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Abstract In the present communication we explored a
simple ‘‘dip-coating’’ method for spontaneous (without
applying an external current or additional reducing
agents) modification of Pt surface by both tin oxy-spe-
cies and tin metal based on hydrolysis of tin chloride
complex and autocatalytic (electroless) deposition of tin
for fabrication of the fuel cell catalysts with improved
CO tolerance. It consisted of (i) Pt immersion into
SnCl2/HCl solution under open-circuit conditions; (ii)
subsequent rinsing of the surface by pure water. The
resulting Sn-modified Pt surfaces were characterized by
atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS) and cyclic voltammetry (CV). Two
types of tin species, namely, tin oxide/hydroxide species
and metallic tin were identified at Pt surface. Tin oxide/
hydroxide species were assumed to be derived as a result
of Sn(II) chloride complex hydrolysis, while tin metal
particles were most likely deposited spontaneously on Pt
surface due to disproportionation of Sn(II) to Sn(IV)
and metallic tin, competing with dissolution of the Sn
deposit in strongly acidic medium. Modifying tin species
show a satisfactory stability in 0.5-M H2SO4 solution at
potentials relevant to low-temperature fuel cell operat-
ing conditions (below 0.6 V vs. a standard hydrogen
electrode, SHE).

Keywords Spontaneous deposition Æ Surface
modification Æ Tin Æ Pt Æ AFM Æ XPS Æ Electrocatalysis

Introduction

The CO tolerance of the anode catalysts for low-tem-
perature polymer electrolyte membrane fuel cell (PEM-
FC) applications can be markedly improved by
combining Pt with a less-noble metal component,
allowing oxidation of poisoning COad species on Pt sites
in surface reaction with OH, electrosorbed on oxophilic
metal sites at lower overpotentials compared to Pt—the
latter reaction sequence is usually referred to as a
bifunctional mechanism [1, 2]. This stimulated tremen-
dous efforts (both experimental and theoretical) in for-
mulation of novel PEMFC catalyst materials with an
improved performance (e.g., see a recent review [3] and
references cited therein). The most promising composi-
tions for electrocatalytic applications up to now are Ru,
Os, Ir, Sn, Bi, Mo, V, W, Re etc. binary (or ternary/
quaternary [4, 5, 6]) combinations with Pt. These can be
divided into two major groups with respect to the cat-
alyst preparation/composition, i.e., (i) bimetallic alloys
and (ii) surface-modified catalysts.

The first group deals with metal alloys, ensuring an
intimate intermixing of the constituent atoms and uni-
form chemical and structural (in the case of single
crystals) long-range composition. Electrochemically
deposited [7, 8, 9, 10, 11, 12, 13, 14] or chemically
formed [15, 16, 17, 18, 19, 20] bimetallic alloys (including
nano-structured catalysts), sputter-deposited alloys [21,
22, 23], well-characterized metallurgic alloys [3, 24, 25,
26, 27, 28, 29, 30], and, finally, single crystal (sur-
face)alloy electrodes [31, 32] were extensively studied in
PEMFC-related electrocatalytic reactions to achieve
important kinetic and mechanistic insights about the
relation between composition (structure) and the activity
of these surfaces.

The other approach (besides alloying) used to im-
prove the CO tolerance of Pt electrocatalyst is Pt surface
modification by oxophilic metals. The latter can be
achieved by (i) underpotential deposition (UPD) and
electrodeposition of (sub)monolayers of metal, e.g., tin,
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V. Pautienien _e Æ A. Sudavičius Æ Z. Jusys (&)
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on the Pt surface [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47], including step-decoration of single crystal
surfaces [48, 49]; (ii) physicochemical deposition of
modifying metal through an organometallic route
(thermal decomposition of organyl complexes of non-
noble metals on Pt surface) [50, 51, 52], photolithogra-
phy [53], ion implantation [54], or epitaxially grown
overlayers under ultrahigh vacuum conditions [55, 56];
(iii) surface modification through ‘‘spontaneous deposi-
tion’’—adsorption of metal complexes on Pt surface and
a subsequent electrochemical reduction of the precursor,
or direct electrodeposition of submonolayer amounts of
modifying metal on Pt substrate [57, 58, 59, 60, 61, 62,
63]. The third route is used most often for modification
of Pt surfaces (polycrystalline, single crystal and nano-
particle) by Ru and Os, while the first and second are
used for modification of the Pt surface by Sn, Ge, Ru,
etc.

In the present communication we explore a ‘‘dip-
coating’’ approach for spontaneous Pt surface modifi-
cation through deposition of tin and tin oxy-species. The
notable difference from the spontaneous deposition
method, developed by Wieckowski et al. for Pt modifi-
cation by Ru [53, 54], and tin-UPD method [33, 34, 35,
36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47], is that this
approach is a simple non-electrochemical way (without
applying an external current or additional reducing
agent during and after modification) for modification of
Pt surface by tin species. Our approach is similar to the
ill-characterized spontaneous tin deposition procedure
performed on Pt surfaces under open-circuit conditions
introduced earlier [64, 65]. The approach we developed
has major advantages over the organometallic route [50,
51, 52], since controlled modification of Pt surface by Sn
species is achieved at ambient temperature from aqueous
solutions. Moreover, our method can be easily adopted
and used for Sn-modification of solid Pt model electrode
surfaces as well as for realistic Pt nano-particle fuel cell
catalysts [65, 66] or carbon support [67].

In the following, after a brief description of the
modification procedure and experimental details, we
will present the characterization of tin-modified poly-
crystalline Pt by means of atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS) and
cyclic voltammetry (CV) and discuss possible pathways
of the modification process. The critical issue for PtSn
catalysts is a poor corrosive resistance in the electro-
chemical environment, resulting in dissolution of the
non-noble component and losses in electrocatalytic
performance. Therefore, a series of experiments were
performed to check the corrosion and electrochemical
stability of the Sn-modified smooth polycrystalline Pt
electrode. These included AFM, XPS analyses and
electrochemical studies of the surface composition after
the immersion of Sn-modified Pt into 0.5-M sulfuric
acid solution under open-circuit conditions. Electro-
catalytic activity of Pt surfaces modified by spontane-
ously deposited tin species in electrooxidation of C-1
molecules (carbon monoxide, formaldehyde, formic

acid and methanol) will be demonstrated in a forth-
coming publication [68].

Materials and methods

The solution of H2SnCl4 (ca. 3.5 M) was freshly pre-
pared by dissolving SnCl2Æ2H2O in concentrated HCl
to avoid hydrolysis of tin chloride. A spontaneous
modification of the clean polycrystalline Pt foil surface
was carried out by (i) immersing the sample into
SnCl2/HCl solution under open-circuit conditions at
room temperature for 2 min, and (ii) subsequent
extensive rinsing of the sample by pure water. All
procedures were performed at ambient temperatures
under a naturally aerated environment. After drying
the surface in a stream of Ar gas (from Elmemesser,
99.999%) the sample was used for AFM, XPS or
electrochemical measurements respectively either di-
rectly, or after additional treatment in 0.5-M H2SO4

for 15 min under open-circuit conditions, followed by
corresponding washing/drying. Analytical grade chem-
icals and triply distilled water were used to prepare the
solutions.

The AFM measurements were carried out using an
atomic probe microscope Explorer Topometrix (USA)
in a non-contact mode. The XPS analyses were per-
formed on a spectrometer ESCALAB-MKII VG Sci-
entific (UK) equipped with Mg Ka X-ray radiation
source (300 W) and Ar+ ion gun (20 lA/cm2).

The cyclic voltammograms were recorded using a
computerized potentiostat PI-50-1 and a function gen-
erator PR-8 (Russia) in a standard three-electrode elec-
trochemical cell in 0.5-M H2SO4 solution purged by Ar.
The working electrode was Pt foil of 2 cm2 (1·1 cm)
geometric area (real surface area, determined from
hydrogen-UPD charge [69, 70, 71], 6.8 cm2), the counter
electrodewas a Pt sheet of ca. 2 cm2 area (1·1 cm) and
the reference electrode was Ag/AgCl/KClsat.(all poten-
tials are quoted vs. a Standard Hydrogen Electrode,
SHE).

Results

AFM characterization of tin-modified Pt surface

Surface imaging by means of AFM was used for com-
parative studies of the morphology of (i) clean poly-
crystalline platinum, (ii) Pt modified by spontaneous
deposition/hydrolysis of tin species from acidic tin
chloride solution under open-circuit conditions as de-
scribed in the section Materials and methods, and (iii)
Sn-modified Pt etched in sulfuric acid solution under
open-circuit conditions. Figure 1 shows corresponding
AFM images of mirror-polished polycrystalline Pt
(Fig. 1a–c), tin-modified Pt (Fig. 1d–f) and Sn-modified
Pt after 10 min treatment in 0.5-M H2SO4 (Fig. 1g–i).
For each case representative areas of the surface were
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randomly selected (5,000·5,000 nm) and zoomed in to
higher magnification (up to 1,000·1,000 nm).

A clean polycrystalline Pt surface exhibits a domain
morphology, consisting of rectangular overlapping
crystallite facets 100–200 nm in width and length, and
40–60 nm in height (Fig. 1a–c). Such a faceted surface is
formed after polishing a Pt disk to mirror grade with a
diamond paste up to 0.1-lm grain size (note polishing
traces in images of lower magnification), subsequent
degreasing in methanol and a freshly prepared hot
mixture of concentrated sulfuric acid and hydrogen
peroxide, extensive rinsing with pure water, and, finally,
repetitive cycling in the potential window between
hydrogen and oxygen bulk evolution in deaerated 0.5-M
H2SO4 solution to obtain a stable CV, corresponding to
a voltammetric response of clean polycrystalline Pt
electrode [71]. The latter treatment is known to induce a
mobility in Pt surface atoms leading to faceting and
structuring of the surface [72, 73, 74].

The tin-modified Pt surface images (Fig. 1d–f) show
several differences compared to clean Pt (Fig. 1a–c)
(note that due to ex situ modification the AFM images
display different areas of the surface before and after

modification). The shape of tin-modified crystallites
becomes more ‘‘rounded’’ (Fig. 1d–f) compared to
rectangular domains on a clean polycrystalline Pt sur-
face (Fig. 1a–c). The fine structure of the lower height
crystallites becomes ‘‘smoothed’’ and less clearly re-
solved as could be seen from the comparison of corre-
sponding images at each magnification: the height of the
crystallites on the Sn-modified surface becomes lower as
seen in higher magnification images (for low magnifi-
cation images such a comparison is rather complicated
due to large differences in the topology as a result of
higher number of polishing traces of a different depth,
and crystallite structures of a different height, at differ-
ent locations on Pt surface). On the other hand the
underlying structures of Pt crystallites can still be clearly
resolved on the Sn-modified Pt surface, and the presence
of new structural features can be hardly distinguished at
higher magnification (Fig. 1d), in agreement with in situ
scanning tunneling microscopy findings for a tin-UPD
modified Pt(111) surface at even higher resolution [45].
Overall, the absence, rather than presence, of the new
features (occurrence of new crystallites, dendrites or is-
lands, which would suggest new phase growth) after
modification at a given AFM magnification, in combi-
nation with a clear evidence of the presence of the
resulting modifying Sn species on Pt surface (see XPS
and CV data in the sections XPS characterization of tin-
modified Pt surface and Electrochemical characteriza-

Fig. 1 Representative atomic force microscopy images (in nm) for
the clean mirror-polished polycrystalline Pt surface (a–c), after
spontaneous modification of a Pt surface by Sn species (d–f), and
Sn-modified Pt surface after etching in 0.5-M H2SO4 solution (g–i).
Zoomed areas are highlighted accordingly
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tion of tin-modified Pt surface) strongly suggest that a
thin and uniform layer of tin species is formed after
spontaneous modification of Pt surface.

For the acid-etched Sn-modified Pt surface (Fig. 1g–i)
the underlying Pt crystallite structure becomes better
resolved compared to Sn-modified Pt (Fig. 1d–f) though
still not as clear as that for a clean Pt surface (Fig. 1a–c)
according to representative AFM images at all magni-
fications. The topography of the surface becomes
smoother than Sn-modified Pt, as can be judged from
the images at higher magnifications. Moreover, at higher
magnifications the occurrence of the ill-resolved nano-
sized features can be visualized over the crystallites
surface for the acid-etched Sn-modified Pt. Due to the
rather inert nature of the substrate material (polycrys-
talline Pt) against the exposure to a moderately acidic
solution (0.5-M sulfuric acid) under open-circuit condi-
tions and at room temperature, such corrosion-induced
features can be attributed to the selective dissolution of
the modifying film rather than the substrate. This can be
rationalized in terms of a different stability of the film
components in acidic medium, leading to preferential
dissolution of certain species constituting the film and
resulting in variations in composition of the modifying
film as will be discussed further.

XPS characterization of tin-modified Pt surface

To get further qualitative and quantitative information
on the composition of the modifying film, XPS analyses
of the tin-modified surface before and after treatment in
sulfuric acid solution were carried out. Due to the ex situ
sample preparation procedure and an exposure to the
atmosphere during a sample transfer to the XPS cham-
ber, the spectra were recorded not only from the sample
surface, but also depth-profile spectra were taken after
Ar+ sputtering to get a deeper insight into the compo-
sition of the modifying layer.

The XP spectra of tin-modified mirror-polished
polycrystalline platinum (Fig. 2, black line) confirm the
presence of tin species on the Pt surface after the spon-
taneous modification procedure described above, as
evidenced from the peak doublet characteristic of tin
species [75]. The asymmetric shape of the peaks suggests
the presence of at least two types of tin species on Pt
surface based on the binding energy (Eb) of Sn 3d5/2
electrons—the binding energy Eb=486.4 eV corre-
sponds to tin oxide(s)/hydroxide(s), while
Eb=484.65 eV can be attributed to metallic tin [75], in
agreement with the XPS analysis of UHV-prepared well-
characterized Pt(111)Sn ordered surface alloys oxidized
in an oxygen atmosphere [76]. The acid-etched tin-
modified Pt sample exhibits a lower amount of tin spe-
cies at the surface (gray line) compared to the untreated
sample (black line), as evidenced from the narrowing of
the peak width at higher binding energies and the peak
shift to lower BE values for the acid-etched sample (ca.
485.5 eV, corresponding to ‘‘quasimetallic’’ Sn [76]).

Therefore, it might be assumed that the acid-etch
treatment results in a preferential dissolution of less
stable oxidized tin species, apparently, tin hydroxy spe-
cies developed most likely due to hydrolysis of tin
chlorocomplex upon rinsing with water. This assump-
tion is supported by our AFM data (see previous sec-
tion, AFM characterization of tin-modified Pt surface),
and the literature data about the corrosion stability and
composition of anodically pre-formed passive films on
tin [77, 78].

As already mentioned, due to the ex situ preparation
procedure and atmospheric exposure during transfer of
the sample, the XPS analysis of the Sn-modified Pt
topmost layer can hardly provide any direct evidence
about the oxidation state of the modifying tin species.
Furthermore, even for the anaerobic back-transfer
experiments for the UHV-prepared well-characterized
Pt(111)Sn surface alloys, a partial oxidation of tin sites
cannot be avoided due to the potential control loss upon
emersion of the surface [32]. Therefore, we performed a
depth-profile XPS analysis for the tin-modified Pt sur-
faces before and after etching in 0.5-M H2SO4to inves-
tigate their composition and corrosion stability.

The sputtering of the surface by Ar+ ions (Fig. 2)
results in a gradual decrease in intensity of corre-
sponding peaks and their shift to lower binding energy
values, suggesting an overall loss of the modifying spe-
cies from the surface due to Ar+ ion bombardment and
a comparative enrichment of the residual layer by the
metallic tin component. A presence of tin metal in the
modifying adlayer is clearly evidence for Sn-modified Pt
before and after etching in 0.5-M H2SO4 indicating (i)
formation of tin metal on the Pt surface upon sponta-
neous modification in SnCl2/HCl solution under open-

Fig. 2 X-ray photoelectron spectra depth profiles for Sn 3d region
of an Sn-modified Pt surface before (black) and after (gray) etching
in 0.5-M H2SO4 solution
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circuit conditions; (ii) a satisfactory stability of modi-
fying tin layer upon exposure to acidic solution. The
decrease in the XPS peak intensities for tin species down
to nearly background level after 1.5 min of Ar+ etching
at the rate ca. 2 nm/min suggests that the thickness of
the modifying layer does not exceed 2–3 nm—the
residual tin amount after etching up to 3 nm depth can
be attributed to tin species located in the gaps of the
underlying Pt surface, taking into account the roughness
of Pt substrate (see Fig. 1). The Pt 4f7/2 spectra sputter
profiles (not shown) of corresponding tin-modified sur-
faces has only slight variation in the peak doublet
intensity and the binding energy with the sputter time
(depth) corresponding to Pt metal (Eb=70.9 eV) [75].

Finally, the overall elemental composition of the Sn-
modified Pt surface upon Ar+ sputter before and after
acid etching was determined from the peak area for the
XP spectra for Sn 3d (both metallic and oxidic), Pt 4f, O
1s, Cl 2p and S 2p taking into account the sensitivity
factor for each element (Table 1). The spontaneously
modified Pt/Sn surface is enriched by oxygen species (ca.
56 at%), contains about equal amounts (ca. 20 at%) of
Pt and Sn (both metallic and oxidized) and about 5 at%
of Cl (the latter comes as anion from the modifying
solution). Ar+ sputter before the XPS analysis results in
gradual decrease of oxygen (to ca. 4 at%), Cl (down to
0 at%) content and corresponding increase in Pt content
(up to 95 at%). The amount of tin species (both metallic
and oxidic) first relatively increases due to a five-fold
decrease in content oxygen species, prevailing at the
topmost layer, and then decreases to ca. 2 at% (mainly
metallic). For the acid-treated Pt/Sn surface the amount
of oxygen (ca. 40 at%) and tin species (ca. 10 at%) is
relatively lower, compared to untreated surface, at about
twice higher Pt content (ca. 40 at%), the same amount
of Cl and a small amount of sulfur (sulfate from the
etching solution). Ar+ sputtering for 30 s leads to about
the same elemental composition of the acid-treated
sample as that for an untreated Pt/Sn sample sputtered

for 90 s, indicating a thinner modifying layer and pre-
vailing metallic tin species for the first case.

Electrochemical characterization of tin-modified Pt
surface

Next we have studied the electrochemical stability of
spontaneously Sn-modified Pt electrodes in 0.5-M sul-
furic acid solution under controlled potential. For that
the electrode was immersed at 0 V vs. SHE and held at
this potential for ca. 5 min. After that the electrode
potential was scanned to more positive values gradually
increasing the positive limit of the potential. In this way
a series of cyclic voltammograms (CVs) of the tin-
modified Pt electrode were recorded in 0.5-M sulfuric
acid solution (Fig. 3, solid lines) and compared with
analogous CVs on clean polycrystalline Pt (Fig. 3, dot-
ted lines). No significant difference was found in the
current–voltage response for the Pt electrode directly
after spontaneous modification by tin species (not
shown) compared to that after additional etching in
sulfuric acid solution under open-circuit conditions
(Fig. 3, solid lines), suggesting negligible losses of
electroactive species during the etching procedure.

Hydrogen adsorption/desorption features, typical for
a clean polycrystalline Pt electrode in sulfuric acid
solution [71] (Fig. 3, dotted lines) are largely suppressed
on Sn-modified Pt electrode in the potential region 0–
0.3 V (SHE) confirming the presence of tin species on
the Pt surface (Fig. 3, solid lines). Correspondingly, the
pseudo-capacitive current in the double-layer region is
increased due to adsorption/desorption of OH species
on Sn sites. The CV of Sn-modified Pt shows repro-
ducible current–voltage traces in the potential window
0–0.6 V (SHE) in accordance with the literature data for
Sn-UPD-modified Pt electrodes [35, 36, 37, 38, 39, 40,
41, 42, 43, 44, 45, 46], suggesting that the modifying tin
species are relatively stable in this potential window.

Table 1 XPS analysis of the elemental composition of modifying layer after spontaneous deposition of tin species onto Pt surface, and
that after etching the modifying layer in 0.5 M H2SO4 solution

Ar+ sputter time (s)
(�2 nm min)1)

Element Composition (at%) Eb (Sn 3d5/2) (eV) Composition (at%) Eb (Sn 3d5/2) (eV)

Sn-modified Pt Acid-etched Sn-modified Pt
0 Pt 20.98 486.3 and 484.9 43.30 485.4 and 485.9

O 56.21 39.78
Sn 18.07 11.01
Cl 4.74 4.82
S 0 1.09

30 Pt 62.28 484.8 and 485.8 94.50 484.6
O 11.68 2.36
Sn 23.22 3.14
Cl 2.82 0
S 0 0

90 Pt 94.59 484.6 96.90 484.6
O 3.656 2.48
Sn 1.75 0.62
Cl 0 0
S 0 0
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After excursions to potentials more positive 0.6 V,
hydrogen adsorption/desorption peaks, characteristic
for polycrystalline Pt, start to develop indicating a de-
crease in tin coverage due to anodic dissolution of tin
species. The relative Sn-free Pt coverage (QPt), quantified
for each cycle from the ratio of hydrogen adsorption
charge on Sn-modified surface (QH(Pt/Sn)) to that on pure
Pt (QH(Pt)) as QPt=QH(Pt/Sn)/QH(Pt), is plotted in Fig. 3
(filled circles). The calculated coverage of Sn-free Pt sites
is about 0.1 up to a potential of 0.6 V, followed by a
nearly linear increase to 0.2 coverage at 1.0 V, and then
increases rapidly up to 0.9 at 1.5 V. (Please note that for
calculation of the absolute coverage value the relative
coverage should be corrected by 0.77 corresponding to
H-UPD coverage on polycrystalline Pt at the onset of
bulk hydrogen evolution [70].) Correspondingly, the
relative coverage of tin species (QSn), found as
QSn=1)QH(Pt/Sn)/QH(Pt) and plotted in Fig. 3 (open
circles), mirrors the dependence of QPt on the electrode
potential and agrees well with the data reported in the
literature for the underpotentially pre-formed tin ad-
layers on Pt electrodes [35, 36, 47].

With an increase in the potential limit more positive
H-UPD region (>0.3 V) a pair of quasi-reversible redox
peaks starts to develop for Sn-modified surface in con-
cert with simultaneous development of the H-UPD
features on Pt, when passing the positive potential limit
of 0.6 V (Fig. 3, solid lines). Corresponding redox peaks
for Sn-modified electrode are centered at ca. 0.72 V in
the positive-going scan and about 0.48 V in the negative-
going scan, characteristic for Sn-UPD-modified Pt sur-
faces [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. These
peaks are usually attributed to the Sn(II)/Sn(IV) redox

couple for tin oxide/hydroxide species immobilized onto
a Pt surface according to ex situ (XPS [14, 32, 42]) and in
situ (radiotracer [35], Raman spectroscopy [37]) char-
acterization of the Sn-UPD layers on Pt surfaces. The
charge corresponding to the anodic peak of tin species
oxidation, calculated within the potential range 0.3–
0.9 V as the difference between positive-going scans for
tin-modified and clean polycrystalline Pt respectively, is
ca. 0.2 mC cm)2, i.e., similar to hydrogen adsorption
charge on polycrystalline Pt (0.21 mC cm)2 [69]).
Assuming two electrons are involved in tin species redox
process, this suggests ca. two Sn atoms per Pt site in
agreement with previous findings for Sn-UPD on poly-
crystalline Pt [35, 36, 42, 64].

Anodic oxidation of tin metal to Sn(II) hydroxide
(OH) adsorption on Sn sites) most likely occurs more
negative 0.3 V, according to recent detailed study on
ultrahigh vacuum prepared and characterized Pt(111)Sn
electrodes [31, 32], as concluded from the early onset (ca.
0.2 V) for adsorbed [32] and bulk [31] CO oxidation on
these surfaces. In a recent electrochemical quartz crystal
microbalance study the above mentioned redox peaks
for the Sn-UPD-modified Pt surface were attributed to
four-electron oxidation/reduction of metallic tin to
Sn(IV) hydroxide/oxide [46]. A drastic decrease in the tin
species coverage at potentials more positive 1.0 V
(Fig. 3, white circles) corresponding to a small anodic
current peak in PtO region (Fig. 3, solid lines) can be
explained by oxidation of a tin fraction forming a sur-
face alloy [42] and removal of a tin oxide species from
the surface due to PtO formation.

Discussion

The presence of metallic tin in the modifying layer
strongly suggests that a Sn(II) tetrachloro-complex,
formed due to dissolution of tin chloride in concentrated
hydrochloric acid (see [79] and references cited therein)

SnCl2 + 2 HCl ! SnCl 2�4 + 2 H + ð1Þ

disproportionates spontaneously to metallic tin and
Sn(IV) on a Pt surface under open-circuit conditions as
postulated in [64]—the reaction known as electroless tin
plating and used for Sn metal deposition without
applying an external current [80]:

2 Sn(II) ! Sn(0) + Sn(IV) ð2Þ

The specific feature of this process is that electrochemi-
cal half-reactions occur simultaneously on a Pt surface
under open-circuit conditions according to a mixed-po-
tential theory [80]: an anodic reaction—oxidation of
Sn(II) to Sn(IV)—and a cathodic reaction—reduction of
Sn(II) to Sn metal (and/or discharge of protons to
hydrogen) by electrons released in the anodic half-
reaction being transferred through the Pt surface (the
latter pathway requires a conductive and catalytically
active substrate, such as Pt). Moreover, in strongly

Fig. 3 Cyclic voltammograms for a clean polycrystalline Pt surface
(dotted lines) and an Sn-modified surface etched in 0.5-M H2SO4

solution (solid lines), and a coverage of Pt (filled circles) and Sn
(open circles) as a function of the positive potential limit. 0.5 M
H2SO4,v=50 mV/s, t=20 �C
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acidic solution (concentrated hydrochloric acid) a
growing non-noble tin deposit is partly dissolved
according to the reaction

Sn + 2 HCl ! SnCl2 + H2 ð3Þ

preventing continuous growth of a tin metal film (com-
plete Pt surface blocking) and apparently resulting in the
formation of metallic tin nano-structures at submono-
layer amounts in accordance with AFM (Fig. 1), XPS
(Fig. 2) and CV (Fig. 3) data. Evidently, the amount of
metallic tin deposited is controlled by the rate of tin
deposition/dissolution (reactions 2 and 3) and can be
easily varied by changing concentration of SnCl2 and
HCl.

The formation of tin oxide/hydroxide species on a Pt
surface most likely results from the hydrolysis of Sn(II)
chloride complex during rinsing of the surface by water
and/or aerobic exposure of the probe during the prep-
aration and transfer to the XPS chamber. The hydrolysis
of Sn(II) chloride complex resulting in tin oxide/
hydroxide deposit is well known and widely used for pre-
treatment of dielectric material surfaces prior to acti-
vation with Pd ions and electroless deposition of desired
metal and alloy films [67, 80] and can be described by the
following reactions

SnCl2 + 2 H2O ! Sn(OH)2 + 2 HCl ð4Þ

Sn(OH)2 ! SnO + H2O ð5Þ

However, electroless deposition of tin metal due to
spontaneous disproportionation of tin tetrachlorocom-
plex (1–2) requires conductive and catalytically active
substrate, e.g., Pt surface. In the latter case it is also
possible, that tin deposition is self-inhibited when
reaching a close to monolayer coverage of metallic tin, in
agreement with quantitative evaluation of electrochem-
ical measurements discussed in the section Electro-
chemical characterization of tin-modified Pt surface.

Conclusions

A simple ‘‘dip-coating’’ method for Pt surface modifi-
cation through spontaneous deposition of tin and tin
oxy-species has been developed. It consists of Pt
immersion into SnCl2/HCl solution under open-circuit
conditions and subsequent rinsing of the surface by pure
water. The AFM and XPS results suggest that a thin
(average thickness ca. 2 nm) and quite uniform layer of
tin species is formed after spontaneous modification of
the Pt surface. Based upon the XPS characterization,
two kinds of tin species were identified on the Pt surface
after modification, namely, tin oxy-compounds and
metallic tin. Tin oxide/hydroxide species were derived as
a result of Sn(II) chloride complex hydrolysis, while tin
metal was deposited spontaneously on the Pt surface due
to disproportionation of Sn(II) to Sn(IV) and metallic
tin. The layer of modifying tin-species shows a satis-

factory stability at potentials relevant to low-tempera-
ture fuel cell operating conditions (0–0.6 V vs. SHE).
The suggested method for spontaneous Sn modification
offers a large variety for tailored nano-structured fuel
cell catalyst formulations, including the possibility for
modification of both catalyst particles and/or carbon
support.
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