numbers shown refer to the catalyst nos.
identified in Table 2
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Fig. 8 Chronoamperograms of carbon supported Pt;Sn; catalysts in
1.0 M C,HsOH + 0.5 M H,SO4 at 0.5V versus RHE. Numbers
shown refer to the catalyst nos. identified in Table 2

reported the onset potential of 0.1 V, while for alloyed
catalyst it varied from 0.17 to 0.25 V versus RHE, depend-
ing on alloying degree.

Chronoamperometric measurements were used to ana-
lyze the steady-state performance of the catalysts (Fig. 8).
The stability of the Pt,M,_, catalysts is a big concern for
applications in fuel cells [1-3]. There might be possible
degradation such as sintering and dissolving of catalysts
during operation which could affect the fuel cell perfor-
mance. Resulting i—t curves are shown in Fig. 8, as thin and
thick solid lines for disordered alloy Pt;Sn; and bi-phase
Pt/SnOy catalysts, respectively. These measurements were
carried out after recording CVs in ethanol. All curves in
Fig. 8 have similar shape with three regions. The first
region, which lasts only several minutes, is characterized by
a rapid drop of current. In the second region the current
decrease is less steep and in the third, the current reaches a
steady-state value. The decrease of current in the first and
second regions is attributed to a rapid increase of the surface
coverage by partially oxidized species that block Pt sur-
faces, diminishing its ability to electro-oxidize ethanol [7, 8,
11]. Observed catalytic behaviour was similar to CVs and
the highest steady-state current density was found for the
bi-phase Pt (6.5 nm)/SnOy catalyst. The steady-state current
density decreased in the following sequence: 6.5 nm
(bi-phase no. 6) > 5 nm (disordered alloy no. 2) > 4.6 nm
(bi-phase no. 5) > 4.5 nm (disordered alloy) > 4.2 nm
(disordered alloy no. 1) > 2.8 nm (bi-phase). From this
comparison, we can see that structure, i.e., alloy versus
bi-phase, played a role in catalyzing ethanol electro-oxi-
dation but that particle size was more important. Promotion
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of EOR was facilitated on larger Pt (6.5 nm)/SnO, and
Pt;Sn; (5 nm) particles suggesting that larger Pt surfaces
are required for ethanol adsorption and further conversion
to reaction products. Both the bi-functional mechanism
and electronic effect have been proposed to be involved in
the ethanol electro-oxidation over Pt,Sn,_, [1-3, 35].
Adsorption and decomposition of ethanol and its interme-
diates occurs on active Pt sites, while dissociative adsorp-
tion of water happens over Sn sites to form oxygen-
containing surface species. These oxygenated species react
with poisonous intermediates, e.g., CO,q4s, hence decreasing
poisoning. According to the electronic effect, the presence
of Sn modifies chemical properties of the Pt in such a way
that the Pt—CO bonding is lowered. Furthermore, particle
size also influences binding energy of CO,4s to Pt atoms.
Carbon monoxide adsorbs much stronger on small Pt
nanoparticles, which contain much greater proportion of
“edge” sites, compared to the dominant proportion of
“terrace” sites in larger nanoparticles [32, 36, 37]. The ratio
of Pt atoms located on the “terrace” versus “edge” sites
decreases with decreasing particle size [38]. Moreover,
large Pt particles that weakly bond CO,q; are preferred over
smaller particle. Therefore, the improved electrocatalytic
activity of bi-phase Pt (6.5 nm)/SnOy catalyst for ethanol
electro-oxidation may be assigned to the bi-functional
mechanism where one of the reaction steps includes inter-
action between weakly bonded CO,4; and oxygenated
species provided by SnO, phase.

4 Conclusions

Nanoparticulate Pt;Sn; catalysts of controlled size were
synthesized in ethylene glycol and further deposited on
carbon support resulting in 20 wt% metal loading. Parti-
cle size was varied from 2.8 to 6.5 nm by adjusting the
synthesis solution pH. We found that presence of sodium
hydroxide in the synthesis solution influenced both the
particle size and the resulting structure of nanoparticles.
Disordered alloy Pt;Sn; nanoparticles were formed at
lower NaOH concentrations (Cy,opg < 0.15 M), while at
the higher concentration (Cn,on > 0.15 M), only partial
alloying occurred and bi-phase Pt/SnOy nanoparticles
were found. Carbon supported Pt;Snz particles were tes-
ted for ethanol electro-oxidation. We found that bi-phase
Pt (6.5 nm)/SnO, showed the best catalytic activity for
EOR among the prepared Pt;Sn; samples followed by
5 nm disordered alloy Pt;Sn; nano-catalyst. Disordered
alloy and bi-phase Pt/SnO, nanoparticles of 4.5-4.6 nm
showed the same next best catalytic activity. Therefore,
for the Pt;Sn; catalysts prepared in the present work,
performance towards EOR depended on the presence of
nanoparticles with larger Pt surfaces and not on the
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degree of alloying. This is attributed to the properties of
ethanol which can adsorb only onto the sufficiently large
Pt particles.
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