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bstract

Voltammetric behavior of submicron-thick electrodeposited Pt-Ru on gold support is studied in sulfuric acid solution as a function of deposition
otential and Pt:Ru ratio in chloride bath. In contrast to Pt-Ru, deposition of pure Ru is observed only at potentials of hydrogen evolution. The
eason is found to be of kinetic nature, namely an inhibition of Ru deposition in presence of chloride. Chloride ions remain adsorbed on Ru at
ore negative potentials than on Pt and Au because of more negative ruthenium potential of zero free charge. Cu-UPD is applied to test the

urface content of the oxidized Ru on pure Ru and various Pt-Ru surfaces. An enhancement of Ru oxohydroxides reduction in presence of Pt is
bserved. The electrocatalytic activity of Pt-Ru in respect to methanol oxidation correlates with the content of rechargeable surface Ru oxide.
geing and ‘training’ of Pt-Ru electrodeposits under various modes is studied in order to determine the conditions of irreversible Ru oxidation. No

anifestations of Ru dissolution from Pt-Ru electrodeposits in 0.5 M H2SO4 are found for anodic potential limits up to 1.1 V (RHE), in agreement
ith thermodynamic predictions. Electrodeposited Pt-Ru can be considered as a convenient model system for the study of Ru dissolution and

rossover, as well as for determining the nature of the active surface species in the real composite catalysts for methanol oxidation.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The unique electrocatalytic activity of Raney Pt-Ru alloys
1,2] and electrodeposited Pt-Ru [3] in methanol electrooxida-
ion were discovered independently in mid 60s. Slightly later
arbon supported Pt-Ru [4], Pt-Ru powder prepared via borhy-
rade technique and Pt-Ru electrodeposited on TiC support were
eported [5]. These original studies are rarely available, as com-
ared to review [6] or original study [7] mentioning high activity
f Pt-Ru.

Despite of fantastic number of the consequent studies
oncerning Pt-Ru system there are very important particular
spects [5,8–13], never studied for any type of these materials

xcept electrodeposits. Now the latter found themselves at
he periphery of Pt-Ru mainstream (immobilized colloids,
lectroless deposits, sputtered films, isolated nanoparticles,

∗ Corresponding author. Tel.: +7 495 9391321; fax: +7 495 9328846.
E-mail address: tsir@elch.chem.msu.ru (G.A. Tsirlina).
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eposition; True surface area; Ruthenium crossover

odified single crystalline materials and templated deposits
ttract the main attention).

A large number of reactions had been studied in experiments
ith electrodeposited Pt-Ru. Besides widely discussed oxida-

ion of methanol, formaldehyde and formic acid [5], the hydro-
enation of methanol, ethanol, propanol, acetaldehyde [8] and
ethane [9] electooxidation were also tested. As for the stud-

es around methanol oxidation reaction, a versatile mechanistic
nformation had been obtained, namely the steady-state Tafel
lots, pH and reactant concentration effects, and comparison
f initial, steady-state reaction and strongly bonded adsorbate
lectrooxidation rates [5]. These data were supplemented by the
nalysis of oxidation products for various fuels. The important
ontributions to the problem of optimal Pt:Ru ratio were based
n temperature effects [10] and 106Ru radiotracer experiments
13]; structural effects in Pt-Ru electrocatalysis and corrosion
ere also considered in a comparative study of dispersed and
mooth samples [5,11]. The most specific point [12], rarely
onsidered but being of great basic importance, was the exper-
mental estimation of the Pt-Ru potential of zero free charge
pzfc).

mailto:tsir@elch.chem.msu.ru
dx.doi.org/10.1016/j.electacta.2006.08.025


2 himic

t
c
s
p
i
t
i
m
p
o
c

r
i
d
T
t
d
c
c
d
m
o
(
d

t
M
a
t
n
g
P
s

i
D
r
o
m
s
g
p
t
t
a
o

m
d
t

e
c
m
r

2

o
p
c
r
w
m
c
i
s
c
t
a

a
[
0

c
c
e
N
b
c
t
e
R
d
C
b
o
T
d
t

s
o
U
E
R
w
u
5
u
w
m
G
p
additional complications. This is why we limited the analysis
of deposits prepared on glassy carbon from the same deposition
solutions.
776 A.N. Gavrilov et al. / Electroc

Galvanostatically electrodeposited Pt-Ru layers (several �m
hick) studied in Refs. [5,8–13] certainly had an extremely
omplex and non-uniform structure. The interplay of various
tructural effects (crystal size, distribution and geometry of
ores, intergrain boundaries, lattice defectiveness, etc.) makes
t difficult to extend automatically any previous conclusions
o currently studied well-characterized Pt-Ru materials. Recent
nterest to electrodeposited Pt-Ru is not limited to a search for

odel systems, but has some practical aspects [14], namely the
ulse galvanostatic deposition mode is found providing catalysts
n dispersed carbons with the activity exceeding the activity of
ommercial Pt-Ru.

Typical platinum group metals electrodeposited from chlo-
ide bath are complex materials containing nm-size crystals, as
t follows both from the width of XRD reflections and from
irect microscopic studies (see Ref. [15] and references therein).
o improve the characterization level of nanocrystalline elec-

rodeposited materials, one should first deal with potentiostatic
eposition, as the nanostructural features responsible for interfa-
ial peculiarities are very sensitive to deposition potential (and,
orrespondingly, to its changes in the course of galvanostatic
eposition). This statement was recently illustrated in experi-
ents with electrodeposited Pt [15,16]. An important distinction

f electrodeposits from, to say, high-surface-area powder blacks
like Johnson-Matthey Plc. catalysts [17]) is the pronounced
egree of nanocrystals coalescence.

The influence of the electrodeposition potential on the struc-
ure and properties of Pt-Ru is still not studied systematically.

oreover, despite a wide variety of Pt-Ru deposits on Pt, Au
nd carbon was prepared from chloride and chloride-less elec-
rolytes, and numerous microscopic and spectroscopic tech-
iques were applied to characterization of these materials, no
eneral tendencies of the effect of deposition conditions on
t-Ru nanostructure and/or electrocatalytic properties are under-
tood at this stage.

Pt-Ru potentiostatic deposition from acidic solution reported
n the literature usually corresponds to 50 mV (NHE) [18–21].
eposition at 200 mV [22] and even 240 mV [23] was also

eported. Deposition at 0 V (NHE) is less favorable because
f parallel hydrogen evolution disturbing the formation of new
etallic phase. Galvanostatic [3,18,24–26] and pulse [14] depo-

ition also typically induce a shift of potential towards hydro-
en evolution region. In addition to crystal size, lattice com-
ression, the volume of the intergrain boundaries and micros-
rains found to be potential-dependent for Pt electrodeposits,
he dependence of Pt:Ru content on deposition potential for
ny fixed composition of plating solution cannot be ruled
ut.

The role of ruthenium content in the deposits as a factor deter-
ining their catalytic efficiency is still unclear. We consider the

istribution of Pt and Ru atoms along the surface and Ru oxida-
ion degree as at least the factors of comparable importance.

This paper presents a necessary preliminary step of gen-

ral characterization of a series of Pt-Ru films deposited from
hloride solution. Our goal was to apply these materials as the
odel systems to clarify some principal problems known for

eal DMFC catalysts.
a Acta 52 (2007) 2775–2784

. Experimental

Electrodes under study were prepared by electrodeposition
f Pt or Ru, as well as Pt-Ru codeposition on Au foil sup-
ort with usual rolled texture (4 cm2 geometric area). Gold was
hosen to avoid the interplay of the deposit/support voltammet-
ic responses. It was possible because of very high potential at
hich oxygen adsorption starts on gold. Our previous experi-
ental tests [15,27] confirm that no contribution from gold in

yclic voltammograms appears when the anodic potential limit
s below 1.3–1.4 V RHE. We should also mention that the true
urface area of our deposits is always 10–50 times higher as
ompared to the surface of gold support, with its roughness fac-
or never exceeding 2, leading to very low gold contribution (if
ny) in the double layer region.

Pt deposition from chloride bath takes place with a notice-
ble rate at deposition potential (Ed) below 0.5–0.6 V (NHE)
27]. The highest current efficiency (85–90%) is observed for
.05–0.2 V interval.

The electrodeposition of Pt and/or Ru was performed at
onstant potentials 50 and 200 mV versus RHE or at constant
urrent density2 j = 1.25 mA cm−2. Total charge spent for any
lectrodeposition procedure was 7.8 C. By varying the ratio of
a2PtCl6 and RuCl3 in 1 M HCl solution (total concentration of
oth salts was 10 g l−1) the electrodeposited layers of different
omposition were fabricated. The molar Pt:Ru ratios in deposi-
ion solutions were 4:1; 2:1; 1:1; 2:3; 1:2; 1:3. For comparative
xperiments with pure Pt and Ru, 10 g l−1 H2PtCl6 and 10 g l−1

uCl3 (both in 1 M HCl) were used. All the samples were
eposited at 0.05 and 0.2 V, excluding pure Ru (see below).3

urrent efficiency decreased with the increase of Ru content,
ut in general the weight of all deposits was of one and the same
rder (mg cm−2), i.e. all deposits were of comparable thickness.
his was also confirmed by our preliminary reflection XRD tests
emonstrating the comparable intensities of the deposit reflec-
ions as normalized per typical intensities of Au reflections.

[RuCl5]2− ion is expected to predominate in all deposition
olutions under equilibrium conditions [28]. No manifestations
f formation of Pt-Ru binuclear species were found in detailed
V–vis absorption tests (KFK-3, wave lengths 320–600 nm).
lectronic absorption spectra were also applied to estimate Pt-
u ratio in the deposits [29,30]. Prior to analysis the deposits
ere dissolved in aqua regia (ca. 1 mg of metal per 2 ml of liq-
id). Absorptions were compared at 350 nm (Pt), 380, 450 and
10 nm (Ru). For calibration, 1:5–1:50 Pt-Ru mixtures were
sed. The total quantity of metals calculated from the spectra
as in satisfactory agreement with the deposit weight (deter-
ined with the low accuracy because of too low thickness).
old dissolution in aqua regia was unavoidable, and the inter-
lay of its absorption band with Pt and Ru responses induced
2 All the values of current density are reported per geometric surface area.
3 All potentials are reported versus RHE.
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contradiction with a typical kinetics of hydrogen UPD at plat-
inum group metals. Scan rate affects also the cathodic reduction
A.N. Gavrilov et al. / Electroc

The electrochemical measurements were conducted on an
utomated setup based on a PARC-273 potentiostat at room tem-
erature 20 ± 2 ◦C using a cell with separated compartments. A
t wire served as a counter electrode. A reversible hydrogen
lectrode (RHE) in 0.5 M H2SO4 was employed as reference
lectrode during electrochemical measurements, and saturated
alomel electrode was used as a reference for electrodeposition
potentials were then recalculated into RHE scale).

Cyclic voltammograms (CV) were measured in the poten-
ial intervals 0.05–0.8, 0.05–0.9 or 0.05–1.1 V, scan rate
–50 mV s−1. These anodic limits were chosen as preceding
nd succeeding the Ru2O3/RuO2 redox potential value [31]
0.937 V).

We assumed that for anodic 0.8 and 0.9 V limits a chance to
void Ru(IV) formation was rather high, and looked for qual-
tative difference with the data for 1.1 V limit. In contrast to
u2O3 (or Ru(OH)3), stoichiometric oxide RuO2 does not tend

o reversible reduction at potentials above zero (RHE) [28].
esides the partial dissolution of Ru is possible at the poten-

ials above 0.9 V [14].
Cu-UPD stripping voltammograms were measured in 0.01 M

uSO4 + 0.5 M H2SO4 solution within the potential interval of
.33–0.9 V (to avoid three-dimensional Cu growth, reported in
ef. [32]), scan rate 10 mV s−1.

The following notations are used below for Pt-Ru electrodes
reated under various modes:

I. freshly deposited electrodes;
II. electrodes aged in air for 10 months;
II. electrodes cycled in 0.5 M H2SO4 in the region of

0.05–0.9 V;
V. electrodes cycled in 0.5 M H2SO4 in the region of

0.05–1.1 V.

or each electrode, Pt:Ru molar ratio in deposition solution is
ndicated in parentheses.

.1. Chemicals

Solutions were prepared from MilliQ water, H2SO4 (Merc,
R for analysis), HCl (Merc, GR for analysis), CuSO4 (GR for

nalysis), RuCl3 (Wako, min. 99.9%) and Na2PtCl6 (GR for
nalysis).

. Results and discussion

.1. Electrodeposition and general characterization of
reshly prepared deposits

.1.1. Single-component deposits
The shape of voltammograms measured on Pt electrodeposits

n 0.5 M H2SO4 was typical for platinized platinum [33] and
latinum on gold obtained under similar modes [15,27], with

egligible effect of deposition potential (50 and 200 mV).

For Ru, no bulk deposition on gold was observed at
d ≥ 0.05 V. We were able to form Ru deposits only at
d = −0.05 V or under galvanostatic mode (1.25 mA cm−2). For

o

o

a Acta 52 (2007) 2775–2784 2777

he latter mode, the steady-state potential value was −0.045 V. It
s not so easy to judge about the real nature of deposit because of
he absence of reliable information on Ru/[Ru(III)Clx]n− redox
otentials. The experimental determination of those values is
omplicated by the formation of intermediate Ru(II) chloride
omplex and its fast hydrolysis. According to Ref. [28], for

u2+ + 5Cl− ↔ RuCl5
2− + e−

he equilibrium potential is given by equation

= 0.239 − 0.295 log[Cl−] + 0.059 log

(
(RuCl5)2−

Ru2+

)

his means that for real systems with low content of Ru(II) inter-
ediate the formation of metallic Ru is forbidden at E > 0.3 V,

nd inability to deposit metal at E > 0 met kinetic, not thermo-
ynamic complications. Strong inhibition of Ru(II) reduction at
otentials 0.3–0.35 V more negative than equilibrium potential
an be explained, like for [PtCl4]2− [34], by high surface cov-
rage with chloride anion. The region of chloride adsorption on
u (Ru-modified Pt) is expected to coincide with the supposed

nhibition region: according to Ref. [12], the adsorbed chloride
as found at Ru electrode at E = 0 V because the pzfc of ruthe-
ium (ca. −0.1 V)4 is more negative as compared to pzfc of both
t and Au. We assume that the initial deposition step is Ru-UPD
n gold [35]. It can be enough to shift pzfc, i.e. to charge the
urface positively, and by these means to induce the pronounced
dsorption of chloride initially absent at the negatively charged
urface of the support.

The wave of Ru(III) reduction at positive potentials (RHE) on
latinum is reported in Ref. [26]. However no metal deposition
as found at the potentials of this wave. The authors proposed
o special interpretation, but most probably this wave corre-
ponds to Ru(III)/Ru(II) reduction. This situations looks typical
or electrodeposition from exclusively chloride Ru complexes
14,18–20,22–24,36–39], but not for nitroso-containing plating
olutions [5,8,10–13,25,40] with more positive Ru/Ru(III) redox
otentials.

For comparison with Pt-Ru, we studied Ru electrodeposit
repared at −0.05 V. Cyclic voltammograms of this sample in
.5 M H2SO4 (Fig. 1) demonstrate one anodic maximum at
.05–0.2 V assigned earlier to hydrogen adsorption–desorption
8]. The subsequent broad maxima at 0.35–0.40 V are typical for
u-containing electrodes and usually related to formation of var-

ous surface oxides/hydroxides, namely Ru(OH)3 (0.65–0.8 V)
nd hydrated RuO2 (0.8–1.2 V) [41] (peak position and shape
re very sensitive to the anodic potential limit, scan rate and
lectrode prehistory [35]). Three curves in Fig. 1 are normal-
zed per scan rate increasing from 5 (solid curve) to 50 (dotted
urve) mV s−1. Even in this narrow range of low scan rates the
ecrease of “hydrogen” peak with scan rate is pronounced, in
f surface oxide, but not its formation at 0.3–0.6 V (anodic scan).

4 This value was obtained [12] by extrapolation of the potential dependence
f the surface excess of hydronium ion in chloride-containing solution.
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ig. 1. Cyclic voltammograms normalized per scan rate of freshly deposited Ru
Ed = −0.05 V) in 0.5 M H2SO4 solution. Scan rate (mV s−1): 1–5; 2–20; 3–50
see text).

Similar voltammograms were reported earlier for Ru elec-
rodeposited under galvanostatic mode from nitrosyl-chloride
11] and chloride [26,35] solutions, as well as for Ru potentio-
tatically deposited from chloride [26] and formed by electroless
eposition from RuCl3 [17], as well as for bulk polycrystalline
u [11,25,42]. Voltammograms with similar features were also
ublished for Ru submonolayers on Au(1 1 1) and Pt(1 0 0) [43];
or these materials, separation of three cathodic peaks (0.5, ∼0.4
nd ∼0.2 V) was found.

The observed voltammetric behavior, like for other Ru mate-
ials mentioned above, cannot be unambiguously referred to pure
u metal, it is affected at least by surface oxide/hydroxide forma-

ion. Moreover, one cannot exclude the presence of more bulky
xidized fragments.

.1.2. Fresh binary deposits (type I)
When deposition was carried out from mixed

uCl3 + Na2PtCl6 + HCl solutions, Ru codeposition appeared
o be possible at positive RHE potentials, i.e. in the region
here no evidence of pure Ru deposition was found. This
rincipal difference can be hardly attributed formation of mixed
eactants (spectroscopic tests are mentioned in Section 2).

Facilitation of [RuCl5(H2O)]2− discharge under condition
f parallel discharge of [PtCl6]2− and [PtCl4]2− ions can be
onsidered as a possible kinetic reason. This factor works if the
ormation of platinum nuclea simultaneously with Ru adatoms
revents or weakens the pzfc shift discussed above and by these
eans prevents the adsorption of chloride inhibitor.
Acting in parallel is an important thermodynamic reason, Pt-

u alloy (solid solution [44,45]) formation. Additional deposit
tabilization due to formation of ternary alloy with gold support
s also possible because of mobility of gold surface atoms, like
bserved earlier for platinum electrodeposits on gold [46].

The voltammograms of fabricated Pt-Ru electrodes in 0.5 M

2SO4 solution are given in Fig. 2. The shape of these curves
emonstrates the essential changes with Ru concentration in
eposition solution. Two quasireversible peaks of hydrogen
dsorption in interval 0.05–0.3 V are observed only for the

s
t
d
P

ig. 2. Cyclic voltammograms of electrodeposited Pt-Ru electrode (type II) in
.5 M H2SO4. Scan rate 10 mV s−1. Deposition potential: (a) 0.05 V and (b)
.2 V. Pt-Ru (mol.%): 1—4:1; 2—2:1; 3—1:1; 4—2:3; 5—1:2; 6—1:3.

ample deposited from Pt-Ru (90:10) solution. For all other
lectrodes with higher Ru content there is only one asymmetric
eak. Currents in the “double layer” region increase, oxygen
esorption peak is weakly pronounced. The values of currents
n the overall potential region decrease systematically with Ru
ontent in deposition solution, independently on deposition
otential. For the highest Ru contents, the cathodic voltam-
ograms are rather smooth and contain no peaks, even feebly
arked. Similar tendencies were observed for Pt-Ru layers

eposited under galvanostatic [12,25] and potentiostatic (at
= 0.05 V) [18,39] modes, as well as for Pt and Ru impreg-

ated into carbon support [47]. The quantitative comparison
ith these data is complicated by the absence or conditional

haracter of the true surface area values.
If one assumes that the current efficiency of deposition is

ndependent on bath composition, the observed decrease of the
otal charge calculated by integrating the anodic part of voltam-

ograms with Ru content can be interpreted as the decrease of
he specific surface area with Ru content grow. For one and the

ame bath composition, the total charge is higher when deposi-
ion potential is lower. Again, if the current efficiency does not
epend on deposition potential (the latter is evidently true for
t [34]), this means that the specific surface area is higher for
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potential region. Single broad peaks in the “hydrogen region”
are transformed into couples of peaks most typical for platinum.
For type IV electrodes (Fig. 3b), oxygen desorption peak is also
dividing into two, one is still at 0.5 V, and the second appears at
A.N. Gavrilov et al. / Electroc

eposits formed at 0.05 V as compared to deposition at 0.2 V.
owever another interpretation is also possible (see below).
The ratio of Pt and Ru at the surface is a key characteristic

f Pt-Ru any catalyst. This ratio depends on both segregation
ffects and bulk ratio of metals, the latter being dependent on the
ath Pt:Ru ratio. According to direct radiotracer data [13], Pt:Ru
olar (atomic) ratios in deposition solution and in galvanostatic

eposit are approximately equal. The problem of surface/bath
t:Ru ratio was later studied by EDX [14,25], AAS [14] and XPS
18,38]. Various types of segregation were observed, the most
eliable seems to be XPS data [18,38] on 10–30 at.% surface
xcess of Pt resulting from potentiostatic deposition from the
ath of any composition. We failed to find the reliable data on the
ulk composition of the deposits of our type which we consider
s very important for deposition controllability and more correct
nderstanding of segregation problem.

Any spectral analysis of Pt and Ru in the presence of gold
esults in serious uncertainties. We made a number of attempts
o apply UV–vis absorption spectroscopy to solutions obtained
y dissolving our electrodeposits in aqua regia with subsequent
ilution. To get at least a rough estimate we deposited Pt-Ru
4:1) on glassy carbon. Deposition rate was sufficient only at
ather negative potential −0.05 V, assumed to be close to the
teady-state potential value under galvanostatic mode used in
efs. [5,7–13]. The analysis demonstrated that even under these
onditions favorable for Ru codeposition the ratio of Pt:Ru in
he deposit is certainly higher than in deposition solution. There
s no direct contradiction with analytical data of Ref. [13], as
uthenium nitrosochloride was used in this study instead of
urely chloride complex. The presence of nitroso ligand shifts
u/Ru(III) redox potential towards more positive values favor-

ng higher Ru content in the deposit.
To summarize the data obtained here and published by other

roups, a general tendency is platinum enrichment of electrode-
osits as compared to metals ratio in deposition solution. This
endency looks to manifest itself in rather wide range of depo-
ition parameters. We can assume that a number of segregation
ffects reported earlier on the basis of comparing surface/bath
atios were overestimated, i.e. the difference of surface and bulk
eposit compositions was less pronounced.

The pronounced difference of pure Ru (Fig. 1) and all Pt-
u deposits (Fig. 2) is seen from the scan rate dependence. For
t-Ru, there is no noticeable changes of normalized voltammo-
rams in the same scan rate interval, 5–50 mV s−1, when for pure
u the kinetics of charging processes in the ‘hydrogen region’

<0.2 V) is much slower. We assume that the processes observed
t Ru in this region do not present pure hydrogen adsorption in its
sual classical sense, but some recharging of the surface oxide,
he process known to be strongly catalyzed in the presence of
t. Similar effect is known for Pt-oxotungstate compositions,

t consists in catalysis of W(VI/V) redox transformations when
xotungstate species coexist with Pt [27]. Taking into account
hese manifestations one can assume that the increase of total

harge with Pt content in deposition solution (i.e. in the deposit
lso) results not only from higher specific surface area but also
rom the involvement of the higher portion of surface ruthenium
xides into reversible recharging.

F
H

a Acta 52 (2007) 2775–2784 2779

There is no chance to study this problem in detail for freshly
eposited Pt-Ru because of the instability of their voltammetric
eatures. It is evident that the properties of stabilized electrodes
resented in the next section are of higher importance for under-
tanding the electrocatalytic events in Pt-Ru system.

.2. Closer to real catalysts: aged and ‘trained’ binary
eposits

In the majority of papers devoted to Pt-Ru system, the authors
onsider the evolution of electrode properties in the course of
elatively short periods (few hours or days). We observed that the
roperties of electrodeposited samples can continue to change
or much longer time (type III and type IV, ‘trained’ electrodes),
he same is for ageing in air (type II electrodes).

Evolution of voltammetric behavior in the course of stabi-
ization of type III and type IV electrodes prepared from 4:1
t-Ru bath at 0.05 V is demonstrated in Fig. 3a and b respec-

ively. For both 0.9 V (type III) and 1.1 V (type IV) anodic limits,
he potential cycling decreases the total charge in the overall
ig. 3. Cyclic voltammograms of Pt-Ru (4:1) electrodeposited at 0.05 V in 0.5 M

2SO4. Scan rate 10 mV s−1. (a) Electrode III and (b) electrode IV.
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.8 V. The same tendencies are observed for other deposits. The
ppearance of oxygen desorption peak at 0.8 V and separation of
hydrogen peaks” was earlier reported for annealed Pt-Ru alloys
heated at 850 ◦C for 3 h) [11] and was interpreted as the diffu-
ion of surface Ru atoms to the bulk with corresponding surface
nrichment by Pt. Similar results were obtained later in Ref. [48].
his process was assumed to be advantageous because of lower
t free surface energy and cannot be ignored when interpreting
oom temperature ageing.

Our study of Pt-Ru deposits demonstrates that really no essen-
ial Ru dissolution takes place even if potential is cycled up
o 1.1 V RHE. Neither analysis of solution, nor experiments
ith cathodic polarization in solution after prolonged cycling
anifest the appearance of dissolved ruthenium. At the same

ime, if the anodic limit is increased up to 1.25 V, it is easy to
otice the dissolution product. We can conclude that evolution
f response results mostly from stabilization of Ru oxidation
tate in the surface layers, with negligible change of Ru con-
ent. Note that voltammogram of type IV deposits stabilizes

uch faster than for type III electrodes cycled with a lower
otential limit. The steady-state voltammograms resulting from
pplication of 0.9 and 1.1 V anodic limits are not identical, but
n both cases do not demonstrate disappearance of Ru from the
urface.

Steady-state voltammograms corresponding to different age-
ng modes are compared in Fig. 4 for one and the same initial
eposit (4:1 plating solution), curve 1 represents the initial
oltammogram. Minor changes take place when we age the elec-
rode in air (type II). Dissolution is completely excluded in the
ourse of type II ageing process, which can only consist of for-
ation of various oxygen-containing ruthenium compounds (in

articular irreversibly oxidized forms). The decrease of total
harge induced by ageing does not exceed 15% for type II elec-
rode and amounts 40 ± 5% for type III and type IV electrodes.

here is no qualitative difference in the features of electrodes
ged or ‘trained’ under various modes. The most pronounced
eature is the preferential decrease of current in the mid ‘double
ayer’ region of voltammograms. This means that the decrease

ig. 4. Cyclic voltammograms of Pt-Ru (4:1) electrodeposited at 0.05 V in 0.5 M

2SO4. Scan rate 10 mV s−1. 1—Type I; 2—type II; 3—type III; 4—type IV.
lectrodes of II–IV types were stabilized completely.
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f surface area is a minor consequence of ageing, when the
ajor changes are related to the decrease of contribution from

echarging of ruthenium surface oxides.
This observation supports indirectly our statement concern-

ng negligible dissolution of Pt-Ru, additionally substantiated
elow by Cu-UPD experiments.

For stabilized electrodes, the effect of Ru content in deposi-
ion solution is qualitatively the same as for freshly deposited
t-Ru within the same series. Ageing effect is more pronounced
or Pt-Ru deposited at 0.05 V. This fact can be probably assigned
o the higher initial Ru content in this series as compared to a
eries of Pt-Ru films deposited at 0.02 V.

.3. Is it possible to determine Pt-Ru surface area?

The techniques to measure (or, more exactly, to estimate)
he true surface area of Pt-Ru materials were widely discussed
n relation to the values of specific electrocatalytic activity. It
s evident that coulometric analysis of H-UPD region usually
pplied to determine Pt surface area is unlucky in the case of
t-Ru, because of the absence of separated H-UPD region. The

echnique assuming the reversible formation and reduction of the
urface Ru(II) hydroxide as proposed by Watanabe and Motoo
49] was later found to be suitable only for low surface con-
entrations of ruthenium (see Ref. [25] for example). Another
most widely used) technique is CO stripping [50–52], its limita-
ions and estimates of accuracy were discussed by many authors.
ecently proposed Cu-UPD technique [17,40] was applied up

o now to freshly prepared Pt-Ru materials and found to give
n additional information on the surface Pt:Ru ratio due to sep-
ration of Cu-UPD responses on Ru (desorption peak at more
egative potentials) and Pt. It was mentioned in Refs. [17,40]
hat no Cu-UPD occurs at oxidized Ru surface.

We attempted to apply two independent techniques (with their
ather different approximations) to aged and ‘trained’ electrode-
osits under study. Our set of samples represents a wide range
f compositions and surface oxidation states.

First, we assumed that the surface area is proportional to
oltammetric charge in the region 0.05–0.4 V. This is the same
hat was done in Ref. [10] with the use of galvanostatic charging

urves and resulted in good correlation with BET data for the
ame materials.

The second approach was based on Cu-UPD. We found that
he shape of Cu desorption voltammograms, and especially the
ey value of desorption charge are crucially dependent on the
dsorption potential and time. These experiments provide an
mportant information about ruthenium oxidation at the surface.

For pure Pt and Ru deposits, Cu-UPD responses differ
trongly (Fig. 5a), and the difference is qualitatively the same as
eported in Refs. [17,40] for other materials. At least three copper
esorption peaks are observed for Pt in the region 0.45–0.75 V,
ith a broad adsorption peak at 0.65 V at cathodic branch. The
alue of maximum desorption current at 0.72 V is not affected

y adsorption time, when other peaks continue to increase with
ime within the interval of 30–600 s. The final value of desorption
harge achieved at 600 s (corresponding to curve 1 in Fig. 5b)
ives the surface area value very close to the area calculated
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Fig. 5. Cu-UPD stripping results in 0.5 M H2SO4 + 0.01 M CuSO4. (a) Stripping
voltammograms (10 mV s−1) for freshly deposited Ru/Au (1) and Pt/Au (2);
adsorption time 900 s. (b) Surface area of Pt/Au via H-desorption in 0.5 M H2SO4

(
s

f
l

a
s
t
f
r
f
C
r

r
s
f
r
e
m
i
d
s

F
t
3

o
i
s

t
T
i
w
b
I
b

v
e
s
e
fi
T
a

e
a

(

(

O
d
s
o
metric techniques.
1) and surface areas of Pt/Au (2), Pt-Ru (4:1) (3), Ru/Au (4) via Cu-UPD
tripping as a function of adsorption time. Scan rate 10 mV s−1.

rom H-UPD response of the same Pt sample (dashed straight
ine in Fig. 5b).

A single desorption maximum of Cu-UPD for Ru is observed
t 0.5 V, and no features of adsorption are found at the cathodic
can in a wide range of scan rates. The anodic response continues
o increase with adsorption time up to 3000 s, i.e. Cu adatoms
ormation on Ru is a very slow process (curve 3 in Fig. 5b). It is
ather natural to assume that the observed phenomenon results
rom slow reduction of surface ruthenium oxides at potential of
u adsorption (0.33 V) accompanied by involvement of freshly

educed Ru atoms into Cu-UPD process.
For Pt-Ru electrodes of type III, the characteristic time to

each the limiting value of Cu desorption charge is close to the
ame value for Pt (see curve 2 in Fig. 5b for a sample deposited
rom 4:1 chloride electrolyte). It looks like reduction of surface
uthenium oxides is catalyzed by Pt, at least for the samples
scaping deep irreversible oxidation. The relatively fast accu-
ulation of Cu adatoms was also observed for the samples aged
n air for several days, but not for longer period. For deeper oxi-
ation (type IV electrodes), the quantity of Cu adsorbed at the
urface remained negligible even after several thousands sec-

r
s

ig. 6. Cu-UPD stripping voltammograms in 0.5 M H2SO4 + 0.01 M CuSO4,

ads = 300 s, for Pt-Ru (4:1) electrodeposited at 0.05 V. 1—Type I; 2—type II;
—type III; 4—type IV.

nds, i.e. the major portion of ruthenium at the surface was
rreversibly oxidized. Typical responses of the electrodes under
tudy are collected in Fig. 6.

When comparing the surface areas determined by abovemen-
ioned techniques we found that the difference can reach 100%.
he following typical situations are observed: when Pt content

s high, the total charge gives higher values of the surface area;
hen Pt content is lower, the values resulting from Cu-UPD
ecome higher than the values obtained from the total charge.
t is easy to understand in terms of rechargeability processes,
eing faster for higher Pt contents.

To work correctly, Cu-UPD technique should be applied with
ariation of adsorption time. At low time, this technique discov-
rs only Pt atoms and Ru atoms initially existing in metallic
tate. At longer times, it becomes sensitive to all forms of recov-
rable (reversibly oxidized) Ru. In contrast, the total charge can
x only the surface species recharging in a certain timescale.
he main prospect of Cu-UPD measurements is more detailed
nalysis of the ensemble of surface ruthenium oxides.

The tendencies found for the change of surface area within
ach series of Pt-Ru samples do not depend on applied technique
nd look as follows:

1) The increase of Ru content in deposition solution results in
the decrease of true surface area.

2) The surface areas of Pt-Ru deposits fabricated at 0.2 V are
always lower than for the samples deposited from the same
solutions at 0.05 V.

ne cannot exclude that these differences result from the
ecrease of current efficiency (deposit weight), but another rea-
on also looks realistic: the increase of the content of irreversibly
xidized Ru with formation of species invisible for both coulo-
To conclude this section, we would like to mention the cor-
elation found recently in Ref. [53] for equimolar Pt-Ru: CO
tripping charges measured in Ref. [53] correlated with voltam-
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etric current values at 0.1 V for scan rates 10–50 mV s−1. This
as the reason why this value of current at fixed potential was
roposed [53] as a measure of true surface area. We attempted
o formally apply such a correlation to the deposits under study
nd found a number of dramatic deviations from Cu-UPD results
up to 200% excess as compared to Cu-UPD surface areas).

We would like to stress that using the CO stripping charge
or surface area determination in the context of specific catalytic
ctivity looks basically doubtful, as this value is already depen-
ent on electrocatalytic properties of the sample.

.4. Electrocatalytic activity

Optimization of Pt:Ru ratio in fuel cell catalysts is one of
he most popular and contradictory problems. For methanol and
O oxidation, the optimal compositions are different, and for
oth reactions rather contradictory values of Pt:Ru ratios can be
ound in the literature, indicating the important role of structural
nd other factors. Most typically the highest activity is reported
ither for close Pt and Ru contents of ca. 50 at.% [25,39,49], or
or materials with Ru content of 10–20 at.% [10,14,25,39,54].
he latter conclusion is more typical for electrodeposited mate-

ials, usually more active as compared to metallurgical alloys
55], chemically reduced bimetallic materials [19] or platinum
odified by ruthenium adlayers [17,35,40,55]. In this study, we

ested the activity in methanol oxidation under steady-state con-
itions in a wide compositional range.

Steady-state polarization curves (Fig. 7) demonstrate the pro-
ounced electrocatalytic activity of all deposits under study
2–2.5 orders higher than the activity of pure Pt deposit of
omparable thickness, at least in the region of 0.35–0.5 V).
imultaneously, the slopes of Tafel-like curves on Pt-Ru were
uch higher as compared to the slope for Pt.
The highest activity increase (about two orders of magnitude

s compared to Pt) was found for Pt-Ru (4:1). The difference in
ctivities for Pt-Ru (4:1) and Pt-Ru (2:1) surely exceeds a possi-
le mistake of the surface area determination, i.e. the difference
n surface areas obtained by two different techniques, and even

ore so for comparison of Pt-Ru (4:1) and Pt-Ru (1:1) activities.
hese conclusions are true for electrodeposits obtained at both
.05 and 0.2 V potentials. Further increase of Ru content results
n the pronounced decrease of activity. Similar decrease of activ-
ty with Ru content was found earlier in Ref. [3]. We found that
he decrease is sharper for the series of samples deposited at
.05 V. Most probably these samples contain higher portions of
u than our deposits prepared at 0.2 V, so the observed differ-
nce does not contradict the results mentioned in Ref. [3].

Thick electrodeposited films studied in Refs. [3,10] had very
igh surface area and allowed to measure methanol oxidation
urrent starting from very low potential ∼0.22 V. Probably this
ave an opportunity of observation of low Tafel slope (close
o 60 mV). Our measurements at less rough electrodes start at
igher potentials, and give ∼100 mV slope in 0.4–0.5 V region,

n satisfactory agreement with the slope in the same region found
n Refs. [3,9] (∼90 mV). This inhibition can result from oxygen
dsorption, a factor decreasing the rate of methanol dissociative
dsorption.

f
e
s
e

ype III; curve 2′: type I.

We observed also a slight decrease of activity with ageing or
training’ (Fig. 8). The lowest activity for potentials 0.35–0.6 V
as found for type III deposit. All changes do not exceed two

imes activity difference, when the reproducibility of the activity
or any certain type of Pt-Ru is much better.

Composition effects discussed in this section should not
e straightforwardly interpreted as a lack of activity with the
ecrease of Ru content. More likely, Ru content (Pt:Ru ratio)
s a factor affecting Ru oxidation state and/or the rate of estab-
ishing a certain oxidation state at given potential. Early data on
t-Ru and Ru electrodeposits should be concluded by mention-

ng a high catalytic activity of pure Ru at elevated temperatures
10]. This fact should be taken into account in mechanistic
iscussions around Pt-Ru. Actually, according to a classical
ifunctional mechanism Pt and Ru are equal parties supplement-
ng the limited catalytic abilities of each other. This is the same

or the most conventional versions of ‘electronic effect’, ‘ligand
ffect’ and other relative mechanisms under current discus-
ion, as well as for various ‘geometric’ interpretations of Pt-Ru
lectrocatalysis.
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ig. 8. Steady-state polarization curves of Pt-Ru (4:1) electrodes of various types
n 0.1 M CH3OH + 0.5 M H2SO4. 1—Type I; 2—type II; 3—type III. Deposition
otential 0.05 V.

.5. Pt-Ru electrodeposits in the context of Ru crossover

During the recent years the increasing attention is observed
o ruthenium crossover phenomena in DMFC and Ru deposi-
ion on the DMFC cathode, with resulting decrease of cathode
ctivity in oxygen reduction and simultaneous deterioration of
he polymer electrolyte membrane [56,57]. There is still no sat-
sfactory explanation of all these phenomena and ideas how to
revent it. Formally it contradicts ruthenium Pourbaix diagram
n both its classical [31] and modified [58] versions. One should
emember that ruthenium dissolution from thermodynamically
table Pt-Ru solid solution is even less probable than from pure
u. The unique quantity of papers concerning various Pt-Ru
aterials induced a number of widely accepted illusions, and
u dissolution from Pt-Ru is just the illusion of this sort: its
ature is automatic extending of conclusions for certain Pt-Ru
aterials to other, of rather different type.
The following structural and chemical factors can affect the

tability and dissolution rate of Pt-Ru and its partly oxidized
orms: two-phase composition; defectiveness of small particles;
xide non-stoichiometry. All these features are expected at least
or some of deposits with a wide compositional range studied
n this paper, but no pronounced dissolution is observed for any
f them. For instance, the electrodeposits are in general more
efective and their fabrication conditions favor codeposition of
ess stoichiometric oxohydroxides. If despite of these facts Ru
issolution is not observed, it is all the more doubtful for more
rdered Pt-Ru materials. Our preliminary XRD tests confirm
hat thin electrodeposits of our series are either single- (fcc) or
wo-phase (fcc + hcp at higher Ru content). As dissolution is not
bserved for both types, this factor is hardly very important.

According to our hypothesis, the dissolution reported for
ore complex Pt-Ru materials of PEMFC under similar polar-
sation conditions can result from the specific interaction with
he foreign fragments, like carbon surface groups or polymer
roups. The latter was already discussed in the literature [59]
n terms of ionic exchange with Nafion membranes. Another
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eason specific for certain material or medium can be disintegra-
ion and chemical dissolution. We believe that the comparison
ith electrodeposited Pt-Ru escaping the phenomena specific

or electrode-membrane configuration can be useful to clarify
etter their nature and to improve the catalyst and membrane
ifetime. In this context and wider the nanostructural study of
he thin electrodeposits and the oxidation state of Ru in these

aterials is of interest for a number of the key problems of elec-
rocatalysis by the binary alloys.

An important phenomenon absent from usual laboratory
xperiments is the potential distribution at fuel cell anode.
ecent double layer modeling of metal/solid polymer electrolyte

nterface demonstrates a possibility of dramatic potential fluc-
uations along the surface, with the amplitudes up to 0.3 V [60].
his situation should be specially modeled in experiments on

uthenium dissolution.

. Conclusions

We reported above a number of the properties of thin Pt-
u electrodeposited layers. Due to potentiostatic deposition
ode and submicron thickness these layers present the rela-

ively simple type of dispersed Pt-Ru, with minimal structural
nhomogeneity induced by the changes of nucleation-growth
eculiarities in the course of subsequent deposition of nm-size
rystals.

Thus obtained deposits behave as a typical Pt-Ru material.
heir specific feature is a high stability in acidic solutions at

oom temperature under cycling, up to relatively high value
.1 V (RHE). More thick galvanostatic deposits studied earlier
5,7–13] were also rather stable for a long time.

Further development of techniques to determine the sur-
ace composition and the true surface area of dispersed Pt-Ru
equires special attention. Our comparison demonstrated that
he difference in true surface area obtained by various electro-
hemical techniques is not dramatic, at least for comparing the
pecific activities of various Pt-Ru materials towards methanol
lectrooxidation. Cu-UPD seems very promising because of its
ensitivity to Ru oxidation state. This aspect should be probably
onsidered also for technique proposed in Ref. [61], based on
etermination of the true surface area from the rate of oxalic acid
xidation. The data of this sort are of crucial importance for the
asics of Pt-Ru electrocatalysis, as the role of metallic and oxi-
ized Ru still remains one of the most controversial problems in
he area [62–64].

Re-examination of the early data on Pt-Ru electrodeposits
hould be concluded by mentioning a high catalytic activity
f pure Ru at elevated temperatures [10]. This fact contradicts
rom the first glance some mechanistic discussions around Pt-
u. Actually, according to a classical bifunctional mechanism
t and Ru are equal parties supplementing the limited catalytic
bilities of each other. This is the same for the most conventional
ersions of ‘electronic effect’, ‘ligand effect’ and other relative

echanisms under current discussion, as well as for various

geometric’ interpretations of Pt-Ru electrocatalysis.
Some advanced interpretations of bifunctional catalysis

ssume inequality of components, by considering Ru as an oxo-
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hylic additive (inactive itself) for generation of OH species.
e would like to stress that an opposite view is also possible: if

ome specific forms of oxidized Ru are exclusively responsible
or electrocatalysis (in a widely understood mediating sense),
his is just platinum which improves Ru activity by catalyzing
he surface redox transformations, not vice versa. The nature of
t catalytic role requires further examination, it can be in partic-
lar related not to direct mediator-like catalysis, but to electronic
ffects (changes of d-bands known already from 1960s [65]).
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U.H. Bönnemann, Langmuir 13 (1997) 2591.
51] H.A. Gasteiger, N. Markovic, P.N. Ross, E.J. Cairns, J. Phys. Chem. 98

(1994) 617.
52] N.H. Dinh, X. Ren, F.H. Garzon, P. Zelenay, S.J. Gottesfeld, J. Electroanal.

Chem. 491 (2000) 222.
53] A.N. Gavrilov, E.R. Savinova, P.A. Simonov, V.I. Zaikovskii, S.V.

Cherepanova, G.A. Tsirlina, V.N. Parmon, in preparation.
54] H. Hoster, T. Iwasita, H. Baumgatner, W. Vielstich, J. Electrochem. Soc.

148 (2001) A496.
55] M.-S. Loffler, H. Natter, R. Hempelmann, K. Wippermann, Electrochim.

Acta 48 (2003) 3047.
56] P. Pila, C. Eickes, E. Brozha, F. Garzon, P. Zelenay, J. Electrochem. Soc.

151 (2004) A2053.
57] W. Chen, G. Sun, J. Guo, X. Zhao, S. Yan, J. Tian, S. Tang, Z. Zhou, Q.

Xin, Electrochim. Acta 51 (2006) 2391.
58] G. Barral, J.-P. Diard, C. Montella, Electrochim. Acta 31 (1986) 277.
59] J.L. Weininger, R.R. Russell, J. Electrochem. Soc. 125 (1978) 1482.
60] V.P. Zhdanov, B. Kasenno, Electrochem. Commun. 8 (2006) 561.
61] C. Bock, B. McDougall, J. Electrochem. Soc. 150 (2003) E377.
62] J.W. Long, R.M. Stroud, K.E. Swider-Lyons, D.R. Rolinson, J. Phys. Chem.
B 104 (2000) 9792.
63] H. Kim, I. Rabelo de Morals, G. Trimilosi-Filno, R. Haasch, A. Wieck-

owski, Surf. Sci. 474 (2001) L203.
64] S.C. Thomas, X. Ren, S. Gottesfeld, J. Electrochem. Soc. 146 (1999) 4354.
65] D.W. MkKee, F.J. Norton, J. Catal. 3 (1964) 252.


	Pt-Ru electrodeposited on gold from chloride electrolytes
	Introduction
	Experimental
	Chemicals

	Results and discussion
	Electrodeposition and general characterization of freshly prepared deposits
	Single-component deposits
	Fresh binary deposits (type I)

	Closer to real catalysts: aged and 'trained' binary deposits
	Is it possible to determine Pt-Ru surface area?
	Electrocatalytic activity
	Pt-Ru electrodeposits in the context of Ru crossover

	Conclusions
	Acknowledgement
	References


