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ABSTRACT

A series of Pt—Sn/C catalysts used as anodes detimgnol oxidation are synthesized by a
deposition process using NaBlds the reducing agent. The order in which the yssers are

added affects the electrocatalytic activity andgitsl-chemical characteristics of the bimetallic
catalysts, where the Pt—Sn catalyst prepared byrecdpitation of both metals functions best
below a potential of 0.5 V and the catalyst pregdrg sequential deposition of Sn and Pt (drying
after Sn addition) is most active above a poterdfad.5 V. The electrochemical behavior of
catalysts during ethanol oxidation in an acidic medare characterized and monitored in a half-
cell test at room temperature by cyclic voltammetghronoamperometry and anode
potentiostatic polarization. Catalyst structure asftemical composition are investigated by
transmission electron microscopy (TEM), X-ray powdediffraction (XRD) and X-ray

photoelectron spectroscopy (XPS). This behaviosgnted for best Pt—-Sn catalyst can be
attributed to the so-called bifunctional mechanend to the electronic interaction between Pt

and Sn.
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1. Introduction

Fuel cells can produce electric energy directlyrfrthe oxidation of chemical products,
and fuel cells using alcohols (direct alcohol foells or DAFC) are attractive as power sources
for mobile, stationary and portable applications4L Alcohols (mainly methanol) are possible
fuels for mobile applications, and the direct oxioia of methanol in fuel cells has been widely
investigated [5-8]. Wang et al. [9] found that etblaserves as an alternative fuel, having an
electrochemical activity comparable to methanol.of alternative fuels, ethanol is a promising
candidate since it can be readily produced fronewable sources and is less toxic than methanol
[8].

The high activity and stability of Platinum metagpecially in acidic environments, makes it
a suitable catalyst for electrooxidation of manyarmarganic molecules. However, in the case of
ethanol, complete oxidation to G@s more difficult (than methanol) due to the C-Gnd
cleavage and the strong adsorption of reactionnrgdiates which poison the Pt anode [10, 11].
In this context, it is of great importance to deyehnode catalysts for ethanol electrooxidation
with greater activity than pure Pt to improve tlegfprmance of a direct ethanol fuel cell.

Efforts to mitigate Pt poisoning have been con@ett on the addition of co-catalysts,
particularly Ru and Sn [1, 12-24] as well as Ph,iy Mo, Os and Ir [23, 25], while ternary Pt—
Ru-Sn catalysts have been also recommended ablsuitaterials [15]. Among various Pt-based
binary catalysts, Pt—-Sn supported by carbon mddefi—Sn/C) [1, 8, 11, 12, 21, 26-28] are
effective during the electrooxidation of ethanolaim acid environment, which directly contrasts
with the oxidation of methanol, where the most @ffee catalysts are Pt—Ru/C systems [1, 29].

As for methanol oxidation, the superior performanteéhese binary electrocatalysts during
ethanol oxidation when compared to pure Pt istatted to the bifunctional effect (promoted

mechanism) [30] and the electronic interaction leefavPt and other metals in the alloy (intrinsic
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mechanism) [31]. For the promoted mechanism, thdabwn of strongly-adsorbed oxygen-
containing species is facilitated by the preserfcénooxides which supply oxygen atoms to an
adjacent site at a lower potential than pure Pt Tritrinsic mechanism postulates that Sn
modifies the electronic structure of Pt, and asrssequence, the adsorption of oxygen-containing
species.

The activity-promoting effect of Sn on Pt cataly$tas been controversial, and diverse
viewpoints have focused on the effects of eithlayalg Sn with Pt or adding SnQo improve
catalytic activity. Delimeet al.[17] prepared bimetallic non-alloyed Pt—Sn catislysd observed
the presence of non-alloyed Sn led to increaseckrcudensities during the electrooxidation of
ethanol. Jangt al.[32] compared the catalytic activity of a partyadllloyed Pt—Sn catalyst with
that of a quasi-non-alloyed Pt—Sn€atalyst, where the Pt—Sp@atalyst shows higher catalytic
activity during ethanol electrooxidation than the$h alloy. The authors suggest the unchanged
lattice parameter of Pt in the Pt—Sgatalyst is favorable to ethanol adsorption, dadtin oxide
present in the vicinity of Pt nanoparticles coutdyide active oxygen species to remove the CO-
like ethanolic residues and clean the Pt activessit

Preparation procedures and Pt:Sn atomic ratiosidnfle the performance of Pt-Sn/C
electrocatalysts [11, 12, 26]. Lamey al [18, 33, 34] suggest an optimum composition forirs
the 10-20 mole % range for catalysts prepared ty-inpregnation-reduction method. Zhet
al. [22] report the optimum composition is 33-40 méte of Sn depending on the DAFC
operation temperature. Jiamg al. [20] show that Pt—Sn/C electrocatalysts with PtrSolar
ratios of 66:33, 60:40 and 50:50 were more acthantelectrocatalysts with 75:25 and 80:20
molar ratios. Spinacét al. [35] investigated the activity of Pt—-Sn/C elecatalysts with varied
Sn contents during ethanol oxidation using cycbttammetry, where the optimum Sn content in

the catalyst depended upon the ratio between allape non-alloyed Sn.



The physical-chemical properties of Pt-Sn electalgsts can be controlled by the
preparation method. Langt al. [18, 33] and Xinet al. [32, 35] investigated ethanol oxidation
using carbon-supported Pt—Sn catalysts prepared bg-impregnation reduction method [18]
and a modified polyol process [36], while Bonnemaatnal. [37, 38] developed a colloidal
method to prepare unsupported and supported methish were then used to prepare carbon-
supported fully non-alloyed Pt—Sn catalysts. kiual. [39] prepared carbon-supported Pt—Sn
nanoparticles by a microwave-heated polyol pro@ess Kim et al. [40] synthesized Pt—-Sn/C
catalysts using a borohydride reduction methoa¥edld by freeze-drying without heat treatment.

The methods developed by both Let al. [39] and Kimet al. [39, 40] result in the
formation of small and uniform Pt—Sn nanopartideghly-dispersed on the carbon support.
Carbon-supported catalysts can also be formed éydtuction of precursors with formic acid
[19]. Others structures of Pt-based intermetaliid aore/shell nanoparticles such as Pt/Sn are
gaining attention due to their performance in mahgmical and electrochemical reactions [41].
Silva et al. [12] carried out a systematic study of the forwmtiof core—shell Sn&@Pt/C
structures using a novel preparation method basedsalt reduction process.

As the physical-chemical properties and electrdgitaactivity of these catalysts during
ethanol oxidation depend on the synthesis mettnsl study investigated the effect of Pt and Sn
addition order during the synthesis of Pt—Sn/Clgsts by a deposition process using Nakid
the reducing agent. The catalysts were charactebygdéransmission electron microscopy (TEM),
X-ray powder diffraction (XRD) and X-ray photoelem spectroscopy (XPS), while the
electrocatalytic behavior of these catalysts duatiganol oxidation in acid medium were studied

by cyclic voltammetry, chronoamperometry and quafionary potentiostatic polarization.

2. Experimental



2.1 Preparation of catalysts

The carbon support used was carbon black N2®@ @Aesa) with a BET area of 75 frig.
The catalysts consisted of 20% (w/w) metal (Pt ¥ @ncarbon with a nominal Pt:Sn molar ratio
of 3:1, where the addition order of several metatprsor was studied:
i) Pe@Sn: Sequential reductive deposition, first addingaBd then Pt.
i) Pb@Sn-Intermediate: Prepared as fobut dried after the addition of Sn.
lii) P&—Sn: Both metals co-precipitated.
Iv) Pt/C: Synthesized as for in the absence of Sn and used as the referenegiahat

Catalysts were synthesized by a deposition metisotyuNaBH as the reducing agent based
on the procedure of Kaplaat al.[6]. The carbon support was added to 0.4 M HCh€Il 3H,0O
and/or BPtCk-6H0O solutions and stirred for 2 hours. An ammoniaisoh was added while
stirring until pH 11 was achieved, and an aqueoligisn of NaBH, added to force the reduction
and precipitation of the Pt and/or Sn metal catidie mixture was stirred for 2 h, the powder
recovered by filtration, washed with ultrapure watatil no chloride ions could be detected and
dried at 60 °C. The powder was washed with 0.5 J8@® at 60 °C for 4 h to remove unstable
moieties from the surface and yield a stable catakll chemicals were analytically pure and

used as receivedigma Aldrich, purity > 98%

2.2 Catalysts characterizations

The crystalline structure was determined by X-rayfrattion in a Seifert powder
diffractometer using Cui radiation (0.15418 nm). The diffractograms wergistered at @
angles from 20 to 80 ©°, with a step of 0.02° aniime per step of 3 seconds. The working

conditions of the powder diffractometer were 160U, ka tension of 40 kV and a current of 40
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mA.

XPS characterization was carried out in a VG-Miech Multilab 3000 electron
spectrometer using a MgeK(1253.6 eV) radiation source. To obtain the XP®&c#p, the
pressure of the analysis chamber was maintain@&d18t'° mbar and the binding energy (BE)
scale was adjusted by setting the C1s transiti@8#o6 eV.

Transmission electron microscopy images were péthiusing a JEOL (JEM-2010)
microscope at 200 kV. A few droplets of an ultrasalty-dispersed suspension of each catalyst
in ethanol were deposited on a copper grid witkyazarbon film and dried at ambient conditions
for TEM characterizations. Particle size distribng were based upon ~200 particles for each

catalyst.

2.3 Electrochemical measurements
Electrochemical measurements were performed at reonperature using an Autolab

Model PGSTAT 30 potentiostat/galvanostat. Experithemere carried out in a glass cell (one
compartment) using a conventional three-electramidiguration (half—cell), and Boron-doped
diamond (BDD) electrodes, prepared by @entre Suisse d’Electronique et de Microtechnique
SA (CSEM), Neuchatel, were used as substrateféoelectrocatalytic materials [42]. The boron
content was ~800 ppm and the area of the workiaegtrelde exposed to the solution was 0.075
cn?. The reference system consisted of a hydrogerireter in the same solution (HESS)
connected by a Luggin capillary, and a Pt coil %) was used as the counter-electrode. All
potentials were referred to the reversible hydroglectrode (RHE). Nitrogen gas was bubbled
through all solutions for 15 min before startinglealectrochemical test.

The catalyst ink was prepared by mixing 8 mg catgbpwder, 1 ml water (Milli-Q system)

and 200 pl Nafiofi solution (5 wt.% Aldrich solution), which was d&ged in an ultrasonic
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bath. The catalyst suspension (40 pl, 3.6d4éEn?) was transferred with an injector to a BDD
electrode and the electrode heated at 60 °C foniti0

Electrochemical activity tests were performed ineaus 0.5 M K5O, solutions containing
(a) 0.5 M GHsOH, (b) 0.25 M CHCHO or (c) 0.25 M CBCOOH at room temperature. Cyclic
voltammetry experiments were performed betweena®@ 0.8 V ¥s. RHE) until stationary
responses were obtained, then two voltammetricesyalere performed between 0.0 and 1.3 V
(vs. RHE) at a scan rate of 0.02 V'sto evaluate the behavior of each electrocatalyst.
Chronoamperometric experiments were performed &tV0and 0.6 V ¥s. RHE) and anode
polarization curves obtained between 0.2 and O(8VRHE) in the potentiostatic mode, with all

data points obtained after 200 s of polarizatioeaath potential.

3. Results and discussion
3.1 Physical-chemical characterization of electriadgsts
3.1.1 XRD characterization

Catalyst X-ray powder diffraction patterns are shaw Figure 1. X-ray diffractograms
showed two bands at 26° and 44°, assigned to ®2) @nd (100) planes of the graphite-like
crystalline structure of the carbon support, respely. The diffraction peaks at62of 39.9°,
46.5° and 67.8° were assigned to the Pt (111),)(20@ (220) planes, respectively (see JCPDS
04-0802 reference included in Figure 1), which espnted the typical character of a
polycrystalline Pt-face centered cubic (fcc). Peakgpure Sn or Sn oxides were not found,
though their presence in small amounts or in anrphmus form cannot be discounted.

The Pt (220) peak broadening was used to calctliataverage particle size according to
Scherrer's equation. The average particle sizelattide parameter are given in Table 1 which

shows ~5.0-7.2 nm Pt—Sn particles were produceel.diffraction peaks of the £i{Sn catalyst
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were shifted to lower @ values with respect to the position of the Pt/Gkse due to the
formation of a Rt.Sn alloy with a lattice parameter <0.40 nm a&d0.3, while some SnQvas
expected to remain as a segregated phase.

Pt and Sn can form five bimetallic intermetallicagls with molar ratios of §8n, PtSn,
PtSns, PtSn, and PtSp which are distinguished by distinct crystallineustures [43], where
PSn and PtSn are congruently melting compositiohg. ghifts in the fcc Pt peaks for Pt—Sn/C
catalysts to lower angles (with respect to thospusé Pt) should reveal the formation of a solid
solution between Pt and Sn due to the incorporaifddn in the fcc structure of Pt. In the cases
of the Pt@Sn and Pi@Sn-Intermediate catalysts, the positions of the Rtkpewere almost
equal to the Pt/C position, which suggested thaiv&s not incorporated into the cubic Pt lattice
and that segregated phases should be formed, wiashconfirmed by the lattice parameters
shown in Table 1. The lattice parameter of the-8t catalyst was slightly higher than Pt/C,
indicating lattice expansion due to alloying. Th#tite parameter values were almost equal for
Pt@Sn-Intermediate, B@Sn and Pt/C, showing the preparation method did hainge the
crystal structure of Pt.

The sharp peaks presented by@$n-Intermediate could be due to the formation of a
Pthei-SNQeordC core-shell structure. The lattice parameter tobii® P§@ Sn-Intermediate was
0.3910 nm, which was slightly compressed compargd that of pure Pt at 0.3915 nm. The
shifted position to higher angles compared withkbBt, and the relatively strong Pt (111)
diffraction peak, was consistent with a compressstice. Monometallic Pt nanoparticles
synthesized under identical conditions indicatedk bt diffraction patterns did not show
anomalies in their peak positions. As the Pt shetiomes thicker with further overlayers, the
peak positions for the (111) diffraction shift teeir ‘normal’ position with increasing intensities

[44].



3.1.2 TEM characterization

TEM micrographs and histograms of the catalystshosvn in Figures 2a-d, where small
black Pt particles were dispersed on the carbop@tu@nd aggregates were also seen. The
formation of aggregates appeared to be favoretidwnddition of Sn, since they were not seen on
the Pt/C reference catalyst. The average sizdsegbarticles obtained by TEM (inset in Figure 2

and data in Table 1) agreed with values calculxted XRD patterns.

3.1.3 XPS characterization

XPS analysis provided information about catalystasie composition. The XPS survey
analysis of the catalysts (survey ot@Sn-Intermediate is included in Figure 3 as an exajnple
indicated that sodium and boron were present orcdledyst surface due to NaBHeing used as
the reducing agent, while chlorine was not detecidwe oxidation states of Pt and Sn were
studied by XPS following the Pt 4f and Sn 3p traass, respectively. The Pt 4f spectral profiles
for Pt—Sn/C catalysts are included in Figure 4, nghihe Pt 4f region displayed spin-orbital
splitting of the 4§, and 4§, states. In Figure 4, the maximum energies of taarands for all
samples appeared at 71.6 eV and 74.8 eV, suggeékemgesence of metallic Pt, and the binding
energy values for metallic Pt were in agreemenh piiblished data [45]. In order to identify
higher Pt oxidation states, the broad profiles ddoéd deconvoluted into four different peaks with
maxima at 71.6, 72.6, 74.8 and 75.7 eV, which spwaded to different oxidation states of Pt.
The deconvoluted peaks centered at 72.6 and 75.%ZaNd be attributed to the %tand
Pt"*species, respectively [46], while those at 71.6 2h@ eV were attributed to metallic Pt. The
binding energy of the metallic Pt peaks (71.6 edswlightly higher than typical values reported

in the literature (70.7 — 71.1 eV) [47], which cdlde explained by the small particle size of Pt or
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by the formation of an alloy with Sn [48]. This &hn binding energy with regard to pure Pt has
also been attributed to Pt-support interaction$ sicthose seen for carbon- or zeolite-supported
Pt [49-51].

The binding energies of metallic Pt foP$n and Pi@Sn (71.3 and 74.6 eV), as well
as P1@Sn-Intermediate (71.2 and 74.4 eV), were slightly éowhan those of Pt/C (71.6 and
74.8). These XPS data indicated the electronicttra of Pt was modified by Sn addition. Kim
et al. [40] reported charge transfer from the kesstronegative Sn to the more-electronegative
Pt.

Table 2 shows the percentage of Pt and Sn speal@dated from the relative intensities
of deconvoluted peaks and Pt/Sn surface compositiserved from the XPS results. The areas
under the different deconvoluted Pt peaks were tifieghfor all catalysts and the corresponding
percentages calculated as a function of the total. & he results showed a prevailing presence of
metallic Pt on the catalyst surface (between 78%)8for all samples studied, while the fraction
of oxidized Pt species (15 — 25%) could be formadng) catalyst exposure to the atmosphere.

Figure 5 shows the Sn ggsignal deconvoluted into two different peaks. Hig-Sn
catalyst had a low binding energy peak center&@ai8 eV, which was attributed to metallic Sn,
and a primary high binding energy peak at 487.1-448¥ assigned to Shspecies [47]. For
Pt@Sn-Intermediate and R@Sn1 catalysts, a small peak attributed \Bas observed, as the
majority of the tin was oxidized (see, Table 2)eThigher fraction of metallic Sn observed on
Pt—Sn, which was in agreement with the formation of gatie Pt—Sn alloy indicated by XRD,

could explain the improved interaction with Pt.

3.2 Electrochemical characterization

Figure 6 shows cyclic voltammograms obtained inN).5,SO, at a scan rate of 0.02 V
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s (all catalysts), which indicated the typical belsawf the hydrogen and oxide regions of Pt in
the materials when in acid solutions [52]. The apison/desorption of hydrogen between 0.05—
0.4 V (vs.RHE) was seen for all catalysts, but this zone maswell-defined. In the case of the
Pt—Sn catalyst, a large value for double-layer chargingent (0.4—0.8V) was seen, attributed
to the presence of tin oxides on the particle serfhat increase electrode capacitance [52]. The
hydrogen-desorption region for s;PSn was modified in comparison to s;Sn, Pg@Sn-
Intermediate and Pt/C, which could indicate theeremess Pt species on the surface of this
catalyst. Based on these data, the structure dfspieathe electrochemical profiles appeared to
depend predominantly on the preparation method.

The electrocatalytic activities of the differenttalgsts during the oxidation of ethanol
were compared by cyclic voltammetry, chronoampetomeand quasi-steady-state polarization
measurements at room temperature. Figure 7 shavanbdic scan of the cyclic voltammetries
for the different electrocatalysts, and the ingseffigure 7 shows the higher overpotential regions
in detail. At overpotentials below 0.5 V, the ptes indicated lower and similar electrocatalytic
activities for Ps@Sn, Pg@Sn-Intermediate and Pt/C. This behavior is due tcatigtive
adsorption and dehydrogenation of ethanol thatsléaccoverage active surface sites of Pt with
intermediates products. ThezP$n catalyst shown the best performance since thet arfse
ethanol oxidation occurs at 0.26 V. At high ovegmtials, Pt/C showed a higher current density.
Cyclic voltammetry results showed thag+F8n was a more suitable electrocatalyst for ethanol
oxidation (compared to other catalysts studied )hkezause the energy necessary for ethanol
electrooxidation was lower.

All catalysts displayed a single oxidation peakinigithe forward sweep process in the
studied potential range (Figure 7), and the oxatafpeak during the backward sweep process

(Figure 1S, supporting information) could be atitédd to further oxidation of the adsorbed
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intermediate species of ethanol. For the Pt/C gsttathis backward oxidation peak was higher
for Sn-containing catalysts, which was attributedthie promoting role of Sn in the oxidative
removal of the adsorbed ethanol oxidation intereedspecies (with respect to Pt).

Chronoamperometric curves were recorded at 0.5d/0af V {/s. RHE) (Figures 8a and
b, respectively) to compare the catalytic actiwfythe anode catalysts. During the first seconds,
there was a sharp decrease in the current derwibwwed by a slow decrease in the current
density values for longer time periods, and a stestigte current observed for all catalysts after
ca. 200 s. The test at 0.5 V corroborated the higbtvity of the P&=Sn catalyst in comparison
to other catalysts, whereas similar behaviors lierR&~Sn and P{@Sn-Intermediate catalysts
were seen at 0.6 V.

Figure 9 shows anode polarization curves. The gmstential of ethanol electrooxidation
using P+-Sn was shifted negatively by ~0.2 V in comparisorPttC, and by 0.1 V for B®@Sn
and Pt@Sn-Intermediate. Below 0.6 V, 2tSn showed the highest current density, while at 0.6
V and above, the R®@ Sn-Intermediate catalyst had the highest activity.

Studies on the electrooxidation of ethanol havatified adsorbed intermediates present
on Pt—Sn/C catalysts, which consist primarily oftiph oxidation products like C}¥HO and
CH3COOH [53]. Electrooxidation tests of GEHO and CHCOOH were carried out for the best
catalyst PSn and with P@Sn-Intermediate and Pt/C as reference. The anodiesschthe
cyclic voltammetries for CECHO are presented in Figure 10. Wher-Bh was used, the
activity of ethanol electrooxidation (see, Figurg anhd the activity for the oxidation of its
intermediate products (acetaldehyde, Figure 10¢wegher than those for &) Sn-Intermediate
and Pt/C. Generally, in the case of ethanol anthlishyde electrooxidation, enhanced activity
could be reflected in the form of a negatively-&df onset potential and increased current

density. The B@Sn-Intermediate catalyst was only active at a higteptial (>0.8 V) while the
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Pt/C catalyst showed lower activity. Finally, the-8n/C catalysts prepared in this study did not
show CHCOOH electrooxidation activity, which is in agrearheiith the inhibition of the C-C
bond cleavage reactions reported for Pt—Sn casa] ¥kt

The negative potential shift at the beginning diaebl oxidation using the £Sn
catalyst could be attributed to the synergistievéttts of Sn and Pt (promoted mechanism) for
ethanol electrooxidation and to the structural rhoglion of Pt by Sn doping (intrinsic
mechanism). The results at a higher potential @ \0) indicated the best catalyst was the
Pt@Sn-Intermediate catalyst, due to the electronic axtgon in the REe-SnQcodC Sstructure.
For the P¥@Sn catalyst, a possible reason for lower activitylddoe the formation of isolated
Pt and Sn@ particles and/or blockage of Pt active sites (bigtime reduction of Sn than Pt

particles is necessary) that did not allow a coaipex effect between Pt and Sn particles.

4. Conclusions

Data indicated modification of metal precursor &ddi order influenced the physical-
chemical properties of the Pt—Sn catalyst. Thendt 3n species present on the catalyst surface
could be:i) partially alloyed Rt«Sn, with x=0.3 and SnQfor the P{Sncatalyst,ii) Ptpeir
SnGeordC and SnQparticles for PF@Sn andiii) Pt—SnQ or Sn adatom modified Pt for the
Pt@Sn-Intermediate catalyst. This change in catalysticstire was directly related to the
electrocatalytic activity during ethanol oxidatiokt potentials below 0.6 V, RtSn showed the
best activity for ethanol and acetaldehyde eleidaiion, which could be attributed to the
synergistic interactions between Sn and Pt catabgdtivities and the structural modification of
Sn by Pt (intrinsic mechanism). sR2Sn-Intermediate displayed the highest catalytic aigtiv
above 0.6 V, which was due to the electronic irggoas in the Rhe-SnGeodC, where Sn could

decrease the formation of cationic Pt species anchg@e the formation of free Pt metal active
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sites for ethanol chemisorption and the conseqdehydrogenation reaction. XRD, TEM and
XPS results showed that Pt nanoparticles could ds#lyesynthesized, even at a high metal

loading, without the use of expensive surfactants.
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Figure captions

Figure 1. X-ray diffractograms of samples.

Figure 2. TEM images of Pt/C (a), BtSn (b), Ps@Sn (c) and P@Sn-Intermediate (d)

catalysts.

Figure 3. XPS survey analysis of thes@Sn-Intermediate catalyst.

Figure 4. Pt4f transition in XPS experiments performed withatyts.

Figure 5. Sn 3d transition in XPS experiments performed wétalysts.

Figure 6. Cyclic voltammetry curves for electrocatalysts i M H,SO, electrolyte. Scan rate of

0.02 Vst

Figure 7. Anodic sweep of the cyclic voltammetry recordeddtranol oxidation in the 0.50 M

C,HsOH/0.5 M H,SQO, solution. Scan rate of 0.02 V'sInset: detail of the high potential region.

Figure 8. Chronoamperometric curves for the oxidation of etthén 0.5 M GHsOH/0.5 M

H,SO, solution at 0.5 V (a) and 0.6 V (laersusRHE.

Figure 9. Anode polarization profiles for the oxidation ohahol in 0.50 M GHs0OH/0.5 M

H,SO, solution.
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Figure 10. Anodic sweep of the cyclic voltammetry recordeddtranol oxidation in the 0.50 M

CHsCHO/0.5 M BSGO, solution.
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Table 1

Structural characteristic obtained from XRD and TEM

Lattice parameter

Average patrticle size

Catalyst Particle size (nfh) (nm) from TEM (nm)
PH/C 7.2 0.3915 85+2.1
PL@Sn 6.2 0.3913 5.4+1.8
Pt-Sn 5.3 0.3926 6.0+0.9
PL@Sn- 5.0 0.3910 6.7+2.4

Intermediate

& Calculated from Pt (220) peak with the Scherrestsniila.



Table 2

Percentage of different Pt species observed frenX®S data.

Pt(0) / Pt(ll) Sn (0)/Sn (IV) Surface Pt/Sn Nominal Pt/ Sn

Catalyst species (%) species (%) composition (%) composition (%)
Pt/C 74126 13/0 20/0
Pt@Sn 84/16 4196 10/2 16.7 /3.3
Pt-Sn 81/19 15/85 18/7 16.7 /3.3

P@Sn- 76 | 24 3/97 11/7 16.7/3.3

Intermediate
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HIGHLIGHTS

Pt-Sn/C catalysts for ethanol oxidation synthesinedlifying precursor addition order
The addition order of metals influences the physib@mical properties of catalysts
Change in catalyst structure is directly relateddbvity during ethanol oxidation
Pt—Sn catalyst prepared by co-precipitation of both nsethown the best performance
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Figure 1S. Cathodic sweep of the cyclic voltammetry recorfiedhe ethanol oxidation in 0.50

M CoHsOH / 0.5 M BSGO, solution. Scan rate of 0.02 Vis



