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Abstract Alloy-type Sn-Pt/C electrocatalysts with Pt/Sn8-B.0 ratios and exclusive Sn-Pt interaction have
been prepared by means of Controlled Surface Reec{CSRs). As demonstrated by XRD the incorpanadio
Sn onto Pt/C was achieved satisfactorily yieldimgear-stoichiometric fcc B8n alloy phase along with a certain
amount of the RtySn, solid solution. The content and dispersion of fee P§Sn phase within the
electrocatalysts can be controlled by tuning thectien conditions of CSRs. No evidence of the preseof
SnG, phases in the Sn-modified Pt/C samples were fiyynmheans of the XRD and EDS analysis. According to
in situ XPS studies the pre-treatment in hydroge858°C resulted in complete reduction of tin td.Sthese
results demonstrate that the method of CSRs isveerfol tool to create of Pt-Sn bimetallic nanopaes
exclusively, without tin introduction onto the carb support. The performance of the intermetallidt8n
catalysts in the CO and methanol electrooxidatearctions depends on the actual composition of xpesed
surface and the size of bimetallic particles. la ttonsecutive tin introduction the decrease ofatmunt of
SnEfY, precursor added per period, accompanied with ere@ise of the number of anchoring periods, resitted
an increase of the activity in both electrooxidati@actions as a consequence of an optimal balenP&Sn
ratio, the content of fcc f8n phase and metal particle size. It was demoesitthiat the increasing tin content
above a certain (optimal) amount gives rise to gatiee effect on the catalyst performance in the @@
methanol electrooxidation.
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1 Introduction

According generally accepted pathways CO is sugpts®e one of the intermediates of
electrooxidation of different alcohols. Therefohggh tolerance to CO is one of the criteria
for the preparation of efficient alcohol electragdaiion catalysts. Platinum is commonly used
as anode catalyst in direct alcohol fuel cells. ido&r, pure Pt is not the most efficient anodic
catalyst, being rapidly poisoned by strongly adedrlspecies [1,2]. To enhance the
electrooxidation ability of Pt/d,e., to shift the onset potential for the electroosiola of CO
and G-C; alcohols to less positive values, they are usualbglified with oxophilic metals
such as Ru, Mo, Ni or Sn [2-8]. Among them, Sn-rfiedi Pt/C electrocatalysts are
recognized as the most active electrodes [9,10].

SnPt/C electrocatalysts can be prepared by meawarsdtile techniques. Most synthetic
routes lead to solids with a wide range of phaseh as Pt, either reduced or oxide, Sn oxides
and Pt-Sn alloys or Rt,Sn solid solutions with different stoichiometry [1,1Q]. It has
been demonstrated [11] that Pt-Sn alloys are ortleeoimost active bimetallic systems. There
is also a widespread consensus that tg®rPRphase is the most active one in electrooxidation
of CO [9,11,12]. In analyzing various reports,aems that production of f3n alloy as a pure
and exclusive phase rarely occurs and its presestromgly depends on the synthetic
procedure [1,2,13].

SnPt/C catalysts are usually prepared by impregmd8] and water-in-oil microemulsion
methods [14-16], followed by high-temperature meatt. The main disadvantage of these
methods is the quite unlikely formation of bimdtalparticles. In the preparation of the
desired well-disperseldtzSn intermetallic phase by the impregnation-reducapproach the
importance of the elimination of chloride ions prio any thermal treatments was emphasized
in Refs. [10,17].

The preparation of Sn-modified Pt/C catalysts usihg well-known “B&nnemann”
method has been studied extensively [18,19]. Depgndn the reaction conditions, the
mixture of P§giSnyi9 and hcp PtSn alloy phases [20] ofully non-alloyed Pt/Sn©
nanoparticles [13] can be obtained.

The polyol synthesis has recently been extendgudaduce SnPt/C catalysts [21-23]. The
presence of tin in different forms (Pt-Sn alloyssuss fully non-alloyed Pt/Sn(articles) has
been achieved by modified polyol methods [24-2@)wlactivities of the polyol type catalysts
in the ethanol oxidation reaction [27] have beecribed to the low degree of Pt-Sn alloy
formation. Highly dispersed and partially alloyedP%/C catalysts can also be prepared by a

microwave-assisted polyol process [28] and the ingtode reduction method [29]. The best



performance in a direct methanol fuel cells wasaimietd using the B$n/C alloy catalysts
prepared by the treatment with formic acid [1,3@c&use of an optimal balance of Sn
content, degree of alloying and metal particle §344.

Upon using the polymeric precursor method (PPM]) [B2 absence of metallic Sn and
the presence of pure fcc Pt and the Spkases in SnPt/C catalysts has been demonstrated i
Ref. [33]. However, the formation of $3n alloy phase was recently achieved by a modified
PPM [34]. Controlled formation of Pt-Sn alloy namaoficles with cubic and hexagonal
structure can been done by the “heating up” mefBbH

Exclusive formation of supported Pt-Sn alloy phaséh different Pt/Sn ratios can also
be achieved by using anchoring type Controlled & fReactions (CSRs) between hydrogen
adsorbed on Pt sites and tetraalkyl tin compouie®R() [36-38]. The surface chemistry

involved can be written as follows [36]:

PtH,s* SNR, — Pt-SnR, , + X RH 1)

Pt-SnR,,, + (4-X)/2 H, ~ Pt-Sn + (4-x) RH 2)

The use of the above a two step approach givesfiaitdeguaranty for the exclusive
introduction of tin onto platinumi.e. for the suppression of Sn-support interactionthi@
frame of our previous studies the modes and waysd®ase the amount of tin introduced

directly onto the parent metal has been establifBé¢39]. The use of extremely high

concentration of SnRshould be avoided as it results in a concentragiadient of the

anchored modifier. It has been demonstrated thatude of the consecutive reactions can
decrease the inhomogeneity of the modifier ovemntle&al particles [40].

In our recent studies [9,41] upon use of CSRs i@sef SnPt/C catalysts highly active in
CO and G-C; alcohols electrooxidation reactions have beengmegh Upon using reaction
temperature £ 70-126C, different number of consecutive tin anchoringiqus and
atmospheric Kl pressure SnPt/C catalysts with relatively low ¢ontent (Pt/Sn > 3) was
obtained [9]. This synthetic route results in thelesive incorporation of Sn onto the Pt sites.
A clear correlation between 3 content and the electrocatalytic performancealsas been
established. The decrease @bEknseiffom 620 to 210 mV anddon, onsedffom 310 to 100 mV
has been observed on the Pt/C and SnPt/C catBlyShE 4), respectively.

In our recent study [41] reaction conditions of GIfas been tuned & 170C, pio= 5
bar) in order to achieve higher loading of Sn oR&C catalyst (Pt/Sn= 0.8 and 1.7) within

significantly shorter reaction time. It has beeavad [41] that the performance o8 (fcc)



phase is superior to that of the PtSn (hcp) pharskedth CO and methanol oxidation reactions
(MOR).

It is necessary to mention that tetrdputyltin has also been applied to prepare SnPt/C
catalysts for fuel cell application [42], howeverthat study no attempt was done to control
the exclusive formation of bimetallic entities.

This work describes a modification of the CSRstha preparation of alloy-type SnPt/C
electrocatalysts with the desired Pt/Sn= 3 ratid homogeneous tin distribution over the Pt
nanoparticles. Efforts were made to adjust syngshparameters with the aim to get carbon
supported fcc B8N alloy phase in high extent (or even exclusivelp) CO is supposed to be
an intermediate in methanol electrooxidation thgSRtalloy might facilitate methanol
electrooxidation reaction as well. The goal wasstady the influence of experimental
conditions, mainly the initial concentration of Sp@And the number of the consecutive tin
anchoring periods, on i) the actual compositiofoofned bimetallic phases, ii) chemical state
of Sn and Pt, and iii) presence or absence of bathodified Pt and SnOphases. The

performance of these catalysts has been evaluatath electrooxidation reactions.

2 Experimental section
2.1 Synthesis of Sn modified Pt/C catalysts

40 wt.% commercial Pt/C catalysts (Quintech) waglified with tetraethyltin (Snig} in
order to obtain SnPt/C catalysts with Pt/Sn=1.8fatibs. The Snktand solventsntdecane
andn-hexane) were used as received (Sigma-Aldrich).

A 40 ml stainless steel autoclave with Pyrex glagag was used. 200 mg of the Pt/C
catalyst was suspended in 10 mdlecane. The autoclave was purged wighfdt 10 minutes
and then the hydrogen pressure was set up to 5 Haegeactor was immersed in an oil bath
and heated up to 170°C. Then under vigorous gjirtte tin anchoring step | (see reaction
(1)) was started by an addition of the first amoohBSnEf dissolved inn-decane. For this
purpose the requested amount of Sr(Beeded for the preparation of SnPt/C catalyste wi
desired Pt/Sn ratio) was divided into several unifgortions and introduced into the reactor
after equal periods of time. As duration of onehamimg period was 1 h. After 1 h the next
portion of the appropriate-decane solution of SnEtvas added. Preparation details and
chemical composition of catalysts are listed inl&db Denomination of the different SnPt/C
samples indicates main parameters of the synth&scardingly, the first number shows the

tin content in weight percent, whereas the romanbars reflect the number of tin anchoring



periods. Sample A and B differ from each otheria initial [SnEj] concentration added per
one tin anchoring period.

After the modification procedure, the catalyst wseparated by centrifugation and
carefully washed twice with 20 midecane and tree times with 20 mdhexane. The catalyst
was dried in air at 60°C for 1 h.

Before and after the modification procedure theHignconcentration im-decane was
analyzed using thes,.c stretching band at 507 éh{spectrum not shown) by Nicolet Avatar
320 FT-IR spectrometer [41]. The tin content anfSRtratios presented in Table 1 were
calculated from these results.

After the surface modification the catalysts weeated in H atmosphere by Temperature
Programmed Reduction (TPR) technique (step IlI) qusthe following experimental
parameters: heating interval= 25-350°C, heating=&°C/min, H flow rate= 30 ml/min. In
some cases the final temperature efpre-treatment (g was 250 or 400°C (details see in
Table 2). Catalysts were kept at final temperator@ h then the furnace was cooled down in
flowing H, to 50°C. The atmosphere was changed to nitrogéntlaa system was cooled
down to room temperature under flowing nitrogen.

In order to make sure that the tetraethyltin conmglbdoes not react with the bare carbon
support a blank experiment was done. The experipenfiormed at F 170°C and =5 bar
with 0.03 M [SnEf] solution in n-decane shows that no reaction occurred between the
organotin compound and the carbon support. Thecdiment was analyzed by ICP-OES.
Good agreement between the tin content calculatdelblR spectroscopy and the amount of

tin determined by ICP-OES was observed.

2.2 Physicochemical characterization

X-ray powder diffraction (XRD) patterns were ob&ihin a Philips model PW 3710
based PW 1050 Bragg-Brentano parafocusing gonigrasteg Cuk; radiation j= 0.15418
nm), graphite monochromator and proportional caursdicon powder (NIST SRM 640)
was used as an internal standard and the scansewaleated with profile fitting methods.
The cell parameters of the crystalline phases vdetermined from the fitted d-values.
Crystallite sizes were calculated from reflectiorelbroadening using the Scherrer-equation.

Transmission Electron Microscopy (TEM) studies lué samples were made by use of a
FEI Morgagni 268D type transmission electron micope (accelerating voltage: 100 kV, W-
filament). The samples were prepared by grinding dispersing of the resulted powder in
ethanol using an ultrasonic bath. TEM image oftitamk Pt/C sample was also included. The



blank Pt/C sample underwent the same preparatiocedure as the bimetallic catalysts but
the solution ofn-decane introduced contained no SnHthis way the influence of the
preparation procedure on the dispersion of the lfiwetzarticles of the parent Pt/C catalyst
was studied. The average diameter was calculateddaguring the diameters of no less than
700 randomly selected metal particles from the aggregated areas in at least tree
micrographs of each sample. Energy Dispersive X8agctrometer (EDS) analysis was
performed in an INCA (Oxford Instruments Ltd.) ddgte and an INCAEnergy software
package. EDS analysis of individual particles wassble by using ZEISS EVO 40XVP
Scanning Electron Microscope (accelerating volt@ggV, W-filament).

X-ray photoelectron spectroscopy (XPS) measuremeats carried out using an EA125
electron spectrometer manufactured by OMICRON Negtotology GmbH (Germany). The
photoelectrons were excited by MgK1253.6 eV) radiation. Spectra were recorded & th
Constant Analyser Energy mode of the energy analygh 30 eV pass energy resulting in a
spectral resolution of 1 eV.

For XPS experiments two samples (8.3SnPt/C-IlI-A &8SnPt/C-1V) in the form of fine
powder were suspended in hexane. Drops of thisesgsggn were placed on standard
OMICRON sample plates; after evaporation of hexaatalyst coatings with sufficient
adhesion and electric conductivity were obtainadstFboth samples were analyzed in their
“as received” state. Next, 8.3SnPt/C-IlI-A samplasvalso investigated after reduction in the
high pressure cell of the spectrometer in 500 nkbaat 350°C for 2 h (Ktreated samples).
In addition, this sample was also investigatedraftdiberate exposure to ambient air for a
day (re-oxidized sample).

To this end, C 1s, O 1s, Pt 4f and Sn 3d core deware analyzed; the most intense
component of the C 1s envelope was set at 284 ([ge¢phite) and used as internal reference.
Data were processed using the CasaxXPS softwaragadW3] by fitting the spectra with
Gaussian-Lorentzian product peaks after removi@hialey or linear background. Nominal
surface compositions were calculated using the XRBiQuant software package [44,45],
with the assumption of homogeneous depth distobutor all components. Chemical states
were identified by XPS databases [46,47].

2.3 Electrochemical characterization
The bimetallic samples were investigated in detditgh MOR and Cg) stripping have
been measured. The working electrode was a glasbp electrode (d= 0.3 cm, A= 0.0707

cn?) that supported the catalyst. JuBfrom a suspension consisting of 5 mg of the gatal



0.500 ml of ethylene glycol, 0.2 ml of isopropa@old 30ul Nafion has been dropped over
the electrode surface and dried for 30 minutesA§G1 and Pt was used as reference and
counter electrodes, respectively. The electrolyfpliad was 0.5 M ESQ,. Cyclic
voltammetry was used to clean and activate thdysasa 100 cycles were performed at 1000
mV s* between -0.05 and 1.65 V (vs. NHE).

Electrochemical oxidation of methanol has beenistudy means of cyclic voltammetry.
The working electrode as well as the reference @mhter electrodes were identical as
described previously. The electrolyte contained ®.9H,SO, and 1 M methanol. Cyclic
voltammetry was done at 10 mV between 0.05 and 1.0 V (vs. NHE).

The amount of adsorbed CO (gfover the catalysts has been measured by CO isigipp
voltammetry in 0.5 M HSQ,. Gaseous CO was fed into the cell for 30 min wimikntaining
a constant voltage of 0.02 V (vs. NHE). After C@nowal (nitrogen purge for 30 min), the
working electrode was subjected to a cyclic voltatmn step at a 10 mVsscan rate
between 0.05 and 1.3 V (vs. NHE), and 3 consecutyetes were recorded.

In situ electrochemical infrared reflection-adsaptspectroscopy (EC-IRAS) studies of
the methanol and carbon monoxide oxidation reastiere performed with a NICOLET
6700 FT-IR spectrometer equipped with a MCT deteatal fitted with a PIKE Technologies
VeeMAX Il spectroscopic accessory. A poly (methythmacrylate) (PMMA) cell with a CaF
prism bevelled at 60° at its bottom was used. Fig&ctra were acquired from the average of
64 interferograms, obtained with 4 ¢mesolution at selected potential, by applying kng
potential steps from a reference potentiaj) (l& the positive direction up to 0.8 V. The
reflectance ratio R/Rwas calculated where R andg RBre the reflectance measured at the
sample and the reference potential, respectivdie. rEference potentialoRvas recorded at
0.05 V. Electrochemical control was carried ouhgsan Autolab PGstat 302N.

3 Results and discussion
3.1 Preparation of Sn-Pt/C electrocatalysts

Experimental results related to tin anchoring ah parent Pt/C catalyst are summarized
in Table 1. It is known from our earlier studie$ [37,48] that upon using long reaction time,
high reaction temperature and [SijEtoncentration the possibility of undesired reacsi
involving the anchoring groups of the support ane tin precursor compound can not be
totally excluded. For this reason upon preparatibthe catalysts with high tin content the
key experimental variables (see Table 1) are dewvisl (i) the number of consecutive tin

anchoring periods and (ii) the amount of Snigtroduced per one period.



As can be seen in Table 1, catalysts with desit&shRatio ca. 3 was prepared upon using
either low [SnEfl concentration connected with elevated numberirofanchoring periods
(line 1 in Table 1) or higher [Snitconcentration and lower number of anchoring pkrio
(lines 2 and 6 in Table 1). A systematic increas8rocontent was achieved by the increase of
the number of the tin anchoring periods (comparesli2-4 in Table 1). Upon use of increased
[SnEt] concentration ([SnEgl= 0.034 M) and three tin anchoring periods theakyat with
intermediate Pt/Sn= 2.7 ratio (line 5 in Table Bsvobtained.

Table 1 Summary of results of 40 wt% Pt/C catalyst modifien with SnEf

Samples Vbew?  [SNEt],°  Number  [SnEt]o°  SnEt,®  Sn®  PSn

ml M of periods mM mmol wt.% at/at
8.3SnPt/C-IV 15 0.023 4 3.04 0.140 8.3 2.9
8.3SnPt/C-lII-A 1.5 0.031 3 4.03 0.139 8.3 3.0
11.0SnPt/C-IV 15 0.031 4 4.03 0.185 11.0 2.2
13.8SnPt/C-V 1.5 0.031 5 4.03 0.232 13.8 1.8
9.1SnPt/C-llI 15 0.034 3 4.43 0.153 9.1 2.7

8.3SnPt/C-1I-B 0.75 0.062 3 5.45 0.139 8.3 3.0

Amount of the Pt/C catalyst: 0.2 g, Pt contentwt@%6, solventn-decane (¥1ign2= 10 ml),

reaction temperature; 3 170C, atmosphere: $1hydrogen pressurey & 5 bar,

duration of one tin anchoring period: 1 h

& Amount ofn-decane solution of Snjzadded in one tin anchoring period

® Concentration of Sngsolution inn-decane added per each period

¢ Initial concentration of Snktn the reaction mixture at the beginning of tirtlaoring step | (period 1)
4 Total amount of tin introduced during tin anchgristep |

¢ Tin content calculated from the results of FT-fRRa&troscopy

f Vcione= 7.75 mi

In our previous study it has also been demonsti&@fetthat upon using £ 70-120°C and
atmospheric bpressure during step | almost complete hydrogemli96 %) of anchored -
SnRu.y surface species can be achieved. The maximumrgfsveall TPR ethane peak (step
II) was at around 140°C [9]. Based on this obséwait can be proposed that in this work
upon using extreme reaction conditiong=(I70°C, p.= 5 bar) the complete cleavage of the
Sn-C o-bonds and formation of “naked” tik£ 4) over platinum during step | can be
guaranteed. This form of tin can exist in a formadfatoms and/or migrate into the bulk of Pt
and form alloy-type species. The conditions of Higmperature K pre-treatment are
summarized in Table 2.

It has also been known that catalysts supportddrmetionalized carbon could not tolerate
high thermal treatment, due to the instability offace oxygen groups of the support, which
act as primary anchoring centres for metal precsardacilitating the high dispersion of the
metal phase [49-53].



In present study in order to increase the contérih® desired fcc BSn phase and to
minimize the sintering of the metal nanoparticlesattempt was done to optimize the final

temperature of KHpre-treatment (g used in TPR experiments (step Il).

Table 2 Average crystallite size and lattice parametethef Sn modified Pt/C catalysts determined by XRD

analysis
Samples Pt/Sn T, °C? Lattice parameter, A (Phase, %) Average crystallite size, nm
at/at fce PtSn,” fcc PSN® hcp PtSn Pi.,Sny Pt;Sn PtSn
8.3SnPt/C-IV 2.9 350 a: 3.933 (25%) a: 3.975 (75%) - 8.3 8.3
8.3SnPt/C-1lIB 3.0 350 a: 3.933 (28%) a:3.975(72%) - 9.1 9.1
8.3SnPt/C-lIA 3.0 400 a: 3.94 (15%) a: 3.99 (85%) - 8.3 10.0
9.1SnPt/C-lI 2.7 350 a: 3.933 (20%) a: 3.985 (80%) - 9.1 10.0
250 a: 3.933 (25%) a: 3.985 (75%) - 6.6 7.7
without a: 3.933 (75%) a: 3.985 (25%) - 6.6 7.7
TPR
11.0SnPt/C-IV 2.2 350 a: 3.945 (35%) a: 3.99 (60%) (5%) 5.8 12.0 5.8
13.8SnPt/C-V 1.8 350 a: 3.945 (20%) a: 3.99 (70%) 10%) 9.1 17.0 14.0

& Duration of high-temperature,hre-treatment: 2 h
® Pt lattice parameter = a: 3.917 A

°fcc PSn lattice parameter = a: 4.0015 A

4 Without high-temperature treatment in H

The influence of the [J3 on the type of Sn-Pt alloys was demonstrated in [B4]. It was
shown that reduction of unsupported PtSn powdehn winominal Pt/Sn= 3 ratio at 200°C
resulted in the formation of alloy phases with eliént tin content: Sn-rich alloy with surface
character, and bulk Pt-rich alloy phase. Exclusorenation of PiSn alloy was observed only
after reduction at 400°C.

Based on these observations the final reductiopéeature used in step Il waggE 250,
350 or 400°C (details see in Table 2).

3.2 Physicochemical characterization of Sn-Pt/C at&rocatalysts

The results of different preparation procedureslwaisuccessfully characterized by XRD
study. According to the XRD results the preparatondition favouring to the formation of
the desired fcc BSn phase can be chosen. In this way the prepamitiSnPt/C catalysts can

be controlled.



Typical X-ray diffraction pattern of Sn-Pt/C catsiys shown in Fig. 1. Fig. 2A-D shows
the influence of the preparation conditions ongbsition of the most intense line reflections
ascribed to fcc Pt and different Pt-Sn alloy phdsased (fcc Pi,Sry, PESn and hcp PtSn).

*©
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Fig. 1 X-ray diffraction pattern of 8.3SnPt/C-11I-A saneplDiamond REn, Circle Pt,Sn,

The lattice parameter usually reported for fccsP8.817 A [55]. Since the atomic radius
of Sn is larger than that of Pt, an expansion eftthit cell according to Vegard’s law should
be expected. It is well known that upon formatidémh@ PtSn solid solutions the incorporation
of tin into the fcc structure of platinum results shift of the peaks to lowerh2ralues. As
evidenced from the XRD patterns depicted in Figu@pn tin incorporation not only peaks
shifted to lower 8 values (comparing to82values the fcc structure of Pt (see Fig. 2A)), dut
second set of peaks characteristic to the preseheenear-stoichiometric fcc £2n phase
(denoted as fcc E8n in Table 2) appears. Furthermore, as illustrateBfigure 1, in Sn-
modified samples characteristic superlattice réfbeés ascribed to the §8n phase are also
observed. The lattice parameter derived from tifleaons of fcc PISn phase could reflect
the presence of a certain amount of the Pt-ricid sollution (denoted as fcciREny in Table
2). The calculation of the lattice parameters cainag answer about tin and platinum atomic
composition characteristic for the Pt-Sn alloy @sas

The XRD patterns of the samples with Pt/Sn ratiovben 2.7 and 3.0 (see Figs. 2A, 2B
and 2D and Table 2) reveal that f8n; and a near-stoichiometric fccsBh are the only
crystalline phases. In two samples with highercontent (11.0SnPt/C-IV and 13.8SnPt/C-V)
reflections assigned to the presence of small atmfumcp PtSn phase (see Fig. 2C and Table

2) were also observed. Reflections be assigned mxBles were not found.
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Fig. 2 X-ray diffraction pattern of parent Pt/C and SAPtatalysts. Influence of the preparation condgion
the position of the most intense reflections atitielol to fcc Pt and different PtSn alloy phases FfegSn,, PtSn
and hcp PtSn)A Influence of tin incorporation: Pt/C (1) and 8.B%C-111-A with the highest fcc BEn content
(2). B Influence of the preparation conditions of 8.3%@Fdamples: 8.3SnPt/C-1V (1), 8.3SnPt/C-IlI-B (2da
8.3SnPt/C-11I-A (3).C Influence of the tin content: 8.3SnPt/C-IV (1), StPt/C-III (2), 11.0SnPt/C-1V (3) and
13.8SnPt/C-V (4)D Influence of the temperature of Idre-treatment of 9.1SnPt/C-l1ll sample: without TER
250°C (2) and 350°C (3)

A careful deconvolution of XRD peaks allows caldida of the parameters of the Pt-rich
(PtxSn,) and the Sn-rich phase ¢{Bh) lattices. The calculated values range betweanaf
Pt (3.9171§) and the pure intermetallic fccaBn phase (4.001&) are summarized in Table 2.
It can be seen that the lattice parameter of then8dified samples is larger than that of Pt/C.
This applies to both E¥n and RtSn, phases and it is in good agreement with the
incorporation of Sn into the Pt lattice. Relatimiadance of R£Sn, and P4Sn phases for all
samples are also presented in Table 2.

For the catalysts with the desired Pt/Sn= 3.0 ratid reduced in Hat 350°C the lattice
parameter of the Sn-rich phase was a= 3.975 A.résepted in Table 2 in these samples the
crystalline phase consists of about 75 %¥5Rtand 25 % PtSn solid solution. Contrary to that



upon reduction of the catalyst with the same tintent (8.3SnPt/C-llI-A) in K at higher
temperature (400°C) a near-stoichiometric fcsSRtphase with lattice parameter a= 3.99 A
and relative abundance 85 % can be prepared. Howeeatment at 400°C leads to an
increase of the crystallite size (see Table 2).imfieence of the k4 of 8.3SnPt/C samples on
the X-ray diffraction pattern was demonstratedion EB.

The increase of the lattice parameter for a nesiclibmetric P{Sn phase up to a= 3.99 A
(see Table 2) was observed for the catalysts wghen tin content (Pt/Sh2.7). However,
use of four and five consecutive tin anchoring @asiresults in the increase of the reaction
time of step | and, as a consequence, in pronouinceglase of the average crystallite size of
the Sn-rich phase (see Fig. 2C and Table 2).

Deconvolution of XRD peaks also allows calculatafithe lattice parameters of the Pt-
rich phase (RtSry). As shown in Table 2 the lattice parameter fas fphase is between
3.933 A and 3.945 A. The first value is close ttida parameter of the &8n,o phase (whose
lattice parameter is a=3.934 A [56]). It can bepmsed that higher values correspond to the
PtSn solid solutions with higher Sn content in Btesublattice (10 at.% < Sn < 25 at.%).
Relative abundance of Pt-rich phase varied fronarid 35 %. As can be seen in Table 2 the
dispersion of Pt-rich phase usually was slightlghleir (or equal) than that one of Sn-rich
phase.

The influence of the [Jg on the content of crystalline phases was alsaded in Table 2.
The XRD patterns (Fig. 2D) were recorded aftempke-treatment of the 9.1SnPt/C-1ll sample
at 250 and 350°C. Moreover the XRD analysis was pkrformed on this sample without
additional high-temperature treatment (after thdase modification (step 1) and before step
II). As shown in Table 2 different pre-treatments/é no influence on the lattice parameter
values calculated for both crystalline phases. Adiog to the phase analysis (see Table 2)
after treatment at 250 and 350°C relative abundafde;Sn phase was slightly higher on
sample treated at 350°C (80% vs. 75%). Neverthelleepredominance of the;R8r phase
(75%) could be evidenced in the sample analyzest atep | (Fig. 2D). As emerges from the
XRD results the increase of the average crystadiite of both Pt-Sn phases starts after the
increase of the {4 from 250 up to 350°C.

TEM images of the blank Pt/C and Sn-modified sas@llong with the corresponding
histograms displaying particle size distributiore atepicted in Figs. 3 and 4. The TEM
micrographs show the presence of spherical metadirticles supported on carbon patrticles.
The mean size observed for Pt/C (see Fig. 3A)1list4l.6 nm. It is known that incorporation

of tin results in an increase of the size of birtietparticles. For the 8.3SnPt/C-IV sample



with the desired Pt/Sn= 2.9 ratio (Fig. 3B) onlyatinmcrease of the mean patrticle sizes was
observed (5.0 £ 1.9 nm).
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Fig. 3 TEM images and histogram of particle size distidou for A blank Pt/C,B 8.3SnPt/C-IV andC
8.3SnPt/C-1lI-A samples

From the low magnification micrographs a good disjpm of the metal particles on the
carbon support in this sample is deduced. As emsefigen the results there are certain
discrepancies between the average crystallited@rermined from XRD scans as well as the
main particle size calculated from the histograresved from TEM pictures. The former
exceeds always the latter one. Actually, XRD, aotiog for the long range periodicity in

crystallites, is not sensitive to small particles 2.5 nm). As a consequence, in X-ray



diffraction patterns information originated frometltarger crystallites dominates over that

from the smaller one leading to an apparent shifiresence of larger crystallites.
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Fig. 4 Influence of the temperature of lgre-treatment of 9.1SnPt/C-IIl sample/at350°C andB 250°C on
TEM images and histogram of particle size distitout

As shown in Table 2, upon increasing of both thg (up to 400°C) and the [Srjkt
concentration ([Snig}= 0.034 M) an increase of thesBh phase lattice parameter and average
particle size was observed. These data are in @acoe with TEM results (Figs. 3C and 4A).
Mean patrticle sizes are, 7.0 £ 5.1 nm and 10.&:n& for 8.3SnPt/C-IlI-A and 9.1SnPt/C-llI
samples, respectively.

The influence of the Iy at 350°C and 250°C on the patrticle size was atsnamhstrated
by TEM studies (Fig. 4A-B). As shown in Fig. 4B tlreatment in K at 250°C results in
rather small particles with narrow size distribati(c.5 + 2.1 nm). Taking into account that
relative abundance of f8n phase in both samples is quite similar, theofiske T~ 250°C
in step Il can be recommended.

EDS analysis (images not shown) of different regioh the samples reveals that mean
atomic Pt/Sn ratios were 2.86, 3.13 and 2.54 résedyg for 8.3SnPt/C-1V, 8.3SnPt/C-III-A
and 9.1SnPt/C-1ll sample treated in & 350°C. These data are in a good agreementhath
Pt/Sn ratios presented for these catalysts in TablReduction of 9.1SnPt/C-lll sample at



250°C resulted in slightly lower value of Pt/Sn44£.These results correlate with our earlier
studies [38,39], which demonstrate that completieicBon of SnQ phase can be reached at
Treq> 300°C.
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Fig. 5 Sn 3d core level spectra of 8.3SnPt/C-llI-A sanpléhe “as received” state, after reduction at°8h
H, and after re-oxidation. Fitting components duengtallic Sn and Sn{are also presented by meansolid
anddotted linesrespectively

Standard deviation of the composition analyses s@a®-3 %, which means that relative
abundance of Pt and Sn are homogeneous througingigzed regions of the samples. The
atomic composition of individual particles was ats@lyzed by EDS. These results show that
compositional difference between big and smalligled is not detectable. Furthermore no
evidence of Sn segregation was found. In line WiRD results, no SnPphases in the Sn-
modified Pt/C samples were found by means of th& Bbalysis.

The surface composition of catalysts was studieXB$. Fig. 5 shows Sn 3d core level
spectra of 8.3SnPt/C-1lI-A sample after differené4freatments. Relevant compositional and

chemical state data are presented in Table 3.



It is necessary to mention that samples were useelactrochemical tests in the “as
received” form, so the characterization resultstto$ state may be more relevant for the
electrochemical properties. However, the study @ teduced form reflects on the real
structure of the catalysts prepared by CSRs. Asmarstioned above, all tin anchored onto
the platinum is expected to be in°Sxtate. As far as Pt-Sn alloy phases are easiljized
[38], the contact of samples with air upon theagerresults in oxidation of some part of tin.

“As received” reference Pt/C sample contains orgbon, oxygen and Pt. The Pt/ 4f
binding energy of 71.5 eV corresponds well to fterature data of PtNevertheless, the Pt
4f envelope is somewhat broad, which is either tdug small oxidized Pt component shifted
towards higher binding energies from the metaignal or due to the presence of very small
nanoparticles, which is known to broaden the cexell spectrum. Nonetheless, the oxygen

content of the sample seems to be connected torcarb

Table 3 Binding energies (eV) of Pt (%) and Sn (3g)2) electrons

Sample Treatment  Pt4f, Sn3d,, O1ls Pt/C Sn/C 0O/Sn O/C Pt/Sn
BE BE (eV) BE (eV) (at/at) (at/at) (at/at) (at/at) (at/at)
Pt/C as received (e7\/1).5 - 532.0 -OH, £€00.044 - - 0.055
reference
8.3SnPt/C- asreceived 71.4 485.8 (25%) Sh  530.8 SNQ 0.027 0.016 2.67 0.044 1.67
-A 486.7 (75%) S 532.6 —OH, CQ
H, treated 71.3 485.6 (100%) sh 532.0-OH,CQ 0.031 0.011 0.5 0.005 3.0
re-oxidized 71.5 485.9 (40%) Sh  530.9 SnQ 0.028 0.017 3.67 0.061 1.67
486.7 (60%) S 532.6 —OH, CQ
8.3SnPt/C- as received 71.4 485.8 (39%)OSn 531.0 Sn@ 0.028 0.017 3.33 0.055 1.67
\Y 487.2 (61%) SH  532.6 —OH, CQ

The 8.3SnPt/C-llI-A sample contains Pt in essegtithe same form as that of the
reference Pt/C sample, as judged from the shapeasition of the Pt 4f envelope. As seen
from Fig. 5 the Sn 3d core level structures contaim, strongly overlapping doublets, which
can be separated by peak fitting. The more intdosblet with its 3¢, peak at 486.7 eV can
be assigned to SnOThe other doublet with the gglpeak at 485.8 eV is very probably due to
Sr, although this binding energy is somewhat hightfolk metallic Sn (484.6-485.2 eV for
Sn 3d,, [46]) and may also correspond to SnO. The O l1easiffom the “as received”
sample contains two contributions, one from Sr&@d one from carbon-bonded oxygen
species. The surface Pt/Sn atomic ratio 1.67 catledlfrom XPS spectrum is much lower in
the “as received” state than the bulk Pt/Sn atarios calculated from the material balance
of tin anchoring (see Pt/Sn= 3.0 in Table 1) intlimathe enrichment of Sn-oxide on the

surface of the metallic particles and/or its presesiso over the carbon support.



The behavior of the Sn 3d and O 1s core levels upduaction (essentially unchanged BE
for the Sfl component accompanied by the almost complete pisapnce of oxygen) very
strongly suggests that even the “as received” sammghtains Sn in metallic state. The shift of
the metallic Sn 3d signal towards higher bindingrgies can then be attributed to either size
effects (as in small nanoparticles core levels tenshift towards higher binding energies) or
to formation of Sn-Pt alloy phases. Reduction eivety removes all Sn@related spectral
features (see Fig. 5), while the Pt 4f core lewss become narrower, which might be
attributed to reduction of Pt®r narrowing particle size. It is necessary to tiwenthat SnQ
can be reduced to Smnly in atomic contact with Pt [38,39,48]. Consenily, obtained
results demonstrate the effectiveness of CSRsedrextlusive formation of Sn-Pt bimetallic
nanoparticles along with suppression of tin-suppueraction.

As a result of treatment inHatomic ratios of O/C and Sn/C decreased (seeeT3gblThe
decrease of the Sn/C atomic ratio could be theemprence of the diffusion of the metallic Sn
over the metal particles into Pt or Sn-Pt alloyg#harhe diffusion of tin would involve the
increase of the Pt/C ratio. Indeed, upon redudtiod, at 350°C, Pt/C atomic ratio increased
(see Table 3). The surface Pt/Sn atomic ratio (Rt/$.0) became similar to the bulk ratio
(see Table 1).

A one day air exposure of the sample results imp#ré&al restoration of the Sn@ontent
as evidenced by the Sn 3d and O 1s core leveld~ge8 and Table 3). Nevertheless, th& Sn
content remains higher than that was in the “asived” sample. In our previous study the
enrichment of tin in the surface layers of the waligpe Sn-Pt catalysts has been evidenced
[38]. In the presence of £and H the reversible interconversion of PtSn Sri** + Pt can
easily proceeded even at room temperature andutifieece character of the involved species
was proposed.

The same chemical states as in “as received” 818SHP-A sample were observed in
8.3SnPt/C-IV, while the proportion of metallic Smsvhigher. As seen from data presented in
Table 3 the proportion between®3md Sfi* obtained over 8.3SnPt/C-IV and 8.3SnPt/C-I1I-A
after one day air exposure (re-oxidized samplgite similar. However, taking into account
that Sn-Pt alloy phases are easily oxidized, trseted difference can also be assigned to the

prolongation of the contact of samples with airgorstorage conditions).



3.3 Electrooxidation of methanol and CO
CO oxidation on the Sn-modified Pt/C samples wasluated by means of the CO-
stripping technique. The voltammograms for the,£6xidation on the parent Pt/C and the

SnPt/C electrocatalysts are shown in Fig. 6A-C.

15 0,45
1,2 A 0,35
0,9 1 0,25
(E 0,6 1 < 0151
E 0,3 1 g 0,05 |
= 0 £ 005
-0,3 1 -0,15 A
-0,6 1 -0,25 A
0,9 ‘ : : ‘ ‘ ‘ 0,35 ‘ ‘ ‘ ‘ ‘ ‘
0 0,2 0,4 0,6 0,8 1 1,2 1,4 0 0,2 0,4 0,6 0,8 1 1,2 1,4
E/Vvs NHE E/Vvs NHE
0,45
035 { C

0,25 A
0,15 1
0,05 1

j (mA/cm?)

-0,05

-0,15
-0,25

-0,35

0 0,2 0,4 0,6 0,8 1 1,2 1,4
E/Vvs NHE

Fig. 6 CO oxidation (stripping analysis) on parent Ptid &n-modified Pt/C catalysta. Influence of tin: Pt/C
(black ling and 8.3SnPt/C-IVréd ling; B Influence of the preparation conditions of 8.3%@Psamples:
8.3SnPt/C-1V (ed ling), 8.3SnPt/C-III-A @reen ling and 8.3SnPt/C-llI-B Klue ling; C Influence of the tin
content: 8.3SnPt/C-IVréd ling), 9.1SnPt/C-IIl blue ling, 11.0SnPt/C-IV dreen ling and 13.8SnPt/C-Vp{nk
line). Ag/AgCl and Pt was used as reference and coetaetrodes, respectively. The electrolyte apphed 0.5
M H,SO,. Cyclic voltammograms were recorded by 10 miVpmlarization rate. (For interpretation of the

references to color in this figure legend, the ezasl referred to the web version of the article)

The hydrogen oxidation peaks, usually appearinghim voltammograms of Pt-based
catalyst between 0.0 < E < 0.4 V, are not obseruettie forward scan of voltammograms
shown in Fig. 6. This feature is indicative of fldl blocking of the catalysts surface due to
the formation of Pt-Cg. Once CQy becomes oxidized (see the positive currents in the
voltammograms) the peaks corresponding to formatibradsorbed hydrogen are clearly
visible in the voltammograms, indicating the conplexidation of CQ In our previous [9]
and other [11] studies the importance of thgSRtphase in the CO electrooxidation reaction
was highlighted. It should be stated that ogSRtsurfaces CO is adsorbed on the Pt sites
rather than on Sn ones [57]. Remarkably, upon madibf tin the onset potential of CO

oxidation has been shifted by 500 mV to less pasipiotentials, which indicates a significant



improvement in the CO oxidation ability of the Smdified samples in comparison to the
Pt/C catalyst (see Fig. 6A).

Also, the shape of the oxidation peaks is rath#erdint; CQgq oxidation on Sn-modified
Pt/C is a broad peak from ca. 200 to 800 mV, wieeeeather well defined peak is recorded
for the CQq electrooxidation on Pt/C. It is well documentedttiCO oxidation on SnPt/C
catalysts obeys a truly bifunctional mechanism mclw CO is adsorbed on Pt whereas Sn
sites nucleate Old species at less positive potentials than Pt [38I68hould be recalled that
CO electrooxidation on Pt-based electrodes takaseph the presence of Qt$pecies which
become nucleated on Pt/C in acid medium at E 3/Ob@it they are available on the surface

of Sn-containing electrodes at potentials as lodGsmV.
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Fig. 7 Methanol electrooxidation on Sn-modified Pt/C bats. A Influence of the preparation conditions of
8.3SnPt/C samples: 8.3SnPt/C-Ixed ling), 8.3SnPt/C-IlI-A §reen ling and 8.3SnPt/C-1II-B Klue ling; B
Influence of the tin content: 8.3SnPt/C-Ixed ling), 9.1SnPt/C-I1Il blue ling, 11.0SnPt/C-1V ¢reen ling and
13.8SnPt/C-V fink ling. Ag/AgCl and Pt was used as reference and cowdlemtrodes, respectively. The
electrolyte applied was 0.5 M,B0O, and 1 M methanol. Cyclic voltammograms were reedrtly 10 mV-3$
polarization rate. (For interpretation of the refazes to color in this figure legend, the readeeferred to the

web version of the article)

As shown in Fig. 6B at low potentials the curreahsity increases upon increasing of the
number of consecutive anchoring periods. Obviousbplication of more anchoring periods
also means that the desired amount of $h&s$ to be added in smaller concentration per one
period. The most active catalyst (8.3SnPt/C-1V) waspared using the lowest [ShEt
concentration in this series of experiments and émnsecutive tin anchoring periods (line 1
in Table 1). Two other catalysts with desired PH¥Shwere pre-treated inHat various
temperatures (350°C vs. 400°C). The current dersiB:3SnPt/C-III-B was higher than that
recorded with the sample with the highest fcgSRtcontent (8.3SnPt/C-IlI-A). Increased
particle size observed on 8.3SnPt/C-llI-A sampterafeduction at 400°C (Fig. 3B and Table
2) can be a reason of its lower activity in the gQxidation. These results demonstrate the

importance to find an optimum for the.Japplied in step II. While, according to our prawo



results, PiSn alloy is advantageous, the higher particles isiag lead to smaller activity in
electrooxidation reaction. Consequently, these pivenomena might have an opposite effect
on the electrocatalytic activity. According to FRC the decrease of the current density was

observed upon an increase of the tin content camp#y desired Pt/Sn= 3.
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Fig. 8 EC-FTIR spectra of recorded during €3 electrooxidation on Pt/C and 8.3SnPt/C-1V in MHCIO,

electrolyte. The spectra were recorded at 50 m¥nials and normalized to the spectrum recordedang

(Ro)

Nonetheless, a strong promotion of the CO oxidatimotess is observed on all prepared
catalysts when compared to Pt/C. This result goiod agreement with previous discussion in
the sense that CO oxidation on SnPt/C samplesmmqied due to the formation of Sn-QH
species.

The voltammograms of methanol electrooxidation dh studied Sn-modified Pt/C
catalysts are presented in Fig. 7A-B. Fig. 7A shdhat for the preparation of SnPt/C
electrocatalysts with desired Pt/Sn= 3 ratio, tee of low [SnEf] concentration and four
consecutive tin anchoring periods can be recomntende

As emerges from Fig. 7B the performance of thelygsitas negatively influenced by
increasing the Sn content in the catalyst and e dloy. Based on this result it can be
concluded that the performance of fcgI?t phase is superior to that of the hcp PtSn plioase
both CO and methanol oxidation reactions in terinsuorent density. According to the most

accepted mechanism for the methanol electrooxidagaction, three neighbouring Pt sites



are necessary for methanol adsorption-dehydrogenagaction and the possibility to find
such Pt ensembles decreases with the decreas#gmtio.

The performance of Pt/C and 8.3SnPt/C-IV for thexiboxidation of Cg and methanol
has been evaluated by electrochemical techniquesy abith in situ techniques such as EC-
IRAS. Representative FTIR spectra (not shown) ef ¢ixidation of CQy with Pt/C and
8.3SnPt/C-IV were collected at 50 mV intervals it M HCIO,. Both set of spectra show a
band at 2343 crhindicative of the formation of COAIso, a band at 2057 and 2065 tis
observed in the spectra of Pt/C and 8.3SnPt/C-8gpectively and ascribed to linearly
bounded CO on Pt sites. As deduced from the spdbaonset of Cg} oxidation, i.e. the
appearance of the G®and, shifts to lower potentials in the Sn-modifedectrode (200 mV)
as compared to that one in Pt/C (350 mV), in gogrit@ment with the voltammetry results.
These values are in line with previous reportsG@yq electrooxidation on Pt/C and SnPt/C
catalysts [41], and confirm that Sn is a good prtaméor the oxidation of C§) on Pt-based
catalysts. The FTIR spectra recorded during thetrelexidation of methanol in 0.1 M HCIO
are shown in Fig. 8. In line with previous resuttgthanol is efficiently oxidized to G@n
both electrocatalysts as deduced from the observafi a band at 2343 chascribed to the
formation of CQ band. However, the actual performance of the edeatalysts is noticeably
different. For instance, the onset for £@oduction is 250 mV on 8.3SnPt/C-IV but it shifts
by 100 mV to higher potentials on Pt/C. Not onlyed®.3SnPt/C-IV promote the complete
oxidation of methanol at lower potentials than Ptore importantly, a careful inspection of
the spectra reveals that the actual reaction patlswvdifferent in both catalysts. Thus, a band
at 2054 crit is clearly observed in the set of spectra recorigihg methanol oxidation on
Pt/C. This band, which can be observed in the speetorded at potentials as low as 150
mV, is indicative of the formation of G@species during the oxidation of methanol, probably
resulting from the dehydrogenative adsorption offraeol on Pt sites. The formation of O
species on 8.3SnPt/C-IV can be also appreciatdtkispectra shown in Fig. 8. However, the
intensity of the band is significantly lower thdrat on the Pt/C electrocatalyst indicating that
the formation of CQy is suppressed in the Sn-modified catalysts. Thiseovation also
indicates that the direct oxidation pathway is faeored pathway in the Sn-containing
catalysts. This observation can be rationalizeddiyng into account that ensembles of at
least three vicinal Pt atoms are necessary for @@dtion during methanol oxidation as
clearly shown by Cuesta [60]. It appears that theidg effect of Sn in the Pt network results

in a lower number of ensembles containing treeigoats Pt atoms and hence to a lower



formation of CO and as a consequence to a promatfothe non-CO pathway for the

oxidation on methanol.

4 Conclusions

Optimum experimental conditions were found for twntrolled synthesis of SnPt/C
electrocatalysts with Pt/Sn= 1.8-3.0 ratios anduwesiee Sn-Pt interaction. As demonstrated
by XRD the incorporation of Sn onto Pt/C was acht\satisfactorily yielding a near-
stoichiometric fcc REBn alloy phase along with a certain amount of the.Sn, solid
solution. No evidence of the presence of gpBases were found by means of the XRD and
EDS analysis. The content and dispersion of thePig8n phase depends on (i) the amount
and concentration of SngAii) the number of consecutive tin anchoring pds and (iii) final
Treq @pplied in step Il. According to in situ XPS stesliH pre-treatment at 350°C resulted in
complete reduction of tin to 8nThese results demonstrate effectiveness of C8Rhbei
exclusive formation of Sn-Pt bimetallic nanopagsl

The performance of the intermetallic SnPt/C cataly;m the CO and methanol
electrooxidation reactions depends on Pt/Sn ratajent of fcc RSn alloy phase and the
size of bimetallic particles. It was demonstratkdt tdecrease of the [SnEtoncentration
added per one period, accompanied with an increfadee number of consecutive anchoring
period, resulted in an increase of the activitypath reactions. Remarkably, tin has a strong
dilution effect of the platinum sites decreasing ttumber of Pt ensembles necessary for the
methanol dehydrogenation to CO. As a consequeheditect oxidation of methanol to GO
Is promoted in the Sn-modified electrodes.
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