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Abstract Three periods of Pt—Ru research are considered
step-by-step: the initial period after discovery (1963—1970);
observation and classification of basic tendencies (like the
effects of composition, segregation, structural features on
the activity; up to 1990); nanostructural studies and
molecular level consideration of electrocatalytic phenome-
na in combination with advanced applied studies of
materials, mechanistic, and applied aspects (after 1990).
The main idea of this review is to balance various aspects
of Pt—Ru electrochemistry related to material science and
electrocatalysis as well as to remember the early basic
results being of importance for future understanding of Pt—
Ru functional properties.

Introduction

The second half of the twentieth century provided the
outstanding progress in creation and improvement of
various electrode materials as well as condensed ionic
systems and membranes [1]. Among electrode materials,
platinum-ruthenium catalysts for direct methanol fuel
cells (DMFC) are widely recognized. These catalysts also
found successful applications in reformate-air fuel cell.
For this device, the fuel is conversed from methanol or
hydrocarbons by means of reforming process and contains
up to several percent of CO along with H, and CO,. More
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than a thousand of papers concerning fabrication and
studies of Pt—Ru catalysts can be already found in the
literature.

Pt—Ru system had attracted serious attention already at
the end of nineteenth century. Let us remind that
ruthenium had been discovered in 1844 by K. Klaus in
Kazan University, and the study of anodic ruthenium
dissolution had been available already in 1868 [2]. Pt-Ru
alloy (10 wt% Ru) had been mentioned for the first time as
the thermocouple material [3]. The early physico-chemical
studies of this system appeared in 1930s [4, 5]. During the
post-war period, the pronounced synergetic effects were
found for alloys containing 5-10 wt% of ruthenium in
respect to liquid phase hydrogenation [6], isomerization
[7], and catalytic CH4—D, exchange [8] (some synergetic
effects were also reported for the latter process on Pd—Ru
[9]). As publication of [8] contemporized the period of the
arising interest to fuel cells with organic fuels, it
stimulated the electrochemical studies of Pt—Ru catalysts.
This concerns at least the motivation of our study [10],
which gave rise to subsequent series of Pt—Ru studies of
1960s [11-20].

In a huge number of Pt—Ru publications, the review [21]
is frequently cited as a source of comparative data on
electrocatalytic activity of platinum black and noble metal
alloys in respect to methanol oxidation (Table 2 in [21]).
Usually, nobody pays attention to the fact that this table is
reproduced from the report of Adlhart and Hever [22]
completed by the authors during the period from October
1963 to March 1964. The data reproduced in [21] are given
for methanol solutions in 1 M H,SO,4 at 100 °C and current
density 20 mA/cm?®. According to these data, the strongest
synergetic effects were found for platinum alloys with
ruthenium and molybdenum as well as for ternary Pt-Ru—
Mo alloy. The studies of Adlhart et al. related to platinum
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alloys with ruthenium, osmium, and relative elements
resulted in a number of papers and patents [23-26]. These
publications are practically never cited nowadays. The
paper [10] is only scarcely mentioned, while more usual
citation [12] operates with the data from [10]. Another
rarely cited paper is [27], which summarizes the results on
the activities on platinum metal alloys and gold alloys with
platinum metals in respect to methanol oxidation at 25 and
85 °C and current density of 50 mA/cm?. Meanwhile,
during the early Pt-Ru period, the Batelle group provided
one of the most extensive studies of platinum modification
by the majority of the elements existing in the periodic
table to find the most suitable catalyst for organic fuel
oxidation [28].

This review contains consideration of three periods to be
marked out for the studies of Pt-Ru catalysts. The early
period covers 1963—1970; it can be named rosy or romantic
period in the history of Pt—Ru catalysts. The most important
results of that period are compared below with some data of
the recent decade. One should note that despite extremely
intensive later research in the field, some data of the early
period found themselves beyond the frames of active
interest and still remain unique. During the second period
(1970-1990), numerous novel approaches were developed
to the studies and fabrication of Pt—Ru catalysts. Finally, the
modern period corresponds to the shift from well-charac-
terized alloys to alloyed and modified nanoparticles
characterized at atomic level. These trends are also
accompanied by the closer interrelation between design of
nanostructures and fabrication of real catalysts for methanol
fuel cells, with accenting DMFC problems (especially for
the most prospective methanol fuel cells with polymer
electrolytes). It is evident that the indication of years given
above is arbitrary, and three periods are not separated by
any sharp time boundaries.

Another goal of this review was to consider some data
for ruthenium electrode, with a special emphasis on the
conditions of ruthenium stability and valent state under
DMFC operation conditions. It should be stressed that Ru is
also the basic element of the other electrode materials of
great practical importance [1], namely oxide ruthenium-—
titanium anodes for chlorine electrolysis and ruthenium
dioxide electrodes of supercapacitors.

A number of reviews published in the course of the
development of Pt—Ru area (see [29-33] for example)
summarize the data of various periods and sometimes cover
also other systems. However, even the series of reviews
presented in the handbook [33] can be hardly considered as
the integrate despite their evident helpful content (as these
reviews give also a chance to compare the views of various
authors on the problems of fabrication and utilization of Pt—
Ru catalysts). Moreover, because of extremely rapid
development of the field, these recent reviews already fail
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Fig. 1 Lattice parameter variation with Pt atomic fraction: Pt-Ru
powder prepared using the borohydride technique [15] (black solid
symbols), data of Vogel et al. [34] for Pt-Ru colloids (dashed line),
and computational results for Pt(core)/Ru(shell) (open symbols) and Pt
(shell)/Ru(core) (gray solid symbols)

to reflect the current situation. This review' also does not
pretend to complete description; it is aimed exclusively to
presentation of the most reliable and essential findings as
well as to fixing the pioneering findings and studies.

The most important results of 1963—1970

The most detailed studies of the early period concern mixed
Pt—Ru electrodeposited materials [10-20]. These electrodes
were prepared by galvanostatic deposition from H,PtClg +
K;Ru(NO)Cls solutions using platinum foil or gauze as the
supports. In general, the deposit thickness was of approx-
imately several microns. The deposit/bath composition ratio
close to 1:1 was found using '°°Ru radiotracer technique
[11]. Parallel studies involved the electrodes prepared from
Pt—Ru powders resulting from chemical deposition with
NaBH,4 reductant, Raney Pt—Ru catalysts, the catalysts on
carbon and titanium carbide supports, and metallurgical Pt—
Ru alloys.

Figure 1 presents the lattice parameter for powders
obtained by means of chemical deposition as compared to
parameters calculated for Pt—Ru in the absence of segrega-
tion phenomena [34] as well as for strongly segregated Pt
(core)/Ru(shell) and Pt(shell)/Ru(core) nanosize catalysts.
The dispersed materials studied in [10-20] demonstrated
crystallographic features close to the absence of segregation
and typical for bulk Pt—Ru materials.

Typical tendencies for various regions of cyclic voltam-
mograms obtained for Pt—Ru electrodes with the increase of

! The basis of this review is the lecture “Ru-containing catalysts—a
very long story” presented at 55th ISE Meeting in Tessaloniki,
September 2004.
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Ru content (Fig. 2) consist in (1) a gradual decrease (and
later disappearance) of the maximum related to strongly
bonded hydrogen; (2) current increase in the “double layer”
region induced by earlier oxygen adsorption, and (3) more
and more irreversible oxygen adsorption. These tendencies
reported in [17] were later confirmed for other types of
electrodeposited Pt-Ru and for numerous catalysts of
another origin. Recent comparative study of electrodeposits
fabricated at various constant potentials [35] demonstrates
that deposition potential affects not exclusively the true
surface area of dispersed Pt—Ru but also its stability and
ageing behavior under various conditions.

The early papers on Pt-Ru electrodeposits collected a lot
of detailed data concerning the kinetics of methanol
oxidation [17, 19], with special attention to uncover the
mechanistic criteria and to optimize the catalyst composi-
tion for various operation conditions.

According to [36], the most important mechanistic
criteria are (1) Tafel slope of the steady-state polarization
curves and (2) pH dependence of the reaction rate at
constant potential. These features were preferentially
studied; in addition, the effects of reactant concentration
were obtained, the initial and steady-state oxidation rates
were compared, and the latter were also considered jointly
with the oxidation rates of methanol chemosorption
products. The electrochemical study of the nature of these
products [16] led to conclusion about deep dehydrogenation
of methanol molecules in the course of adsorption, with
forming the species of stoichiometry close to HCO
(however, the accuracy of this conclusion is rather low
because of strong intersection of hydrogen and oxygen
adsorption regions for the catalyst under study). To finalize
the list of what was studied, we should also mention the

1/ mA
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Fig. 2 Typical cyclic voltammograms of platinized Pt (dashed, curve
1) and compact Pt-Ru alloy containing 10 and 30 wt% Ru (curves 2
and 3, respectively) measured in 0.5 M H,SO, solution, scan rate
5mVs ' [18]
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Fig. 3 Steady-state polarization curves of methanol oxidation on
electrodeposited Pt—Ru (10 wt% Ru) (7), Raney Pt-Ru alloys (5, 10,
and 20 wt% Ru, curves 2, 3, and 4, respectively) and platinized
platinum (5) [15]. 0.5 M H,SO4+0.5 M CH;0H. Points: data for Pt—
Ru prepared by sol-gel technology [37]

analysis of products for methanol oxidation at various
potentials and the polarization curves measured for form-
aldehyde and formic acid electrooxidation.

The catalysts studied in the 1960-1970s demonstrated
high activity in respect to methanol electrooxidation. These
electrodeposits are highly competitive with more character-
ized Pt—Ru materials reported later and considered nowa-
days as being the most active. Figure 3 presents the
comparison of the steady-state polarization curves of
methanol oxidation on Pt—Ru electrodeposit [20] and on
the most active (under stationary mode) Pt—Ru catalyst
fabricated by means of sol-gel technology [37]. Recent
tendency of more detailed studies of catalysts under steady-
state polarization should be specially marked; it results
from closer interaction of basic electrocatalysis and applied
fuel cell projects. Unfortunately, cyclic voltammetry dom-
inated in the course of the second and third periods of Pt—
Ru research, and the majority of reported data correspond
to certainly non-steady-state registration modes.

According to [20], the regions of polarization curves at
low potentials are probably pH-independent in the interval
of pH 0.3-2.3 (Fig. 4) if the potentials are referred to the
reversible hydrogen electrode (RHE) in the same solution.
A slight increase of the oxidation rate is observed at higher
pH. This effect can be attributed to the increased surface
coverage with the active forms of adsorbed oxygen species
in less acidic solutions. The observed pH effects and Tafel
slope of about 60 mV find the simplest explanation under
assumption of slow chemical interaction of methanol
adsorption products with OH-like adsorbed species result-
ing from fast underpotential discharge of water molecules
(this conclusion is related exclusively to steady-state
oxidation and low anodic potentials; Scheme 1).
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Fig. 4 The effect of pH on the steady state polarization curves of
methanol oxidation on electrodeposited Pt-Ru (15 wt% Ru). 3 M
CH;0H in 0.5 M H,SO4 (pH 0.3) (curve 1), sulphate buffer solutions
(pH 1.0, 1.3 and 2.3 for curves 2, 3, and 4, respectively), NaOH +
Na,SOy4 (pH 12.4 and 13.6 for curves 5, 6, respectively). All currents
are related to geometric surface areas

For constant surface coverage with (CH30H),q4,, this
scheme provides the following kinetic equation:

i = const exp(FE,/RT), (1)

where E, is potential vs RHE in the same solution.

The validity of assumption of constant surface coverage
with (CH30H),4s at low anodic potentials found indirect
confirmation from the data on the amount of strongly
chemosorbed organic species after washing the electrode to
move away the dissolved methanol (Fig. 5). As one can see
from Fig. 5, the region of (CH30H),qs electrooxidation on
Pt-Ru is shifted for approximately 0.2 V towards less
positive potentials as compared to oxidation on Pt, i.e., the
overvoltage of this process decreases in the same manner as
for oxidation of dissolved methanol. To confirm this
statement, we compared the polarization curves of dis-
solved and adsorbed methanol oxidation (Fig. 6), providing
a basis to assume a similar mechanism of both processes.
The increase of oxidation rates of adsorbate when going
from Pt to Pt-Ru was reported later by various authors.

Scheme 1 is currently accepted by the majority of people
working with Pt-Ru catalysts for methanol oxidation.
Detailed elaboration of this scheme now attracts modern
quantum chemical approaches for modeling the adsorption
of reacting species at heterogeneous electrode surface.
Frequently used name of Scheme 1 in relation to methanol
oxidation is Langmuir-Hinshelwood scheme.

Scheme 1 Key steps of metha-
nol electrooxidation

OH,gs + (CH30H),4s — reaction products
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H,O < OH,gs + H +e

Fig. 5 The potential dependence of the steady-state surface coverage
with methanol chemosorption products for electrodeposited Pt—Ru
(15 wt% Ru) (/) and platinized platinum (2). Adsorption from 0.5 M
H,S04+0.05 M CH;0H solution, with subsequent washing and
surface coverage determination in supporting 0.5 M H,SO, solution
[17]

It was well documented already in the studies of 1960—
1970s that the adsorption of organic species on platinum
group metals satisfies the model of the uniformly inhomo-
geneous catalyst surface (so-called Temkin conditions). The
latter consideration agrees with the dependence of methanol
oxidation rate on its bulk concentration c: The observed
Tafel region corresponds to the following equation:

i~ (" (2)

with n<1, corresponding to Temkin conditions.

For initial period of potentiostatic methanol oxidation,
the slow step is most probably methanol adsorption
accompanied by dehydrogenation [in contrast to slow step
(1b in Scheme 1) under steady-state conditions]. Dehydro-
genation is followed by the fast ionization of thus formed
hydrogen adatom. The rate of this reaction was estimated
from analysis of current transients registered after methanol
injection to supporting solution under constant potential
mode. Hydrogen ionization current arising at low potential
in the course of injection are several orders higher than the
steady-state currents and undergo a sharp decrease when
the methanol adsorption products are accumulating at the
surface. The initial currents (extrapolated to zero time) are
proportional to methanol concentration. An interesting fact is
the Tafel-like behavior of dehydration current at potentials of
hydrogen adsorption (Fig. 6), with the slope close to the
slope of the steady-state Tafel polarization curve. The

(la)
(1b)
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Fig. 6 Non-stationary (¢=0) (/a, /b, 4) and steady-state (2)
polarization curves of methanol oxidation on electrodeposited Pt-Ru
(15 wt% Ru) (la, 1b, 2) and platinized platinum (4) [17]. 0.5 M
H,S0,4+0.1 M CH30H (la, 2-4), 1 M KOH+0.1 M CH;O0H (/b).
Curve 3 corresponds to the oxidative desorption of the product of
methanol adsorption on Pt—Ru (15 wt% Ru) in 0.5 M H,SOy solution.
All current densities are referred to the real surface area

potential-dependent rate of purely catalytic process can be
explained by the dependence of hydrogen and oxygen
surface coverage on the potential as well as by the changes
in Ru atoms oxidation state. We shall demonstrate below that
the specific features and mechanisms of dehydrogenation on
mixed catalyst require further studies.

The difference in initial and steady-state methanol
electrooxidation rates decreases with potential (Fig. 6),
and both rates become very close at high potentials. For this
potential region, we already observe much higher slope of
polarization curve. Both facts provide true evidence of a
different nature of the limiting step at high anodic
potentials, probably coming to slow methanol adsorption.
This assumption agrees well with the linear dependence of
reaction rate on methanol concentration (in the range up to
1 M) observed for the same potential domain.

Several points should be stressed when comparing these
data with the similar data for platinum electrodes.

Under identical conditions, the difference of initial and
steady-state rates is more pronounced for Pt, demonstrating
that poisoning by strongly bonded adsorbate is more
pronounced in this case.

At low potentials, the rates of dehydrogenation on Pt and
Pt-Ru are close (probably because of selective methanol
adsorption on platinum centers), while dehydrogenation
rate on Pt at higher potentials is higher. This observation
can be attributed to the earlier oxygen adsorption in the
presence of Ru and suppression of the adsorption rate by
oxygen-containing species.

It also seems important that the electrooxidation rate of
chemosorbed methanol on electrodeposited Pt—Ru at room

temperature is only twice lower than the rate of electro-
oxidation of dissolved reactant, while the same difference
for Pt approaches one order.

The steady-state rates of methanol, formaldehyde, and
formic acid oxidation on Pt-Ru in acidic medium are rather
close [17], while for Pt, their difference is pronounced. We
suppose that similar composition of products formed in the
course of these reactions on Pt—Ru results from this
closeness of rates. As one can see from Table 1 (the data
for low anodic potentials and reactant consumption of
several percents), CO, (or CO%‘) dominate in all the
systems.

The study of temperature effects (Fig. 7 [20]) leads to
conclusion of the necessity of higher Ru content for the
catalysts operating at elevated temperature, as it was
confirmed in several recent studies considered below. The
most interesting and surprising result is the high activity of
pure electrodeposited ruthenium at elevated temperatures:
At low potentials, it even exceeds the activity of Pt/Pt under
the same conditions. The importance of this result became
evident after a number of subsequent studies considered
below. “Individual” ruthenium activity confirms that its
addition to platinum can induce some electronic effects, not
exclusively bifunctional. The reaction on pure ruthenium is
hindered at higher anodic potentials, most probably because
of earlier surface oxidation. Ruthenium was also found to
be an effective catalyst of formaldehyde oxidation in
alkaline solutions at high current densities. The special
study of electrocatalysis by pure dispersed ruthenium
should be considered as rather advisable.

Among the results obtained during the early period and
still remaining little known, one should mention the
methanol hydrogenation in the vicinity of zero RHE
potential, with methane formation [15] (Table 2). The rate
of this process increases with temperature.

In addition to organic reactants with a single carbon
atom, ethanol electrooxidation on Pt-Ru was studied
(Fig. 8). The observed synergetic effect is weaker than for
methanol oxidation [15]. The synergetic effect for ethanol
electrooxidation was confirmed later and contributed to the
increased interest to direct ethanol fuel cell. The rates of

Table 1 Composition of the yields (%) of methanol electrooxidation
products collected in electrolysis on Pt-Ru (15 wt% Ru) at room
temperature

Solution E(RHE) (V) HCHO HCOOH CO,
0.5 M H,SO,4 + 520-530 2.5-3.0 9-11 86-88
0.5 M CH3;0H 360-370 2.5 11 86.5

450465 1 68-71 31-28
1 M KOH + 325-335 1 15 82-85
0.5 M CH;0H
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Fig. 7 Steady-state polarization curves of methanol oxidation on
electrodeposited Ru (/a—Ic), platinized platinum (2a, 2b) and electro-
deposited Pt—Ru (10 and 25 wt% Ru for curves 3 and 4, respectively)
[20]. 0.5M H,SO4+1 M CH;0H at 22 °C ({a, 2a, 3), 40 °C (1), 72 °C
(Ic, 4), and 80 °C (2b)

ethanol hydrogenation appeared to be higher than for
methanol [15]. Self-hydrogenation reactions were discov-
ered for ethanol, propanol, and acetaldehyde in the course
of slow establishment of the open circuit potential in
solutions of these substances.

Methane electrooxidation on Pt was found to be
inhibited by adding even very low amount of Ru [14].
This fact was explained by proceeding of the reaction at
high anodic potentials, i.e., under conditions of strong
inhibition of methane adsorption (the limiting step) by
oxygen adatoms, as this effect tends to be aggravated in
presence of Ru.

Adhlart and Hever [22] and Cohn and Adlhart [23]
present the data on propane and butane electrooxidation on
Pt—Ru, along with methanol reaction. The authors pay
attention to the role of crystal size and porosity, the factors
widely discussed later. They report that the fraction of large
pores increases with Ru content, making the reactant

Table 2 Products of hydrogenation of organic compounds on Pt-Ru
(15 wt%) at room temperature under open circuit [the yield (%) is
given in brackets]

Fuel E;, (V) (RHE) Products
Methanol 0.06 H,(10), CH4(90)
Ethanol 0.5 CH4(92), C,Hg(8)
0.05 H,(8), CH4(55),C,Hg(37)
Propanol 0.4 CH4(35),C,H(50),C5Hg(15)
0.06 CH4(30),C,H(40),C5Hg(30)
Acetaldehyde 0.5 CH4(95),C,Hg(5)
0.06 CH4(89),C,Hg(11)

E; is initial potential.

@ Springer

Fig. 8 Steady-state polarization curves of ethanol oxidation on
platinized platinum (/a, 1b) and electrodeposited Pt-Ru (10 wt% Ru)
(2a, 2b) [15]. 0.5 M H,S04+0.5 M C,HsOH (Ia, 2a), 1 M KOH+
0.5 M C,HsOH (Ib, 2b)

penetration towards the internal electrode surface easier.
The activity of such a catalyst in respect to propane and
butane oxidation in 85 wt% H;PO, appears to be higher
than of pure Pt. Carbon-supported Pt—Ru (the most
widespread type of currently applied and studied Pt-Ru
materials) is described in [24]. Niedrach et al. [38] and
McKee and Scarpellino [39] note for the first time the high
efficiency of Pt—Ru electrode for electrooxidation of CO-
contaminated hydrogen, forming a basis for later design of
CO-tolerant catalysts for hydrogen—oxygen fuel cells. CO
electrooxidation on Pt—Ru black is reported also in [40].
The voltammetric study of Pt—Ru heat treatment effects
[18] demonstrated Pt segregation at the surface. This
phenomenon looks typical for metallurgical Pt-Ru alloys
as well. The latter were also deformed using cold rolling, a
procedure which has not changed their properties. Note that
these alloys never demonstrated synergetic effects of the
same order as dispersed materials. This conclusion (con-
firmed later by other authors) merits a more detailed study.
The nature of synergetic effect was poorly discussed in
the literature of this period. Predominating hypothesis was a
sharp difference in a number of unpaired electrons per one
atom [8, 27]. Correspondingly, the electronic factor (named
ligand effect in modern literature) was accented.
Electrochemistry of Pd—Ru system was minutely studied
[13]. The specific feature of this system is its heterogeneity
appearing at already 5 wt% Ru content [9] and affecting
hydrogen sorption properties of palladium. Synergetic
effect related to methanol electrooxidation was found to
be even stronger than for Pt—Ru, but corresponding
overvoltage remained higher than for Pt—Ru (probably due
to low activity of Pd). One cannot exclude a possibility to
find the effective ternary Pt—Pd—Ru catalysts with lower Pt
content than in Pt-Ru of similar activity. The highest
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activity of Pd—Ru was observed in respect to formate in
alkaline medium; it exceeded the activities of Pd and Pt—
Ru. A patent for Pd—Ru catalyst for fuel cells became
available in 1973 [41]. Hydrogenation of dimethylethynyl-
carbinole on alumina-supported Pd—Ru was studied in [42].

Oxygen electroreduction on Pt—Ru was also tested long
ago [43, 44]. This problem is of special interest now
because of discovery of ruthenium crossover, with subse-
quent Ru deposition at the oxygen electrode and deteriora-
tion of fuel cell with polymer membrane.

A separate group of Ru and Pt—Ru early electrochemical
findings is formed by surface thermodynamic studies. Free
charge dependence on the electrode potential [19] demon-
strates a systematic shift of the potential of zero free charge
(pzfc) towards more negative values when adding Ru to Pt.
In 0.01 M HCI+1 M KCI solution, the value of pzfc was
shifted for 60 mV at already 10 wt% Ru content. For pure
Ru, pzfc founds itself in the region of molecular hydrogen
evolution. Only so-called inverted pzfc can be found
experimentally, which corresponds to the oxidized surface.
Isoelectric potential shifts demonstrated the appearance of
adsorbed oxygen on Ru at extremely low potentials. It is
specially pronounced in alkaline solution: The amount of
adsorbed oxygen exceeds the amount of adsorbed hydrogen
at already 0.1 V RHE.

The early data on Pt—Ru electrochemistry listed above
demonstrate that a number of results published during the
first period are still of present-day importance. However, it
should be stressed that these data obtained for electro-
deposited Pt-Ru can be hardly extended automatically to
other types of catalysts.

In addition to Ru alloys with Pt and Pd, other Ru-
containing systems were studied during the same period.
Ru-Ta electrode for fuel cell applications was proposed
[45]. The attempts to oxidize the molecular hydrogen and to
enhance hydrogenation of some organic substances using
Ru—Ni alloy were reported [46]. The alloys of Ru with Rh
[47, 48] and Ir [49] were also tested. Doping of some
metals (Pb, Tl, Ag) with Ru was found to affect strongly
their corrosion and electrochemical behavior [50].

We should also mark more general keen interest to the
studies of Ru metal, Ru compounds, and Ru electrochem-
istry in the 1960s. A basic scheme of Ru oxidation was
proposed [51]. The advances of Ru chemistry were
reviewed in relation to analytical applications [52]. The
redox potential for Ru(Il)/Ru(Ill) couple was determined
[53], and the reduction of various Ru complexes to Ru
metal was studied [54, 55]. The voltammetric response of
smooth ruthenium [56] and thin ruthenium films [57],
hydrogen evolution on smooth ruthenium [58], catalytic
hydrogen evolution on Ru clusters [59], ruthenium electro-
crystallization [60] and its corrosion behavior [61-64] were
discussed. The research group in Moscow University

worked out a number of techniques to prepare the
ruthenium electrodes with high surface area, provided the
estimate of their true surface area, and studied the effect of
heat treatment on the properties of dispersed ruthenium,
including electrochemical hydrogenation of various organic
compounds and poisoning of these reactions with arsenic
and mercury [65—-72]. Temperature effect on the adsorption
properties of ruthenium black was also studied in [73].

1970-1990: new approaches appear

It became clear that the second Pt—Ru period started when
Motoo’s group confirmed a very high electrocatalytic
activity of Pt—-Ru and demonstrated a possibility to provide
the same activity by surface modification of platinum with
Ru adatoms [74—78]. Motoo and coworkers introduced the
term “electrocatalysis by adatoms” for electrocatalytic
phenomena resulting from surface modification with for-
eign adatoms.

Various techniques to modify platinum surface with
adatoms were initially summarized in [79]. This approach
was later widely applied (see [80] for review and some
comments below). The current state of the problem is
presented in [81].

When considering a possible nature of high Pt-Ru
activity, Watanabe and Motoo [77, 78] formulated the
mechanism of bifunctional catalysis. According to their
idea, the ruthenium centers are responsible for generation of
active oxygen species, while platinum centers keep the
adsorbed methanol species. Thus, the spatial separation of
the chemosorbed methanol and oxygen was assumed. For
confirming the bifunctional mechanism, the authors
reported a good correlation of the number of Pt-Ru pairs
(calculated in frames of Bragg—Williams and Fowler—
Guggenheim order—disorder theory) and catalytic activity
for CO electrooxidation. In particular, the highest activity
corresponded to the maximum number of Pt—Ru pairs. This
analysis favored further predominating considerations of
geometrical factors in Pt—Ru electrocatalysis, with minor
attention to the obvious independent factor, i.e., the
electronic state of platinum atoms at the surface (strongly
modified in the presence of ruthenium).

Like any simple and transparent idea, the bifunctional
mechanism was immediately accepted and recognized. It
still predominates in Pt-Ru research, remaining the basic
model of synergetic effect (see the third section of this
review).

In their extensive series of papers on electrocatalysis by
adatoms, Motoo et al. considered two groups of adatoms,
namely (1) oxygen-adsorbing (or oxophylic) and (2)
oxygen-non-adsorbing (the latter were assumed to adsorb
oxygen at the same potentials as the supporting metal, or
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even at higher potentials). For Pt support, group (1)
involved Sn adatoms catalyzing methanol electrooxidation
along with Ru. Taking into account the mechanism of
methanol oxidation, the authors of the series formulated
their assumptions concerning the difference in the effect of
(1) and (2) types of adatoms and emphasized the dis-
tinctions of bifunctional mechanism and earlier proposed
redox mechanism of electrocatalysis by Mo [82].

In parallel with mechanistic advances, a lot of
important findings of the second Pt-Ru period are related
to optimization of materials. Application of Petrow—Allen
technique by Watanabe et al. [83] resulted in the
fabrication of highly dispersed supported catalysts consist-
ing of clusters and demonstrating true surface area up to
80 m? g '. This technique of supported catalysts prepara-
tion was later widely used (with certain modification).
Simultaneously, the optimization of Pt-Ru deposition on
carbon supports became a subject of a number of studies
[84-86].

The phase diagram of Pt—Ru system was completed [87];
in agreement with the earlier data [4, 5], it appeared to be
rather simple, with an fcc phase at Pt concentration above
40 at.%, an hcp phase at Pt concentration below 20 at.%,
and a two-phase region in between. An attempt was done
[88] to consider the specific features of hydrogen and
oxygen adsorption on compact Pt-Ru alloys, with taking
into account possible two-phase composition in a certain
interval of Ru content.

The second period attracted more attention to various
reactions on Pt-Ru electrodes besides methanol oxidation.
In particular, Beden et al. [89] started the research in this
area, in particular by demonstration of high activity of Pt
modified by Ru adatoms in respect to ethylene glycol
oxidation. This group remains very active in the same field
nowadays. A number of DMFC development problems
were considered by McNicol [90].

The high activity of Pt—Ru system in reactions of various
organic fuels was confirmed in [91, 92]. Some data
appeared on ammonia oxidation [93] and nitromethane
reduction [94] on Pt—Ru.

The problem of Pt—Ru activation was touched by
McNicol and Short [95]. In agreement with the previous
data on the effect of heat treatment under inert atmosphere
on the electrochemical behavior of Pt—Ru alloys [20],
voltammetric manifestations of segregation were also
observed. Heat treatment in hydrogen resulted in Pt
segregation because of stronger hydrogen adsorption on
Pt. In contrast, heat treatment in oxygen resulted in
segregation of Ru because of stronger oxygen adsorption
on this metal. In general, these data lead to conclusion
widely accepted in heterogeneous catalysis. According to
this experience, any manipulations with binary catalysts,
like heat treatment under various conditions, transfer (to
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reactors or spectrometer chambers) in air, contact with
electrolyte solution or its replacement, as well as realization
of electrocatalytic process itself, can affect the surface
composition and by these means to change the activity.

The studies of fabrication conditions on the surface
composition of silica- and alumina-supported Pt-Ru clus-
ters highlighted the role of specific ligand exchange
interactions of the precursors with the surface molecular
groups of the supports. These interactions can result in the
formation of well-defined cherry-like structures and core
strongly enriched in Ru or Pt [96]. The possibility of similar
structure-affecting mechanisms cannot be a priori ignored
for, to say, Pt—Ru deposition on carbon supports, with their
rather specific surface functional groups.

A general problem recognized in the course of the
second period is the nature of Pt—Ru tolerance in respect to
CO. It was confirmed [97] that the presence of Ru
decreases the overpotential of CO oxidation onset (the
equilibrium potential for CO/CO, couple is about 0.1 V
RHE). At the same time, slower poisoning was discussed as
the reason of increased catalyst activity when operating in
CO-contaminated hydrogen [98].

Among the novel trends in design of Pt-Ru catalysts
observed during this period, the development of techniques
to deposit catalyst particles into solid polymer electrolytes
(SPE) should be mentioned, especially Nafion modification
[99, 100]. For catalysts preparation on polymer membranes,
the role of charge of complex precursor specie was
discovered, as it affected reagent penetration inside polymer
matrix [101].

The second Pt-Ru period coincided with a peak of
electrochemical and corrosion studies of amorphous mate-
rials stabilized by non-metallic additives. The attempts to
fabricate amorphous Ru-containing catalysts and to test
their activity in methanol electrooxidation were made [102,
103]. However, this approach found poor further develop-
ment, probably because of too complex preparation
techniques and less significant advantages of amorphous
catalysts as compared to other types of materials.

Some other synthetic routs were also applied to Pt—Ru
catalysts, including exotic: Ru implantation in Pt [104], Pt
implantation in RuO, [105], sputtering of Ru clusters of
various sizes [106], spraying of oxide powders, mixed and
suspended in toluene, on Au support [107].

Studies of Pt—Ru alloys electrodeposition were also
continued during the second period using chloride bath
and galvanostatic mode [108]. The prepared electrodes
demonstrated the same type of voltammetric features as
reported in earlier studies [17]. The important point is a
possibility to deposit metallic ruthenium only in the
presence of platinum compounds in the bath. The overvolt-
age decrease for ruthenium discharge results from the
energy of alloy formation. Cathodic currents observed in
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purely ruthenium bath should be most probably assigned to
Ru(I1I)/Ru(Il) reaction.

Chlorine evolution on platinum and its alloys, including
the alloy with 17 at.% Ru, was studied in [109]. The
authors were looking for correlation of chlorine evolution
rate (or exchange current density) and the degree of d-
character or the work function and found linear correlation.
Alloy with Ru demonstrated lower activity as compared to
Ir and Pd alloys with Pt. Hydrogen adsorption and
evolution [110] were studied on compact Pt-Ru, as well
as nitroethane adsorption and electroreduction [111]. In
particular, no adsorption of nitroethane on pure Ru was
found.

Characterization of Pt—Ru catalysts with the use of
physical techniques started in the second period and later
found widespread occurrence. Optical techniques were
initially involved, as they were undergoing fast develop-
ment in the 1970s. Ellipsometry of Pt—Ru and Ru electrodes
[112] confirmed the early formation of oxygen-containing
adsorbates at Ru centers—at already 0.25 V RHE.
Ruthenium oxides were discovered starting from 0.95 V,
while manifestations of ruthenium dissolution in acidic
medium appeared only at potentials exceeding 1.3 V RHE.
We should also mention one of the early X-ray photoelec-
tron spectroscopy (XPS) applications to Ru [113] and UV-
vis study [114].

Electrochemistry of pure ruthenium was studied actively
during the second period. The first attempts to study Ru
single crystals electrochemistry were reported [115, 116].
The Pourbaix diagram of Ru was specified [117] with
attraction of data from [118, 119] and analysis reported in
[120].

The important results on ruthenium electrodes were
published by Conway and coworkers [121-124], still
considered in relation to ruthenium oxidation at lower
potentials (as compared to platinum) and types of resulting
oxides. The interest to ruthenium oxidation induced
publications of some other papers [125-128]. Ruthenium
corrosion [129, 130] attracted a serious attention and was
studied with the use of advanced techniques.

Hydrogen and oxygen adsorption on ruthenized plati-
num in acidic solutions was discussed in [131]. Hydrogen
adsorption on ruthenium black at various solution pH was
studied in [132]. The effect of Ru black dispersion on its
adsorption and electrocatalytic properties was studied for
the first time [133].

In the context of the study devoted to oxidation of
molecular hydrogen on polycrystalline Ru [134], the
assumptions concerning the possibility of hydrogen disso-
lution in ruthenium metal [123, 124, 135] were subjected to
criticism.

Fast progress of electrochemistry of conducting poly-
mers was accompanied by the attempts to deposit platinum

group metals into polymer matrixes. The technique pro-
posed in [136] results in Ru deposition into poly(4-vynil
pyridine) film on glassy carbon, with providing high
stability of metallic nanoparticles in acidic media and their
activity in respect to hydrogen evolution.

Cu UPD was used for the first time in [137, 138] to
characterize ruthenium deposited on platinum. The choice
of Cu adatoms as the probes was motivated by the close
atomic radii of copper (0.128 nm) and ruthenium
(0.134 nm). This means that in the case of complete
monolayer formation and under condition of exact surface
stoichiometry, a chance appears to determine true surface
area from the charge of Cu desorption. Such a possibility
was confirmed for ruthenium materials with roughness
factors below approximately 30, while for rougher surfaces,
the multilayer growth of copper started before completion
of the first monolayer.

Additional complication resulted from early oxygen
adsorption and competition of copper and oxygen for
positions at the surface. According to [137], electrochem-
ical Cu UPD on Ru is similar to thermal deposition of Cu
on a single crystal (0001) plane of Ru studies by low-
energy electron diffraction (LEED), Auger spectroscopy,
thermodesorption, and work function measurements by
Christmann et al. [139].

The comparative study of Cu and Ag UPD on
polycrystalline ruthenium was reported in [140], Tl and
Pb adatoms behavior is described in [141], and data on Bi
adatoms on ruthenium can be found in [142]. The transition
from UPD to Ru—Ag alloy formation was studied in [143].

Along with characterization of surface oxidation states
and hydrogen adsorption, the interest to study of more tiny
interfacial phenomena was observed. Trasatti [144] dis-
cussed possible forms of adsorbed water on Ru, Rh, and Pt.
The adsorption of chloride and sulfate anions on Ru was
studied by Horanyi and Rizmayer [145] and Horanyi and
Veres [146].

Oxygen evolution on ruthenium and ruthenium dioxide
attracted serious attention [147-152], as well as ruthenium
dioxide electrosynthesis. It is interesting to mention that the
latter material was found to be suitable as a catalyst for
hydrogen evolution [153, 154]. When testing it as the
cathode material for hydrogen evolution, the authors found
that copper adatoms do not form on dioxide centers, but
exclusively on metallic ruthenium. At the same time, they
observed bulk copper deposition on the dioxide, with the
growth of separate clusters not affecting the rate of
hydrogen evolution. According to [155], metal UPD is not
typical for semiconducting oxide supports.

The increase of interest to applications of SPE in
electrochemical devices prompted the studies of ruthenium
oxide corrosion in the presence of SPE [156]. The
dissolution under anodic polarization was found to depend
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on the exchange reactions with SPE, the presence of
impurities in polymer membrane, the changes in local pH,
and other phenomena.

The structure of the electric double layer on ruthenium
dioxide was studied, including determination of the
potentials of zero charge (in particular for single crystalline
RuO, samples) [157-160]. Chemical modification of
ruthenium oxides is reported in [161].

Basically, the Pt—Ru studies of the second period were
less intensive, with major efforts spent for the studies of
pure ruthenium and its oxides stimulated by applications of
ruthenium-titanium dioxide anodes in industrial chlorine
electrolysis®. Another reason was probably the prospect of
rechargeable oxides application in supercapacitors. Howev-
er, there are no doubts that the second period assured the
starting points for large-scale Pt—Ru electrochemistry being
one of the hot spots today”.

Contemporary studies of platinum—ruthenium catalysts

Starting from the 1990s, the interest in Pt-Ru system has
been rekindled, and a lot of research groups all over the
world started with this system simultaneously. Several
dozens of teams can be mentioned working now systemat-
ically in the field. They often have close collaboration and
even form international groups despite typical research
competition playing a stimulating role. The reason of this
fast activation is the perception of the direct methanol fuel
cell prospects (in view of both its miniaturized version for
radio-electronic devices [164, 165] and vehicle applica-
tions). Current densities attainable with the use of Pt-Ru
are estimated as sufficient for working out the fuel cells
with power density above 2 kW m 2 [31].

National research programs opened now in USA, Japan,
and a number of European countries are concentrated on
DMFC with proton-exchange membrane (PEM) as solid
electrolyte. Companies like Daimler—Chrysler, General
Motors, Toyota, and Nissan are actively involved into
research on electric vehicle application of DMFC.

As a result, a large-scale research and development of
electrodes for practical applications, including optimization
of the electrodes as well as membrane-electrode assemblies
(MEA) and of fuel cells as a whole was started. Tests of
MEA discover new problems induced by the compatibility
of components and general design effects under certain op-
eration conditions corresponding to necessary technological
steps. Serious attention was also attracted to fuel crossover

2 Publication of monograph [162] devoted to ruthenium chemistry
should be mentioned.

3 State-of-the art in electrocatalysis at the beginning of the third period
was vividly presented by Pletcher [163].
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problem. The investigation in these new applied fields goes
in parallel with the development of nanoelectrochemistry
and electrochemical material science (with accenting nano-
structured materials). Both of two new basic fields
contribute to the progress in applications and simultaneous-
ly get rich due to technological advancements.

A sharp growth of basic Pt—Ru studies took place during
the recent decades because the powerful physical techni-
ques became more combinable with electrochemistry, and
their application to surface and bulk electrode characteriza-
tion resulted in the appearance of well-defined materials.
The progress of single-crystal and nanoparticle electro-
chemistry was also of serious importance, providing new
and new types of model systems and the next level of
understanding the electrocatalytic phenomena. The studies
of ruthenium single crystals demonstrated that this metal
differs markedly from the other platinum metals and
possesses some unique adsorption and electrocatalytic
properties.

The studies of ruthenium oxides (first of all ruthenium
dioxide) and non-stoichiometric oxohydroxides formed a
separate field, with a number of specific techniques and
modification approaches. This field should be considered in
a separate review; we mention only one of the recent papers
on ruthenium oxide optimization for supercapacitors [166]
containing earlier references.

We avoid also the discussion of numerous ternary and
more complex systems increasingly studied nowadays.
Several binary systems relative to Pt-Ru are discussed
below if their comparative consideration helps to under-
stand the nature of electrocatalysis. Patents on Pt-Ru
catalysts are also out of frames of this review.

Fabrication techniques and optimization of Pt—Ru

Novel techniques to fabricate highly dispersed catalysts
appeared during the modern period, with a parallel
improvement of previously known techniques. Two general
tendencies can be marked out, namely the creation of
catalysts for practical devices (“real” electrocatalysts of
high surface area) and design of model Pt—Ru systems to
discover the mechanisms of electrocatalysis and the reasons
of CO tolerance.

The commercial Pt—Ru catalysts like E-TEK and
Johnson Matthey became widely available, and their
comparison with various homemade catalysts became a
separate research direction. Thorough analysis of these
commercial catalysts demonstrated that Vulcan XC-72-
supported E-TEK catalysts are completely alloyed and
contain no additional ruthenium phases (like RuOy); this
was concluded from high-resolution electron microscopy
and X-ray microchemical analysis [167]. In addition to
electrochemical experiments in half-cell configuration,
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measurements with the use of MEA and MEA-based arrays
(laboratory fuel cells) became generally used.

Classification of currently available Pt-Ru catalysts can
be as follows: non-supported catalysts (including conven-
tional alloys), templated catalysts and catalysts immobilized
in various matrices, supported catalysts (including sputtered
films and immobilized separated nanoparticles), and mod-
ified (decorated) flat surfaces including single crystalline.
Two latter types, being of special interest for modeling the
basic electrocatalytic phenomena, are considered below in a
separate section.

Consideration of certain catalyst as supported or non-
supported is sometimes ambiguous because any electrode
material in a circuit requires some current collector. In what
follows (and typically in the literature) a catalyst is named
“supported” if its particles interact with support (current
collector) just in the course of formation, and their catalytic
behavior can depend on the nature and/or structure of
support. However, in many papers, “supported” is used
simply for catalysts being deposited on conducting surface
in the course of fabrication.

When working out the strategies of electrocatalysts
preparation, the following points are of most importance:
the choice of precursors; the choice of deposition tech-
nique; the choice of support or electrode fabrication
technique; and catalyst pretreatment activation. Anytime,
the choice is directed to obtaining the highest activity for as
low loading as possible, with simultaneous ensuring the
best stability under any given operation mode. Simple and
environment-friendly technologies are always desirable.

Precursors

The range of precursors became much wider during two
recent decades. One of the tendencies was to exclude, to
simplify, and/or to improve the procedures to delete the
impurities resulting from precursor molecules. New plati-
num and ruthenium complexes with inorganic and organic
ligands were proposed as the precursors [168—171].
Namely, [168], bimetallic Pt—-Ru particles were prepared
by co-deposition from two precursors, Pt(dba), and Ru
(COD)(COT)* dissolved in tetrahydrofuran (various ratios).
Reduction with hydrogen was carried out at room temper-
ature, and polyvinyl pyrrolidone was used to stabilize the
particles of 1- to 1.5-nm mean size whose bimetallic nature
was confirmed by infrared (IR) spectroscopy. For PtRu;
composition, the interpenetration of the fcc and hep
network (twinning) was found.

Binuclear Pt—-Ru complexes were synthesized [172, 173]
and found to be opportune for the preparation of catalysts

4 Abbreviations: dba—dibenzylidene acetone; COD—1,5-cycloocta-
diene; COT—1,3,5-cyclooctatriene.

of fixed stoichiometry. Their additional advantage is the
ability to provide a homogeneous distribution of platinum
and ruthenium atoms along the support surface when the
technique is applied to impregnation.

Supports

Optimization of supports attracted serious attention. Direct
comparison of carbon-supported and unsupported Pt—Ru
anodes in DMFC configuration demonstrate doubtless
advantages of supported material (see, for example, [174])
first of all because of essentially lower metal expenditure.
There are many independent reasons to use carbon supports
for applications, so just the optimization of carbon supports
became the most important branch of these studies. Various
types of commercially available carbons were tested. The
reasonable values of carbon-specific surface area and the
role of porosity were addressed in detail in preceding
studies of platinum catalysts, and the principle conclusions
were applied to the choice of support for Pt—Ru preparation.
Simultaneously, some novel types of carbons were tested,
namely Sibunit family of less dispersed carbons. For
Sibunit carbons, the effects of porosity and metal loading
were well documented [175, 176]. Separated nanoparticles
were found to coalesce with loading increase, forming first
2D and later 3D nanostructures of high defectiveness
resulting from the presence of intergrain boundaries
between nanoparticles. Defective regions appear to be
long-lived and are assumed to be responsible for high
catalyst activity.

Special emphasis was placed on precursor—support
interaction determined by the nature of functional groups
at carbon surface, as this factor strongly affects the
subsequent behavior of catalyst. Much stronger interaction
of carbon with ruthenium precursor (as compared to its
interaction with Pt) was concluded in [177], and for carbon
impregnated with precursor solution, this fact can, in its
turn, affect catalyst chemical composition in the course of
reduction. Lattice parameters of Pt—Ru alloys can be also
affected by the presence of carbon (due to its penetration
into the lattice). A general empiric approach is to use
various types of carbons and to check their effect on the
properties of the resulting catalyst.

Carbon nanotubes were tested as a novel support [178—
183]. The technique was proposed to grow up the tubes at
the surface of carbon cloth, with the subsequent deposition
of Pt—Ru alloy in the presence of ethylene glycol (4.9—
5.2 nm particles were formed) [180]. Composite material
based on polypyrrol and multiwall nanotubes was proposed
[184]. Lower Pt—Ru loadings are found when mesocarbon
microbeds are used as support [185].

For some carbon materials, low stability of the supported
Pt—Ru catalysts is found in methanol- and ethanol-contain-
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ing media. Even under ambient temperature conditions,
metal is removed and forms catalyst suspension. The
stability decreases with temperature and under ultrasound
treatment of catalyst suspensions [186—191]. This leads to
catalyst degradation, complications with controlling its
composition and Ru content. Ruthenium tends to form
ionic species in electrolyte, which later move to polymeric
membrane and form the bonds with its sulfogroups,
increasing by these means the membrane resistance [192,
193]. This phenomenon is assumed to be the reason of
ruthenium crossover discussed below. The conditions
providing carbon-supported catalysts stable in contact with
solutions of alcohols were specially addressed in [190]. To
stabilize Pt—Ru catalyst on carbon, the use of nonionic
surfactants was proposed [194]. Possible improvement of
Pt-Ru deposition on carbon supports are considered in
[195-197].

Besides carbons, titanium gauze supports can be applied
[198-201]. Titanium-specific feature is a possibility of
electroless deposition. This material undergoes oxidation
under fuel cell operation conditions and sometimes cannot
be considered as the support in conventional sense (for
example when Pt-Ru powder is mechanically attached to
the support consisting of ordered TiO, nanotubes [202]).
Hepel et al. [203, 204] proposed a novel method to prepare
titanium dioxide with 20- to 80-nm pore diameter and used
this material to support the electrodeposited Pt-Ru alloy.
Both materials described in [202—204] are characterized by
high loadings, and the role of the support requires further
clarification. Thermal treatment was assumed to result in
PtRuTiO, with less pronounced tendency to agglomeration
[205]. Ni spheres were also applied [206]; good results
were obtained for PtRu electrodeposited on metal foams
[207].

When the rare earth oxides are added to reagents
mixture, more dispersed catalyst is formed [208]. It is not
completely clear whether these oxides can be considered as
the supports. Deposition of PtRu into tungsten carbide
template was proposed [209].

The development of miniaturized DMFC (so-called p-
DMEFC) led to a new goal of studying Pt—-Ru deposition on
silicone supports. Thereupon, the prospects of using micro-
electromechanical systems technology for design of sys-
tems for applications are opened [165, 210]. In [211], PtRu
was deposited on SiO, nanowires grown on the surface of
carbon paper.

Preparation procedures
The majority of Pt-Ru alloying techniques for preparation
of dispersed electrocatalysts are based on thermal decom-

position of the precursors, their chemical reduction, and
electrodeposition. Ball-mill mechanochemical method [212,
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213] was also applied by some groups. Recently, sono-
chemistry was applied successfully [214].

Various reducing agents were used for chemical deposi-
tion of Pt—Ru catalysts, namely hydrogen, sulfite, complex
organic borohydrides, zinc, formaldehyde, formic acid
[215], formate, inorganic borohydrides, hydrazine, tertathi-
onate, S;027, alcohols and polyols (including ethylene
glycol [216, 217], and polyethylene glycols [218]). Reduc-
tion with polyethylene glycol results in smaller particle size
as compared to commercial E-TEK, but in lower activity
(insufficient degree of alloying was assumed, or nano-
particles poisoning with organic species) [218]. Polyol
techniques were actively optimized during the recent years
[218-221].

Besides water, some non-aqueous solvents can be used
for reduction. For tetrahydrofurane solution, stabilizing of
nanoparticles with solvent was assumed [222]. Borohy-
dride techniques appeared to be convenient and efficient,
and new modifications of the procedure were proposed
[223]. According to [224], the reduction of H,PtCls and
RuCl; mixture with NaH,PO, provides a catalyst of
Pty 91RugogPy79 bulk composition with specific surface
area exceeding the area of a standard E-TEK catalyst. The
authors consider accumulation of phosphorus in the alloy
bulk as the reason of particle size decrease (down to
approximately 2 nm) as well as the reason of improved
activity towards methanol and CO oxidation. However,
more usual effect of accumulation of foreign component is
catalyst deterioration.

Serious attention should be paid to reduction procedure
itself, as its details affect a possibility to obtain a catalyst of
desired Pt/Ru atomic ratio (at least in the bulk) containing
no pure metals [225-227]. It is also important whether the
complete deposition of metal is achieved; the answer
depends on the reductant nature [228]. Alloying is usually
tested by means of X-ray diffraction (XRD) and considered
in terms of Vegard’s rule feasibility. An approximate alloy
composition can be estimated from the lattice constant
using this rule.

The reduction procedure is crucial for resulting particle
size. For supported catalysts, it also affects particle
distribution, in particular the distance between neighboring
particles. More difficult and less controllable is the
distribution of Pt and Ru positions at atomic level, whose
role is stressed in the most recent papers [229].

A number of procedures to prepare Pt—Ru are so
advanced that they can be considered as perfectly working
technologies suitable for a large scale application.

First of all, it is true for sulfite techniques (Petrow—
Allen, or Prototech, or sulphito-method) reported initially in
[83]. A number of modifications were proposed to increase
the stability of catalysts. In particular, Liu et al. [230] used
sulfite complexes to prepare unsupported and carbon-
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supported Pt—-Ru samples with high surface area. Arico et
al. [231] used the mixtures of Pt and Ru sulfite complexes
and found that higher Ru content induces the formation of
smaller particles with correspondingly high specific area
(up to 184 m? g ' for PtyRug). The highest activity
towards methanol oxidation in DMFC with polymer
membrane at 130 °C was found for Pt/Ru=1:1.

Dickinson et al. [232] developed the technique based on
platinum and ruthenium carbonyl precursors, with deposition
from o-xylene (solvent with a high boiling temperature) on
Vulcan XC-72R. They were successful in obtaining homo-
geneous distribution of particles (mean size 2.5 nm) with
rather narrow size distribution and activity close to activity
of catalysts resulting from a standard sulphito procedure.
Their technique also has technological prospects.

Good results are reported for catalysts prepared via
modified Adams route, consisting in melting the mixture of
target metal nitrates in excess of sodium nitrate, with
subsequent washing of mixed oxides with water and their
reduction under hydrogen atmosphere [233]. Mean size of
particles appears to be 3—-5 nm, but some portion of
ruthenium does not find itself in alloy. The surface area
of this catalyst is found to increase with ruthenium content.

Among novel procedures, an efficient approach is based
on sol—gel technology. Its application to Pt—Ru system was
studied in detail in [37]. The basic process is hydrolysis of
Pt(IT) acetylacetonate and Ru(IIl) acetylacetonate in acetone
medium in presence of tetramethyl ammonium hydroxide.
This solution is evaporated up to xerogel formation and
later undergoes thermal treatment under controlled atmo-
sphere. The optimized procedure provided powders of high
specific surface area (up to approximately 140 m? g ').
These powders were characterized in detail by means of
XRD, thermogravimetric/differential thermal analysis, scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), and electrochemical techniques and
demonstrated high catalytic activity towards methanol
electrooxidation. Sol-gel Pt—Ru technology is still waiting
for wider dissemination, but it continues to develop [234].

A general feature of several procedures considered
above (including sulphito procedure) is an attainment of
high surface areas due to formation of Pt—Ru colloids. A
special technique of catalysts preparation with the interme-
diate synthesis of colloid precursors was proposed by
Bonneman and others [235-238] and usually named
Bonneman’s method. It is based on co-reduction of
platinum and ruthenium salts with tetraoctylammonium-
triethyl hydroborate in tetrahydrofuran in the presence of
surfactant additives for stabilizing colloid particles. It
appears to be possible to obtain 1.2-nm size precursor
particles of face-centered cubic and multiply twinned
decahedral structure. To compare, high temperature decom-
position of organometallic cluster PtRusC(CO);¢ used as

the precursor results in 1.6-nm mean diameter of particles
deposited on carbon black [239].

The properties of catalysts depend on the nature of
colloid-support bonding. Colloid precursors were used for
catalysts preparation in a number of studies [ 188, 240-248],
and the presence of colloid stabilizers in resulting materials
was stressed [243]. Purification of catalysts is a complex
problem; it can be solved (at least partly) by adsorbing CO
with its subsequent oxidation. The properties of catalysts
fabricated by colloid method and by impregnation [174,
249] demonstrated the advantages of the former approach
being more suitable for synthesis of polymetallic systems of
perfect composition.

Colloid method undergoes further optimization by
means of selection of new precursors, reducing agents,
stabilizers, solvents, and synthetic conditions. In particular,
the reduction of platinum and ruthenium with alcohols in
the presence of dodecyldimethyl(3-sulfo-propyl) ammoni-
um hydroxide surfactant (stabilizer) was reported [250].
This technique provides a possibility to control colloid
particle size in the range of 2-3.5 nm by means of reaction
temperature. The role of subsequent heat treatment is
stressed in [245]. The attempts should be mentioned to
create highly loaded platinum metal catalysts from colloid
precursors [246] or prepared by polyol procedure [219]. In
dealing with these catalysts, one should solve the specific
problem of complete use of metal. The use of cellulose
derivatives [251] favors the stability of nanoparticles.

It is convenient to use the boundary of two immissible
liquids for the formation of nanoparticles [252]: Aqueous
phase should contain platinum and ruthenium salts, with
reducing agent and surfactants for microemulsification
being located in organic phase. Triton X-100 and isopro-
panol were used for the latter purpose [253]. Pt-Ru
nanoparticles prepared via microemulsion technique were
supported by boron-doped diamond [254]. For this system,
no specific effects of the support in methanol electro-
oxidation were observed, i.e., the role of diamond was
limited to collecting current. One cannot exclude higher
stability of catalyst on diamond due to high electrochemical
inertness of the latter.

Deposition into liquid crystal matrices (known as
template deposition) provides comprehensive facilities for
Pt—Ru nanostructuring [255, 256], i.e., narrow size distri-
bution of particles with equal space between them, as
determined by the wall thickness from the liquid crystal
mesophase. Liquid crystals of oligoethyleneoxide were
used [256] to template Pt—Ru in the course of salts
reduction with metallic zinc. The specific surface areas in
the range of 70-80 m? g ' were achieved.

Some surfactants in Pt—Ru deposition solution can
probably provide the templating effect as well [257]. Such
emulsion and microemulsion systems (in the absence of
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reducing agent) were used for direct Pt—Ru electrodeposi-
tion on recticulated vitreous carbon [258, 259] and resulted
in specific surface areas of 12-40 m* g~ '. Electrodeposition
on pressed graphite felts was arranged with adding Triton
X-100 to H,PtClg + RuCl; solution, with additive concen-
tration high enough to form liquid crystals or micellar
structures. In the presence of Triton X-100, more highly
dispersed particles and agglomerates in the range of about
1060 nm were formed under galvanostatic deposition
mode, with simultaneous increase of the specific surface
area of Pt/Ru (per mass unit). The resulting rates of
methanol oxidation at the electrodes prepared in Triton X-
100 containing media were higher.

The procedures of Pt—Ru deposition into polymer
matrices (polyaniline [260, 261], poly(o-aminophenol
[262]) were developed, as well as the techniques to
prepare metal-polymer composites (in particular, with
polycarbozoles [263]).

Sulfide technique proposed by Camara et al. [264]
should be mentioned based on using platinum and
ruthenium sulfide complexes.

Deposition from vapor phase with subsequent decom-
position was described for platinum and ruthenium acety-
lacetonates [265, 266]. This technique gives homogeneous
distribution of particles with approximately 2-nm mean size
and narrow size distribution and simultaneously makes it
easy to vary metal loading. The activity of catalysts is
rather high.

Spray pyrolysis was applied to deposit Pt-Ru on carbon
black [267]. Polyethylene glycols of various molecular mass
were used at the first stage as co-solvents. It is not quite clear
how these additives act, but their presence resulted in the
formation of catalysts with improved properties.

One-step technique of Pt—Ru preparation based on
flame-spray pyrolisis [268] is of interest. It consists in
injection of Pt and Ru precursors dissolved in appropriate
solvents through a nozzle, with formation of micrometer-
size droplets which burn out in a flame, resulting in metal
atoms and/or metal oxide molecules in the gas phase.

One can predict further progress of Pt—Ru deposition
from ionic liquids [269-271]. Some attempts were reported
for 1-Butyl-3-methylimidazolium tetrafluoroborate solu-
tions with heating in hydrogen atmosphere. Catalysts
obtained by these means are at least competitive with E-
TEK materials. As the procedure is technologically simple
and it is possible to recycle the ionic liquid, some practical
prospects should not be excluded. Various types of
surfactants were studied [271] as the stabilizers of nano-
particles in ionic liquids, and nonionic surfactants were
found to be the most suitable for preparing stable and active
catalysts. For reduction, sodium borohydride was used, and
surfactants concentration never exceeded the boundary of
micelles formation.
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When thermal stability of membranes became highly
improved (membranes are known now stable above 100 °C,
and for some types, the upper boundary approaches 200 °C),
the temperature range of catalysts operation had to be
widened. It is rather probable that the temperatures above
120-130 °C will be finally the best for practice, especially
for automotive applications, as the reaction rates increase
with temperature, and noble metal loading can be decreased.
However, the longevity of catalyst is crucial [272] because of
enhanced segregation and corresponding surface enrichment
with Pt affecting catalytic activity.

Electrochemical deposition

Disadvantage of electrocrystallization is less homogeneous
distribution of deposit when highly dispersed supports are
used. This is the reason of predominating chemical
deposition techniques in the area of Pt—Ru fabrication, but
Pt—Ru electrodeposits also attract attention. Moreover, these
deposits are sometimes considered not as exclusively model
systems, but as materials interesting for applications.
Classical electrodeposition techniques were applied during
two recent decades mostly to predictable preparation of
catalysts with certain and variable surface composition.
Both potentiostatic and galvanostatic deposition modes are
applied, including various pulse modes. The analysis of
bulk and surface composition of electrodeposits was
accented, as well as comparative testing of electrodeposits
and materials of other types.

Several attempts were reported to co-deposit platinum
and ruthenium on gold and gas diffusion electrodes
consisting of dispersed carbon. The studies [34, 273, 274]
are worthy of special comments. In [34], Pt—Ru phase
diagram was attracted to interpret asymmetric dependence
of electrocatalytic activity towards methanol oxidation on
catalyst composition. According to XPS and LEIS data,
deposition on gold at 0.05 V (RHE) from H,PtClgs + RuCl,
solution supported by 0.5 M H,SO, resulted in the
pronounced enrichment of both micron-thick deposit bulk
and (especially) its surface with platinum. Sulfur incorpo-
ration was also observed. The authors report the highest
activity towards CO oxidation for 50% Ru content, while
their deposits most active towards methanol oxidation
contained only 7-30% of ruthenium. This difference was
discussed in terms of phase separation in the external
deposit layers, with further attempt to clarify the role of this
factor [275] using ITO-supported alloys. For 40% Ru
content, coexisting Pt-rich fcc phase and Ru-rich hcp phase
were found to coexist, but this two-phase composition has
not affected electrocatalytic behavior.

The problem of segregation was accented in [273], with
application of Auger electron spectroscopy (AES) and XPS
to surface analysis and parallel use of XRD to determine
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bulk structure of Pt—Ru deposits on gold, also prepared at
0.05 V (RHE). All deposits were classified as solid
substitution solutions of Ru in Pt. Methanol electrooxida-
tion was accompanied by surface restructuring.

Pulse galvanostatic technique was applied in [274], with
subsequent XRD, TEM, energy-dispersive X-ray, and AES
characterization. Carbon cloth support was preliminary
covered with Vulcan XC-72 and polytetrafluoroethylene
in isopropanol using ink method. Bulk Pt/Ru ratios in
deposition solution and fabricated material appeared to be
close. For activity optimization, the delay between pulses
was found to be important, and the best samples demon-
strated higher activity as compared to commercial catalysts.
For these samples, the loading was 2 mg cm 2, with particle
sizes in the range of 5-8 nm. The study [274] is of special
interest because it confirms competitiveness of electrode-
position and chemical techniques of catalysts fabrication.

More particular studies are listed below. Deposition on
gold at 0 V (RHE) from H,PtCls + RuCl; solution
supported by 1 M HCIO,4 provided the deposits with Pt
surface enrichment (as compared to Pt/Ru ratio in solution),
as it followed from XPS [276]. Deposition at the same
potential from chloride bath [highly ordered pyrolytic
graphite (HOPG) support] is described [277], with XRD
and SEM characterization. Unfortunately, electrocatalytic
tests in 0.1 M H;PO, were very approximate (arranged
under potentiodynamic mode); they led to conclusion of the
highest activity for a sample prepared from Pt/Ru=1:1
solution. Deposits with high activity were prepared at
0.05 V in [278] using platinum support and ruthenium
nitrosile nitrate solution.

The original technique of Pt—Ru electrodeposition on
carbon support was worked out [279, 280]. The mixture of
Nafion solution, Vulcan XC-72, and the appropriate
amounts of H,PtCls and RuCl; were applied over a coarse
glassy carbon disc, and pulse galvanostatic deposition was
started (assisted by special homemade device providing
homogeneity of deposition).

Subsequent and simultaneous deposition of Pt and Ru on
HOPG is reported in comparative study [281]. The former
two-step route results in multiphase material containing both
pure metals and non-stoichiometric ruthenium oxides (oxo-
hydroxides), with a tendency to a fast loss of ruthenium.

The effect of deposition potential and chloride bath
composition on the properties of submicron-thick Pt—Ru
deposits on gold was revisited in a recent study [35]. The
aforementioned factors affect current efficiency, specific
surface area, and ageing behavior in both supporting and
methanol-containing solutions. Surface enrichment with Pt
as compared to deposition solution was also found; it seems
to be a general tendency for various bath compositions. The
most important conclusion consists in the role of alloying
[pure metallic ruthenium cannot be deposited from chloride

media at potentials above —0.05 V (RHE)]. The role of Ru-
UPD on Au was also stressed. This phenomenon induces
the shift of the potential of zero free charge towards less
negative values and increases the chloride adsorption being
the inhibiting factor for discharge of platinum chloride
complexes.

Further studies of Pt—Ru electrodeposition are expected
to be turned to more detailed studies of segregation
phenomena, optimization of catalysts on real supports,
and understanding of the defectiveness effects on Pt-Ru
activity, including its evolution in the course of catalysts
ageing and training (catalyst stability).

MEA technology

Wide scientific activity around laboratory fuel cells shifted
the attention of electrochemists from catalyst preparation to
MEA fabrication. MEA consist of proton-exchange mem-
brane (such as Nafion) sandwiched between two porous
electrodes whose external sides contact so-called backing
layers. The latter are responsible for homogeneous reagent
distribution along the electrode surface, products deflection,
and current collecting. Most typically, backing layers
consist of carbon cloth or carbon paper. The development
of MEA resulted in working numerous supplementary
materials, namely paste catalysts, catalysts with binders,
Nafion solutions, and catalyst inks (suspensions to be
applied over membranes). A catalyst ink allows to print,
brush, or spray-coat the catalyst into membrane.

When forming electrocatalytic layers, one should take
into account various factors, including the size difference of
Nafion micelles or agglomerates (about 200 nm) and
carbon black particles (about 30 nm) [282]. Catalysts with
satisfactory properties can be obtained by modification of
Nafion with carbon black and subsequent electrodeposition
of Pt—Ru [283]. In frames of this procedure, the properties
can be varied by means of deposition potential. Catalyst
activity was found to decrease if the size of metal particle
became lower than 4 nm.

Some types of MEA are designed by means of
membrane impregnation and the subsequent chemical
reduction of some precursors, like platinum and ruthenium
cationic amino complexes able to take part in ion-exchange
processes. lon-exchange technique with consequent electro-
reduction [284] provided stable catalysts with high activity.
One of the goals of MEA design for DMFC is to prevent
methanol crossover. Various aspects of this problem were
considered in [285-291].

MEA are used in hydrogen—oxygen fuel cells as well.
Their specific features for application in DMFC are as
follows: (1) methanol is used in a liquid or vapor form; (2)
crossover of methanol; (3) CO, should be removed from
the layer of anode catalyst and the neighboring backing

@ Springer



624

J Solid State Electrochem (2008) 12:609-642

layer (this can be considered as a problem of CO,
tolerance). CO, accumulation (formation of small bubbles)
decreases a total conductivity of the system and induced
inhomogeneous potential distribution. Search for some
additives is of current importance to improve CO,
deflection without affecting other characteristics of the
device [292].

One fuel cell can contain from a dozen to several
thousands of MEA depending on the application. The
attempts to optimize the fuel cell as a whole [293-295] take
place in parallel with MEA optimization.

One of the most important aspects for MEA construction
is the choice of catalyst, attracting attention to comparative
studies of catalysts of different genesis. The reported
attempts were based on the analysis of literature data
[296] or arranged in frames of original studies (of course
for a limited group of materials). Among the studies of the
second type, we should mention the recent references [297—
299]. For comparison of this sort, so-called turnover
number was used by some authors, i.e., the number of
methanol molecules reacting at one catalytic center per time
unit. This approach to comparison of catalysts requires the
estimate of the number of active centers per surface area
unit, being rather an ambiguous problem for alloys and
highly dispersed materials. Less ambiguous consideration is
possible for Ru-modified platinum single crystals [299]; it
leads to conclusion about the highest turnover number for
Ru-modified Pt(100).

The detailed comparison of various Pt-Ru catalysts
remains the future problem because of various reasons.
First, the majority of catalysts having different prehistory
are poorly characterized in terms of surface composition.
The second point is the absence of data on true surface
areas. Finally, the difference in experimental conditions
applied to determine the activity of catalysts provides
additional complication. The most important condition is
stationarity degree. Comparison of polarization curves
measured under cyclic voltammetry mode is the most usual
case, and it corresponds to certainly non-steady-state
conditions. Indication of time after application of potential
step is also insufficient; it is necessary to indicate the
independence of current at certain potential on the time
passed after step application or some value characterizing
current decrease with time.

For basic studies, the catalysts on plane supports (gold,
glassy carbon, and HOPG) are the most interesting because
of the possibility to apply a wide set of spectroscopic and
microscopic techniques to characterize these catalysts. In
combination with adatom-modified single crystals and
decorated separate nanoparticles, these materials compose
a group of model Pt—Ru catalysts which gave birth to a new
branch in electrocatalysis. Unfortunately, the supports
mentioned above are far from ideality. Nanoparticles on
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HOPG undergo gradual coalescence, and it is sometimes
advantageous to support nanoparticles with less ordered
glassy carbon for which coalescence is much slower.
Disadvantage of gold support is slow alloying with Pt-Ru
nanoparticles, especially for ultrathin catalyst layers and
elevated temperatures. The choice of suitable support for
the studies of model catalysts imitating the features of real
materials remains very important.

Well-characterized Pt—Ru model systems

The majority of studies considered above attracted various
physical techniques of materials characterization (mostly ex
situ). This approach is not simply typical, but obligatory for
electrochemical Pt-Ru studies of the current period.
However, the most important advances come from the
development of techniques to prepare and study well-
defined model Pt—Ru electrocatalysts. It is rather natural
that in situ techniques are the most informative in this area.
To apply a number of physical techniques operating in
vacuum, well-developed ultrahigh vacuum (UHV)-electro-
chemical systems were used (one of the recent examples
can be found in [300]).

Various groups contributed to design and studies of well-
defined Pt-Ru systems. Having no idea to belittle their
services, we should, however, stress the role of Iwasita-
Vielstich [301] team. This team stimulated the arrangement
and general direction of Pt-Ru studies, especially at the
beginning of the current period. They found in particular
that the difference in adsorbed CO bonding energy for
linear, bridge, and multibonded forms are not dramatic.
They made a pioneering attempt of Fourier transform IR
(FTIR) study in the course of methanol oxidation on Pt-Ru
[302]. It is difficult to underestimate the role of differential
electrochemical mass spectroscopy (DEMS) [303] and
electrochemical thermal desorption mass spectroscopy
[304] studies of methanol oxidation products. These papers
also returned us to reconsideration of the role of electronic
factors (or ligand effect), these basic ideas preventing the
limited appreciation of Pt—Ru electrocatalysis in terms of
bifunctional mechanism exclusively.

The necessity to work with well-defined catalysts for
understanding the nature of processes in Pt—Ru system was
clearly demonstrated by Berkeley group (Gasteiger, Mar-
kovic, Ross, and Cairns) [305-309]. They mentioned a
crucial weak spot of the previous studies, namely the
absence of direct data on the presence of oxidized Ru at the
surface and the ratio of oxidized and metallic Ru, as well as
the data on true surface areas and surface elemental
composition related just to operating conditions. The latter
is of special importance in the context of parallel
development of knowledge on surface segregation [310].
Pt—Ru is a classical example of surface segregation of the
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element with lower heat of sublimation [305, 311].
Adsorption of CO as a test molecule attracted the main
attention, as it gave a tool to discover some delicate details
of catalyst electronic structure [307].

Well-characterized ruthenium electrode

The first study of Ru electrode under CO oxidation conditions
was published by Leung and Weaver [312] who applied
surface-enhanced Raman spectroscopy (SERS) technique. A
novel SERS strategy was later proposed by Chan et al. [313]
with the use of ultrathin layers of platinum group metals on
gold support giving a possibility to obtain the vibrational
spectra of oxospecies monolayers with high sensitivity under
both electrochemical and gas-phase conditions. Potential-
dependent SER spectra related to electrochemical Ru
oxidation were compared to temperature-dependent SER
spectra for thermal Ru oxidation and found complete
reduction of Ru to metal only under polarization in hydrogen
evolution region. A simple technique of Au surface
modification with nanoparticles of platinum group metals
(including Pt-Ru) was worked out in [314], with subsequent
registration of electrochemical responses and infrared reflec-
tion absorption spectroscopy spectra.

Ertl and others [315-317] managed to study the single
crystalline Ru surfaces in UHV-EC system, with a
possibility to apply LEED, reflection high-energy electron
diffraction, and AES in combination with cyclic voltam-
metry. The ordered (2x2)-O layers on Ru(0001) were
observed already in the hydrogen region, and the activity
of these layers towards CO oxidation was documented. On
the basis of FTIR data, the authors concluded the formation
of CO islands and assumed that oxidation occurs at the
boundaries between the islands of adsorbed CO and oxygen
adatom domains. Weakening of CO surface bonding with
potential shifted towards more positive values (and simul-
taneous increase of oxygen adsorption) was found. Linear
form of adsorbed CO and threefold-hollow binding adsor-
bate were found at Ru(0001) surface, while only linear
form was observed at polycrystalline Ru.

In situ FTIR was applied to study CO adsorption on
nanometer-thick ruthenium films electrochemically depos-
ited on glassy carbon [318]. These films were also
characterized by scanning tunneling microscopy (STM).
Some difference of adsorbed CO spectra (as compared to
similar spectra for polycrystalline ruthenium [319, 320])
was explained by specific features of nanostructures. Zheng
et al. [321] studied nanometer-thick layers of Pt—Ru alloy
and concluded the specific features of their IR spectra and
high activity towards CO oxidation.

Data for Ru/Au(111) system are of interest to understand
the properties of Ru adatoms, as the properties of this
system are governed purely by ruthenium. Au does not

induce any bifunctionality, being completely inactive
towards CO adsorption at potentials below 1 V (RHE).
However, the studies of this system are complicated by Au
(111) surface reconstruction starting at certain potential and
inducing the formation of periodic dislocation network. The
consequence of this phenomenon was studies by Strbac et
al. [322]. According to in situ STM, Ru submonolayers
consist of islands (1-2 nm in diameter) which nucleate at
the specific sites of reconstructed surface (elbows, fcc
areas). At higher coverage, the islands coalesce and form
highly defective monolayer, most probably having pseu-
do morphic lattice. Multilayer growth is accompanied by
appearance of significant surface roughness. Ru/Au(111)
oxidation is similar to oxidation of bulk Ru. CO forms
irreversibly adsorbed layers on Ru deposits and sup-
presses oxygen adsorption. At low ruthenium coverage,
one can observe two CO desorption peaks assigned to
CO adsorbed at Ru islands and at island edges, while
only one peak appears at high Ru surface coverage or on
multilayer deposits. Potential of CO oxidation onset is
more positive for Ru (sub)monolayers than for bulk Ru.
This can be explained by the increase in CO adsorption
energy resulting from electronic modification of Ru layer
(Au-induced pseudomorphism, which can be considered
as strain effect).

Decorated Pt—Ru,; materials

Ru-modified platinum single-crystalline electrodes and
nanoparticles attracted enormous attention. These catalysts
abbreviated as Pt-Ru,y are also named “decorated”.
Decoration is available via electrochemical treatment or
spontaneous deposition techniques using various solutions
of ruthenium precursors as well as by means of Ru
sputtering or vapor phase deposition [323-345]. A special
role of decorated systems was stressed by Wieckowski who
considers decoration of single crystals as a special type of
templating. Actually, the structure of adlayer and atomic
ratio of surface components can be easily controlled, as
both are governed by deposition conditions. In addition,
adatoms diffusion along the surface and into catalyst bulk
can hardly be pronounced at ambient temperatures. As Ru
adatoms can be easily desorbed under anodic polarization,
there are no problems to renew the surface.

Spontaneous deposition takes place from aged RuCl;
solutions in perchloric acid [299, 346]. This process is
assumed to take place due to co-adsorption with anions.
Then, deposited ruthenium species are reduced electro-
chemically, resulting in strongly bonded ruthenium (being
mostly in metallic state) and anions desorption. According
to AES and STM data [347], the highest surface coverage
attained in the course of one procedure of this sort is
approximately 20%. Thus, obtained catalysts demonstrate
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the pronounced activity towards methanol oxidation [330].
Ru adlayer at Pt(111) was found to be more active methanol
oxidation catalyst at low potentials as compared to Os
adlayer at the same surface [348].

Decorated catalysts were used for understanding the
role of electronic factors in electrocatalysis. In connec-
tion with this problem, Wieckowski’s group developed
electrochemical nuclear magnetic resonance (EC-NMR),
a strong experimental technique sensitive to electronic
structure of metals, including adsorbate-modified sys-
tems. The technique was applied [349-351] to clarify the
promotion mechanism in Pt-Ru system. Pt-Ru catalyst
was presented by commercial platinum black (particle size
of about 10 nm) modified by spontaneous deposition from
RuCl; aqueous solution. It was demonstrated that modi-
fication results in the formation of monoatomic Ru
islands. CO domains were found at both platinum and
platinum—ruthenium regions, with the pronounced Ru
effect on electronic dynamic effects in both types of
domains.

Formation of CO domains is unusual phenomenon, as
CO species tend to repulsion. It was assumed that the
specific features of water adsorbed on platinum and
ruthenium and water interaction with CO results in islands
formation despite repulsion.

Electronic alterations caused by Ru in Pt-Ru alloy nano-
particles were studied in more detail using '*°Pt- and "*C-EC-
NMR and commercial materials [352]. The enrichment of
nanoparticle surface with Pt was found, and the increase of
the number of Pt d-band vacancies in Pt-Ru alloy was
concluded, in agreement with ligand effect hypothesis
explaining Pt-Ru electrocatalysis. At the same time, IR study
[353] supported mostly bifunctional mechanism. Correspond-
ingly, both mechanisms should be further considered.

Any quantitative estimate of contributions of these
effects can hardly be unambiguous. According to [343],
only a minor portion (about 40 mV) of a total CO
overvoltage decrease induced by Ru addition (about 170-
250 mV) can be induced by ligand effect. Similar
conclusions were presented earlier in [339].

A number of model Pt—Ru systems were studied by
means of XPS analysis in EC-UHV configuration using
nanoparticles immobilization on Au support [354]. All
bimetallic particles in reduced state were more active
towards methanol oxidation than partly or completely
oxidized particles. The activity decreases is a sequence
Ru-on-Pt > Pt-Ru alloy > Pt-on-Ru. This result was
interpreted in terms of strong dependence of surface
electronic state on mutual location of Pt and Ru atoms.

Davies et al. [336, 338] published detailed study of Pt
(100) modified by Ru sputtering with subsequent heating at
various temperatures. The behavior of thus obtained
electrodes was demonstrated to depend strongly on the
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presence of Ru in adsorbed or incorporated (through
annealing) state, in particular on its location in the top
layer or in the second/third layer of Pt. Ru top layer
demonstrated better promotion of CO oxidation, while Ru
in deeper layers never affected this process.

Several platinum modification with ruthenium proce-
dures were developed by Bergens and others [355-358].
One of these procedures is based on the hydrogenation of
Ru(COD)(1°~C3Hs), in hexane in the presence of Pt,
arranged under mild conditions, while Ru is deposited on
Pt, and cyclooctane and propane are formed. More
convenient procedure (despite that it requires more sharp
reduction conditions) involves RusH4(CO);, precursor. It
can be considered as self-limiting, as the reduction stops
after attaining a certain surface coverage with Ru, and the
rest part of surface appears to be poisoned by CO. To obtain
higher Ru coverage, one should repeat the procedure after
oxidation of CO, and anytime the increase of coverage is
the same, so catalysts with a definite degree of modification
can be prepared. Similar technique can be arranged with the
use of RuCl; precursor by means of saturating platinum
nanoparticles with hydrogen before each modification step.
However, the authors do not exclude that their procedures
can result in 3D structures, not exclusively 2D.

Synthesis of novel ruthenium compounds was accompa-
nied by attempts to use them for modification of platinum
nanoparticles to design the efficient catalysts. In particular,
adsorption of ruthenium tetramethylcyclam 14 and 15 on
carbon-supported platinum [359] resulted in catalysts with
activity close to activity of commercial samples at low
potentials.

To study the promotion mechanism for Ru-modified
Pt single crystals, Friedrich et al. [360] covered Pt(111)
with Ru islands or Ru atoms deposited at the central part
of the surface. These samples were characterized by STM,
and CO adsorption was addressed in IR spectroscopic
experiments. Surface diffusion of CO species was docu-
mented, and the lower limit of surface diffusion coefficient
Dco>4x10"" cm? 5! was estimated. The importance of
CO mobility for interpretation of electrocatalytic behavior
of Pt—Ru is also stressed in theoretical study of Koper et
al. [361] who mentioned a crucial role of mixing of Pt and
Ru atoms for satisfactory mobility. The relatively low
activation energy of diffusion process was concluded in
[362].

For clarification of platinum and ruthenium atoms
distribution along the surface, the IR spectra of adsorbed
CO are rather informative. If these atoms mixed at atomic
level, a single band is observed, with characteristic
frequency between the frequencies of linear CO adsorbed
on pure Pt and Ru, respectively [363]. If Ru clusters are
formed, one can expect at least two or even three extended
bands, as it was observed experimentally in [326, 331] for
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catalyst electrodeposited on Pt(111). These bands were
assigned to CO on Ru islands, Pt support, and Pt-Ru
boundary regions (banks).

Massong et al. [364] compared the electrocatalytic
properties of Ru-decorated Pt(111) and Pt(332). Oxidation
of adsorbed CO manifested itself either by double peak
or by a shoulder of a complex shape after the major
peak. Taking into account Monte Carlo simulation
results, the authors interpreted this bifurcation in terms
of slow CO surface diffusion towards Ru sites at the
surface. It is interesting to note that the main peak
observed at Ru—Pt(332) appeared at less positive poten-
tials as compared to desorption peak for Ru-modified
basic Pt(111) plane.

Well-characterized Ru—Pt,,; system

Another type of model systems was proposed and studied
in detail by Brookhaven group. Brankovich et al. [365]
discovered spontaneous deposition of Pt on Ru(0001)
pretreated in UHV. Mechanism of this phenomenon
demonstrates some difference from spontancous and
electrochemical deposition of ruthenium on platinum and
probably can be explained in terms of local galvanic cells.
Spontaneous platinum deposition takes place only on
freshly prepared metallic surface and fails at the oxidized
surface. It was applied to modification of Ru(0001),
Ru(1010) and carbon-supported Ru nanoparticles (on
Vulcan XC-72). Thus, prepared catalysts were studied by
means of X-ray scattering, STM, FTIRS, and high-
resolution TEM techniques [366]. The dramatic difference
in the behavior of Ru(0001) and Ru(lOTO) in sulfuric acid
solutions confirmed a high structural sensitivity of
interfacial processes. For Ru(0001), a single anodic peak
at approximately 0.6 V (RHE) is assigned to one electron
oxidation of ruthenium. For Ru(1010), two rather revers-
ible peaks at 0.12 and 0.3 V appeared, looking similar to
peaks of hydrogen desorption on platinum. However, with
taking into account CO replacement data, the authors
attributed these peaks to partial ruthenium oxidation.
Similar peak at 0.1 V with consequent shoulder appeared
on Ru(0001) as well in perchloric acid solution [367].
Such a difference of Ru(0001) behavior in sulfuric and
perchloric media was explained by strong structural
sensitivity of bisulfate anions adsorption studied later in
[368]. Later, the technique of CO charge displacement was
applied [369] to clarify the details of Ru(0001) behavior in
perchloric solutions.

Adzic and McBreen observed monolayer-to-multilayer
transition in the course of Ru(0001) decoration with
platinum. Finally, they obtained the ordered array of
columnar platinum particles (3- to 5-nm height and
diameter, with 6- to 10-nm distances between the particles,

as it follows from STM visualization). Platinum decoration
was applied to ruthenium nanoparticles supported by
Vulcan XC-72. Metallic nanoparticles on carbon were of
cuboctahedron icosahedron shape, and platinum formed 2D
islands on their surface. Decorated catalyst demonstrated
much higher CO tolerance in hydrogen mixed with
100 ppm CO as compared to E-TEK catalysts despite
higher content of noble metals in the latter. The authors
attributed this effect to modification of electronic properties
of the surface metal layers induced by the presence of Pt,
not to bifunctional mechanism. Later, the catalyst prepared
by spontaneous deposition of platinum on ruthenium
nanoparticles was used to study the kinetics of hydrogen
anodic oxidation in CO-free and CO-contaminated systems
[370].

The properties of Pt-decorated ruthenium and commer-
cial Pt—Ru catalyst were compared [371] in relation to
methanol oxidation at 130 °C using a cell with Nafion
membrane operating as electrolyte. To prepare decorated
catalyst, amorphous ruthenium oxide was impregnated with
diluted H,PtClgs solution and reduced in hydrogen gas.
Final material with ultra low loading of approximately
0.1 mg cm ? demonstrated the activity only 35% lower than
commercial E-TEK catalyst with 2 mg cm 2 loading. This
result, in combination with the findings of Bergens and
others [355-358], demonstrates real practical prospects of
decorated materials.

Finally, we should mention that using high-resolution
SEM, Knutson and Smyrl [372] were able to observe
directly the pores of 2- to 4-nm diameter in electrodeposited
Pt-Ru nanoparticles. The existence of these pores is
responsible for the high surface area of these particles and
most probably the other properties.

The studies of well-defined model systems contributed
to advanced understanding of the role of a number of
factors essential to explain synergetic effects and
mechanisms of electrocatalysis at Pt—Ru surfaces despite
the absence of exact agreement of all results and
conclusions.

The nature of electrocatalytically active ruthenium species

Attributing of the unique electrocatalytic activity of Pt-Ru
to metallic or oxidized ruthenium was widely discussed
long before the appearance of technical tool to control
ruthenium oxidation state at the surface. As ruthenium is
easily oxidized, it looked rather natural to assume that some
oxo- or oxohydroxo species are responsible for the
promotion of methanol oxidation. Later, some authors [85,
90, 373-377] mentioned a special role of oxidized
ruthenium forms on the basis of XPS and Moessbauer
spectroscopy data confirming the presence of ruthenium
oxohydroxides in Pt-Ru alloys.
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Recently, this problem arose rather lively discussion
stimulated by Rolison group publications [378, 379].
According to these papers, a catalyst containing hydrated
ruthenium oxide RuO,H, is several orders of magnitude
more active as compared to purely metallic Pt—-Ru. The
authors had some doubts concerning previous interpretation
of XRD results as unambiguous evidence of oxide-free
catalyst composition, as XRD is restrictedly suitable for
phase analysis of highly dispersed materials. However, XPS
studies [380] demonstrated complete electrochemical re-
duction of the electrode material initially containing RuO,
nanoparticles, in agreement with ellipsometry and electro-
chemical quartz crystal microbalance (EQCM) results [325,
381] on complete oxide reduction under fuel cell operating
conditions. The same was concluded [382] from in situ X-
ray absorption near edge structure data: Only metallic state
of Pt and Ru was found under H, and H, + CO atmosphere.
According to [383, 384], a catalyst consisting of metallic
components is more active than a catalyst containing
oxidized ruthenium species. The presence of RuOy is
desirable because of another reason: It increases the proton
conductivity of catalytic layer. Probably, this is just the
reason of high activity observed for Pt—RuO, [385]. The
increase in activity of commercial Johnson—Matthey cata-
lyst after its reduction under hydrogen gas confirms the
decisive role of metallic ruthenium. Let us also mention the
studies [386—391] demonstrating no convincing evidence of
the necessity to have oxidized ruthenium species for
attaining high catalytic activity of Pt—Ru. Lasch et al.
[388] found no difference of well-crystallized and amor-
phous catalysts (the latter are usually consist of hydrated
ruthenium oxides).

Recently, MacDougall and coworkers [392, 393] tried to
clarify the nature of active ruthenium species using the
approach of Lasch et al. [387, 388] by studying a series of
catalysts with artificially added ruthenium oxides. They
applied various physical techniques to catalysts character-
ization and studied the kinetics of CO and methanol
oxidation. The authors concluded higher activity of alloys
as compared to mixed catalysts. They also mentioned that if
methanol concentration exceeds 0.1 M, no oxidized
ruthenium species is observed in potential region being of
interest for applications. It seems like ruthenium oxides are
reduced under this polarization mode, and the presence of
platinum can support this process by providing active
hydrogen species. This is probably the reason of high
activity demonstrated by RuO,*H,0 loaded with platinum
nanoparticles [391].

Optimal Pt/Ru ratio and size effects

The problem of Pt/Ru ratio optimization in Pt-Ru catalyst
requires special discussion. As it was already mentioned
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above, the ratio corresponding to the highest activity
depends on the reaction type (CO or methanol oxidation)
and the catalyst type (electrodeposited, supported, or
unsupported Pt—Ru). The reasons of disagreements are
still not clear. The model proposed in [306] assumed the
necessity of threefold Pt positions in the vicinity of Ru
atom; however, it was not reconsidered systematically
with taking into account the formation of ruthenium
islands. Not only is the total Pt/Ru ratio important, but
also the mutual location of Pt and Ru atoms. Namely, the
activity of catalysts fabricated by metals co-deposition and
subsequent deposition of Pt and Ru layers appears to be
different [394].

More evident tendency is observed for temperature
dependence of the optimal ratio: The majority of authors
agree that for methanol electrooxidation, the higher is the
temperature, the higher should be the ruthenium content.
One of the reasons is methanol adsorption on Ru atoms as
well at elevated temperature [309]. Under these circum-
stances, Ru already do not work as OH species supplier.
Optimal composition also depends on operating potential:
Catalysts with higher ruthenium content are more active at
lower potentials and become less active with increasing
potential because of easier ruthenium oxidation and
appearance of inactive ruthenium species. There are also
no doubts concerning the optimal ratio dependence on
electrolyte composition because of negative shift of the
potential of zero free charge with the increase in Ru content
and corresponding increase of anions adsorption at low
potentials. Unfortunately, no data exist related to potentials
of zero charge in metal/polymer electrolyte systems, and
the comparison of Pt—Ru behavior in aqueous solutions and
in polymer electrolytes remains actual.

Size effects are actively discussed. Optimal size is
typically considered to be 2-3 nm [31]. Watanabe et al.
[395] declaim the existence of size effect at least for
particles diameter exceeding 1.4 nm and consider size
effects reported by other authors as less reliable because
another important factor, namely the distance between
neighbor particles, was not controlled or taken into
account.

Gradual changes of particle size in the course of catalyst
operation were mentioned in many papers even for
relatively short experimental tests. It should be mentioned
that sometimes, the activity of catalyst appeared to improve
with operation time, and some initially less active samples
finally demonstrated the best characteristics despite particle
size increase. A slight decrease of activity with aging time
was observed for electrodeposited Pt—Ru [35]. Actually, the
clarification of the existence and sign of size effect requires
further studies.

Further development of knowledge related to the role of
structural factors, size effects, and the oxidation state of Ru
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in Pt—Ru electrocatalysis is presented in the recent papers
[396, 397].

Real surface area determination

Any correct comparison of catalytic activity for different
Pt—Ru materials is impossible in the absence of true surface
area data.

In early studies [17, 20], Brunauer—Emmett—Teller
(BET) technique was applied to determine true surface
area, and these data were compared with coulometric
results for “hydrogen adsorption” region obtained by means
of chronopotentiometry (charging curves) or voltammetry.
The potential regions were found for which the agreement
of BET and coulometry data took place. The problems
arose from the overlap of hydrogen and oxygen adsorption
regions (being stronger for higher ruthenium content). This
overlap prevented any straightforward application of tradi-
tional H-UPD technique of surface area determination. BET
is also applied in modern studies of Pt-Ru. For supported
Pt-Ru particles, one can also determine true surface area
using selective gas titration [398].

The most usual electrochemical techniques to estimate
Pt—Ru surface area are currently based on foreign metal
adatoms, especially copper [399]. This approach is ex-
tremely useful for carbon-supported catalysts, as adatoms
can be formed only on metallic portion of complex surface.
The choice of copper goes from close atomic radii [0.128
(Cu), 0.138 (Pt), and 0.134 (Ru) nm] and convenient
potential region of Cu desorption at relatively low
potentials, making it easy to introduce correction for
double-layer charging and oxygen adsorption.

Another electrochemical technique, also widely applied,
is CO stripping voltammetry [309, 400—402]. Basically, this
technique gives a chance of separate determination of
“platinum” and “ruthenium” portions of true surface area,
as desorption from Pt and Ru takes place at different
potentials. However, a strong overlap of two peaks is usual
for real materials. Some complications can be avoided if
DEMS [403] or IR spectroscopy [404] are applied in
parallel with registration of stripping charge.

The problem of the true surface area determination for
supported and unsupported Pt—Ru was discussed in detail
by Green and Kucernak [405] who compared CO stripping
and Cu-UPD techniques and concluded that the latter is
more reliable. Combination of these techniques gives an
opportunity to find the total true surface area of alloy. Cu-
UPD also provides information on surface elemental
composition and the ratio of surface Ru sites existing in
oxidized and metallic states (no Cu-UPD takes place on
oxidized Ru). A number of additional problems arising
when one determines the real surface area using various
adsorbates were stressed recently in [406].

Measuring the rate of oxalic acid oxidation was also
discussed in relation to Pt-Ru surface area determination
[407]. Platinum is active towards this process at low
potentials, while Ru starts to be active only at higher
potentials. Assuming the absence of synergetic effects, one
can try to separate “platinum” portion of the surface area. In
combination with CO stripping, this technique can be
considered as rather useful.

Gilman and others [408, 409] applied fractal treatment of
STM images to determination of Pt—Ru surface areas. This
technique provides some reasonable results for electrodes
of low roughness.

Ru crossover

Testing of model fuel cells with PEM revealed Ru
crossover phenomenon consisting in ruthenium dissolution
from DMFC anode, diffusion of dissolved species through
membrane, and Ru deposition at DMFC cathode. Crossover
problem was formulated by Piela et la. [410] and studied in
[411-414]. Some authors mentioned low Nafion stability in
methanol-containing solutions. Crossover tends to enhance
with operating time, and newly deposited ruthenium
damages the cathode performance in relation to oxygen
reduction, with parallel destruction of polyelectrolyte
membrane.

The nature of crossover is still far from being clear.
According to Pourbaix diagram, ruthenium is expected to
be thermodynamically stable in the potential range of
DMFC anode operation. EQCM study of ruthenium
deposits on gold [415] confirmed that slow dissolution
takes place at potentials below 1 V (RHE). This process
should become slower for alloys. No ruthenium dissolution
from alloys was found for samples on platinum and gold
supports up to 0.8 V RHE [35]. For these model electro-
deposited materials [35], degradation manifested itself only
by Ru diffusion into catalyst bulk. This is why one can
conclude the important role of carbon support nature and/or
PEM functional groups in ruthenium dissolution enhance-
ment. Actually, crossover can be predicted, taking into
account the data on disintegration of some types of carbon-
supported Pt—Ru materials in alcohol-containing solutions
(see above).

To prevent the crossover, carbon-supported catalysts
modified with nanostructured ruthenium oxide were pre-
pared [416]. Platinum electrode protected with crystalline
ruthenium acid Hy,RuO, ;*H,O (proton conductor)
appeared to be stable and effective for methanol and CO
oxidation.

One of the most recent catalyst and membrane degrada-
tion studies was reported in [417]. Extremely complex
processes with participation of perfluorosulfonic acid
electrolyte in PEM FC follow from a recent paper [418].
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CO tolerance of Pt-Ru system

CO tolerance of Pt-Ru attracted attention already at the
initial period of the studies of this system. During the
current period, this problem was actively addressed in terms
of tolerance mechanisms, and CO tolerance was considered
as one of the most important parameters taken into account
for Pt-Ru optimization [80, 311, 419-427]. Some aspects
were reviewed by Conway and Tilak [428].

Tolerance in a wide sense is considered as the decrease
of poisoning CO effect on methanol electrooxidation as
well as still high rate of hydrogen ionization in the presence
of CO contamination. We discuss tolerance below just in
the context of reformate gas oxidation. Under these
circumstances, tolerance can be characterized by two
parameters: so-called ignition potential (corresponding to
the beginning of sharp current growth when oxidizing
H, + CO mixture, with subsequent approaching the
diffusion limit) and the values of oxidation current
corresponding to vicinity of equilibrium potential. Ignition
potential corresponds to the onset of CO oxidation and the
release of some surface fragments previously poisoned
with CO. The initial region of polarization curve charac-
terizes the reaction kinetics at the surface poisoned with
CO. General view can be constructed from the data on
CO-selective oxidation from reformate, oxidation of CO
dissolved in electrolyte solution in the absence of
hydrogen, and oxidation of hydrogen in the absence of
CO. Useful tolerance criterion can follow from impedance
spectroscopy [426], consisting in transition to pseudo-
inductive behavior of system.

Kinetic scheme representing tolerance [429] takes into
account the presence of both linear and bridge forms of
adsorbed CO, as well as the linear forms of COOH and
CHO, under assumption of the easiest oxidation of bridge
CO. To clarify tolerance nature, EC-NMR data [349] are of
special importance, which give evidence of weaker CO
bonding in presence of ruthenium.

Catalyst optimization as related to tolerance parameter
(considered for H, + CO mixtures) included a search for
some additives to Pt—Ru improving this parameter. Namely,
tolerance was found to increase when Mo, Nb, or Ta were
incorporated into carbon-supported Pt-Ru [421], and Mo
was reported as the most efficient. A study of filtering
RuO,H,/C layer as a tool to tune Pt-Ru tolerance was also
reported [422].

Systematic studies of Pt-Ru tolerance optimization
were published by Fenton and others [423-425] who
indicated an additional factor increasing the activity of
poisoned catalyst: Reactions of CO with hydrogen (and
probably with water molecules) at low potentials can be
activated to a certain degree at various catalysts. These
reactions can result in the release of a portion of
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unpoisoned surface or in formation of weakly bonded
species replaced with hydrogen. Some additional informa-
tion about these processes can result from the studies of
adsorbed CO replacement with dissolved CO arranged with
the use of '*C tracer [430]. The effect of H,O, additives on
the tolerance of PtRu anode was studied in [431]. The
research concentrated around fabrication of CO-tolerant
anodes was published recently [432].

Mechanism of methanol and CO electrooxidation on Pt-Ru

Mechanistic aspects of electrocatalytic processes on Pt—Ru
catalysts of different genesis were (to some extent) touched
in a large number of works. For methanol oxidation, the
most usual approach assumes the existence of two parallel
pathways (dual-way mechanism), as it was clearly formu-
lated for Pt electrode by Breiter [433]. For platinized
platinum, a scheme with up to four parallel pathways was
proposed [434]. It was also assumed that the intermediates
of one of the routs can be transformed into intermediates of
some other routs [435]. The most simplified version of this
scheme looks as follows [436]:

RI
1./ N2
c, 3 Co,
4™\ 5
P

where RI is the reactive intermediate, and P is poisoning
intermediate. The most difficult aspects consist in deter-
mining RI nature and proving the existence of rout 3.

The structural data for model catalysts, various in situ
results on CO and methanol adsorption and on electro-
oxidation products composition (especially obtained by
spectroscopic techniques) are actively involved now in the
formulation of specified mechanisms. Novel approach to
this problem is based on constructing polarization curves
from the data on current efficiency of certain products, with
simultaneous allowance for certain surface coverage with
adsorbates. It is important that for low temperatures, one
can ignore methanol adsorption on ruthenium sites, while
CO is easily adsorbed on both Pt and Ru.

Potentiostatic current transients provide useful informa-
tion. This technique was widely applied to study the
oxidation of adsorbed species [175, 176, 276, 303, 323,
340, 437, 438]. Current transients of pre-adsorbed CO
oxidation are asymmetric, with a broad descending branch
and potential-dependent time/current at a maximum. An
attempt to model these curves in terms of potential-
dependent nucleation and growth of islands formed by
oxygen-containing species was reported [276]. This model
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assumes the absence of surface diffusion of both CO and
OH adsorbates. However, according to [361], the surface
diffusion can be hardly ignored. Moreover, synergetic effect
in Pt-Ru system found no explanation if surface diffusion
is not considered. More detailed analysis published by
Jiang and Kucernak [438] led to satisfactory agreement
with a model of 2D nucleation and growth of islands
accompanied by 2D surface diffusion. Islands are supposed
to be formed by CO-free surface regions available for
adsorption of adsorbed OH and water. The attempts to
model current transients for methanol oxidation lead to
more complex and ambiguous schemes.

Temperature effects of both methanol [439, 440] and CO
[441, 442] oxidation were recently reexamined. The values
of activation energy determined by different authors
demonstrate no quantitative agreement, which is a not
surprising fact because of the difference in experimental
conditions and types of catalysts. All reported values are
high enough to exclude diffusion control; however, more
detailed interpretation is hardly possible.

Impedance spectroscopy was applied to study electro-
oxidation mechanisms [443—445] and resulted in the
appearance of some equivalent schemes, while any princi-
pal results of this technique remain future expectation.

The most evident prospects of progress in understanding
mechanistic aspects are connected with online product
analysis at various potentials. Some attempts of this sort
are known from the earlier studies. Most important results
are published in [446-449]. Iwasita’s group actively
contributed to the studies of methanol electrooxidation
using various techniques and, in particular, dealing with
analysis of products [450—453]. Despite that the majority of
these data are obtained for platinum, including single-
crystalline platinum electrodes, they can be (with a number
of reservations) applied to Pt—Ru system. Recently, the
oxidation of formaldehyde was studied on PtRu catalysts of
various compositions [454]. Oxidation products usually
contain formic acid and formaldehyde, and the aforemen-
tioned citations suggest not only parallel routs of these
products formation

/" diffusion
HCHO
LN
CH,OH—— CO_, — CO,
N T /
HCOOH
\ diffusion

but also different mechanisms. Langmuir-Hinshelwood
mechanism is proposed for oxidation with CO, formation,

while formation of less-oxidized stable species is attributed
to Eley—Rideal mechanism. The formation of the latter
products on Pt(111) was interpreted as the consequence of
methanol adsorption via oxygen atom, with formation of
methoxide species H3CO at the first stage of adsorption.
Sulfate anion was found to affect strongly the reaction rate
and the ratio of various pathways.

Wang et al. [449] stated different dependencies of partial
pathway rates on methanol concentration: At low poten-
tials, the pathway with formation of adsorbed CO is
concentration-independent, while the pathways leading to
HCHO and HCOOH depend on this parameter. According
to recent study [455], the quantity of intermediate formal-
dehyde species is lower on Pt—Ru as compared to Pt.

Classical approach to study reaction mechanism using
Tafel slope and reaction order was applied in [456, 457].
However, as conclusions are based on analysis of non-
steady-state polarization curves, it is difficult to use it for
mechanism formulation.

Novel modification of DEMS technique [458] was applied
to study mechanistic aspects with the use of commercial
catalyst at the MEA interface. The results agree with
previously obtained for simpler model systems. In particular,
CO is found to be predominating adsorbate, but it is still
unclear whether it is intermediate or poison. Let us remind
the early data of the first period of Pt—Ru studies: The rates
of chemosorbed and dissolved methanol oxidation were
found to be close, but not equal, so some contribution from
weakly bonded organic species could not be ignored (at
least at low potentials and temperatures). Unfortunately, the
nature of weakly bonded species remains unknown despite
numerous attempts to discover it.

The data on radioactive CO exchange on Pt-Ru [430]
are of great interest and should be developed in future. Lei
et al. [459] tried to clarify the role of C—H bonds activation
in methanol using deuterated water and acid and found that
this factor affects methanol oxidation rate, at least inside a
certain range of potentials. These data are most probably
related (at least to some extent) to slow methanol
adsorption.

As it was stressed in the first part of this review, the
important mechanistic criteria go from pH dependence of the
reaction rate at constant overvoltage and also from the Tafel
slope. The latter are mentioned in a number of papers cited in
this section (unfortunately, they are most usually related to
non-steady-state conditions and uncertain overvoltage val-
ues). As it is stressed in [460], for optimized catalysts, the
slope of 64 mV per current decade can be observed at low
overvoltage and temperature of about 70 °C. This slope
corresponds to slow organic adsorbate interaction with
adsorbed OH specie.

A scheme of methanol electrooxidation on Pt proposed
in [31] takes into account the surface geometry, the
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specific sites for certain adsorbed species, and their
migration routs. This scheme induced a number of critical
notes and can be hardly applied immediately to Pt-Ru.
The progress in the area is expected from new experimen-
tal studies and parallel development of computational/
model approaches.

At the same time, rather simple schemes going from
formal kinetics already found application to modeling the
processes at DMFC anodes and even operation of fuel cell
as a total [461-465]. These schemes take into account two
types of surface sites (Pt and Ru, two-site mechanism) and
assume the consequent reactions of methanol adsorption,
one-step formation of adsorbed CO, and its oxidation with
adsorbed OH formed reversibly from water:

CH3OH#CH3OHM
CH,OH ,—2—CO,_, +4H" +4e

k
H,0=—=O0H,_,, +H" +e
k’»‘l ’
k
H,0=—=O0H,,,, +H" +e
kl,z !

+OH

ad,Ru

CO,, +(OH,, )%mo2 +H +e

One of the last papers in this area published by Shivhare
et al. [466] contains a brief analysis of all previous
modeling attempts. Currently, developing simplified models
explain the effects of methanol concentration and temper-
ature, but still were not verified in more detail. A simplified
scheme named Kauranen—Scou—Munk model [461] was
used recently in [467].

Unfortunately, no analysis of pH effects was reported in
frames of these models. Possibility of several parallel routs
also was not considered. A high number of fitting
parameters (rate constants) corresponding to schemes under
discussion complicates application of model relations. The
involvement of electrochemical step (second reaction in the
scheme) requires special discussion. In general, consider-
ation in terms of formal kinetics roughly (qualitatively to a
great extent) agrees with experimental data, but only for the
region of higher potentials.

Environmental aspects of Pt-Ru system

Wide-scale practical applications of DMFC meet a
number of ecological and health requirements. As it
follows from discussion given above, Pt-Ru is a highly
efficient catalyst to oxidize methanol to CO,. However,
under some modes, formic acid, formaldehyde, methyl
formate, and methylal appear to be predominating prod-
ucts [468—471]. There is no clarity with the reasons;
probably, methanol molecular orientation in reaction layer
plays a role, as was mentioned in [472]. To solve
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environmental problems, further studies of methanol ad-
sorption and the nature of intermediate species are highly
desirable.

One should not forget that methanol itself is a dangerous
substance with rather high vapor pressure. This fact induces
new and new search for alternative fuels.

Pt—Ru system for other fuels

A lot of papers consider Pt-Ru as a catalyst for electro-
oxidation of organic substances as possible future fuels
used instead of methanol. The most studied candidates are
ethanol, ethylene glycol, propanol isomers, dimethyl ether,
trimethoxymethane, dimethoxymethane, trioxane, ethylal,
and dioxalane.

Ethanol induces a special interest, being the recycled
fuel currently used in some countries (for example, Brasil)
in combustion engines. Ethanol itself and its oxidation
products are less toxic as compared to methanol and the
products listed in the previous section. Finally, ethanol
crossover is less pronounced due to its larger molecular
size. The latter factor is crucial for choice of alternative
fuels. The enhanced Pt—Ru activity towards ethanol
oxidation was demonstrated already in the course of initial
studies, despite synergetic effect being less pronounced
than for methanol. Some doubts concerning Pt—Ru effi-
ciency in ethanol oxidation were declared in [473].
However, the efficiency was confirmed in [474]. Hable
and Wrighton [475] demonstrated that Pt-Ru in polyaniline
matrix is a more active catalyst for ethanol oxidation than
Pt in the same configuration.

Wang et al. [476] started with a problem of direct ethanol
fuel cell as a practical goal. They found a possibility to
attain fuel cell characteristics very close to that already
achieved for DMFC, despite their predominating product in
phosphoric acid electrolyte being ethanal. These authors
tested also 1- and 2-propanol, which formed propanal and
acetone, respectively.

Ethanol oxidation on Au-supported electrodeposited Pt—
Ru [477], in contrast to [476], resulted in preferential CO,
formation. CO, and acetaldehyde were found by means of
DEMS technique when ethanol was oxidized on Pt-Ru at 5—
40 °C. Optimal alloy composition was reported to be
temperature-dependent 33 at.% Ru for 5 and 15 at.% Ru
for 40 °C.

The comparative study of various low molecular
alcohols oxidation [478] involved ethanol, ethylene glycol,
n-propanol, and n-buthanol. Ethanol oxidation on Pt-Ru
was concluded to be of practical interest.

At low anodic potentials, the activity of Pt—-Ru towards
ethanol oxidation exceeds not only the activity of Pt but of
Pt-Mo alloy as well, as it follows from voltammetry,
chronopotentiometry, and DEMS data [479].
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Recently, Iwasita’s group completed a number of studies
of ethanol and acetaldehyde oxidation [480—484]. They
found rather narrow region of catalyst composition provid-
ing Pt—Ru activity in this reaction (about 40 at.% Ru), while
for methanol oxidation, much wider region 1045 at.%
corresponded to high activity. Probably, just the necessity to
use a narrow interval of Pt/Ru ratios induces some
disagreements in conclusions of various authors concerning
ethanol oxidation on Pt-Ru.

FTIR was applied to identify ethanol oxidation products
(COy,, acetaldehyde, and acetic acid). The increase of Ru
content was found to enhance the formation of acetic acid.
The proposed reaction scheme looks as follows:

Co,
S0
C,H,OH — CH,CHO
N 2
CH,COOH

Langmuir-Hinshelwood mechanism was assumed for
ethanol oxidation.

Leger et al. [485] also applied FTIR to study this
reaction and proposed another scheme with slightly
different pathways. We should stress that the interest to
ethanol oxidation increased essentially during the recent
years.

Tarasevich et al. [486] started with ethanol oxidation on
Ru—Ni in basic media and declared some practical
prospects of this catalyst. A number of this and other
studies [201, 221, 487-491] were aimed to the search for
optimized Pt-Ru catalyst, its modification, and understand-
ing of ethanol electrooxidation mechanism.

Ethylene glycol oxidation is also considered as being of
interest for applications. A study of Peled et al. [492]
confirmed that ethylene glycol fuel cell is competitive with
DMFC, especially for practical electric vehicles. FTIR
study [493] discovered the presence of oxalic and glycolic
acid in the mixture of ethylene glycol oxidation products
when Pt—Ru catalyst was used in acidic medium. Recently,
Wang et al. [494, 495] started a systematic DEMS study of
this reaction on various materials including Pt-Ru to
characterize the products and to estimate the efficiency of
various reaction steps.

Ethylene glycol oxidation on Pt-Ru in basic medium
[496] demonstrated lower activity of this catalyst as
compared to other materials studied for comparison.

Other fuels listed in the beginning of this section tend to
hydrolysis at elevated temperatures with formation of a
mixture containing methanol and formic acid. This decom-
position takes place in the absence of catalyst. The

following scheme of trimethoxymethane oxidation based
on online mass spectroscopy and FTIR data [497] was
proposed:

OCH, 0

| . |
HC-OCH, +H,0—5—HC+2 CH,0H

OCH, OCH,

m/e=60+H O m/e=32
o)L H
HCOOH + CH,OH

m/e=46 m/e=32

As the formic acid is oxidized much faster than
methanol, its formation should be considered as a key
factor for the improvement of the anode performance by
using trimethoxymethane instead of methanol. This con-
clusion is valid at elevated temperatures exclusively, as the
hydrolysis is too slow at ambient temperature. Findings of
Savilell et al. related to electrooxidation of fuels tending to
hydrolysis stimulate the studies of fuel mixtures.

The efficiency of Pt—Ru as a catalyst for formic acid
oxidation was reported [308], and the highest activity was
found for Pt/Ru=1:1 ratio, like for CO oxidation.

Oxidation of glycerol should be also mentioned, being of
interest for fuel cells with simultaneous electrosynthetic
function [498]. For glycerol, high oxidation rate was found
in experiments with Ru-doped Pd-Pt catalysts in polyani-
line matrix. Savadogo and Yang [499] compared the rates
of ethylal, dioxolane, and methanol oxidation on Pt, Pt—
RuO,, Pt-Ru, and other materials. They concluded possible
competitiveness of some acetals and methanol. The
addition of RuO, decreased ethylal oxidation overvoltage
for >200 mV. It was assumed that this reaction follows via
hydronium ion catalyzed hydrolysis step

(CH30),(CH,), + 3H,0 = 4CH;OH + CH,0

with the subsequent oxidation of methanol and formalde-
hyde formed in the course of hydrolysis

CH,0 + 4CH;0H + 5H,0 = 5 CO, + 28H" + 28¢

(the total number of transferred electrons is 28).

Pt-Ru was concluded to be the most active alloy for
dimethyl ether oxidation at 50 °C and potentials below
0.5 V (RHE) [500].

Ru-containing anode materials were also tested in direct
oxidation of hydrocarbons at 600 °C in solid electrolyte cell
[501]. Oxidation of ammonia [502] and CO, reduction to
formic acid with 90% yield [503] on Pt-Ru were also
reported.
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Conclusions

We attempted to demonstrate the pronounced progress in
design and characterization of highly efficient platinum—
ruthenium electrocatalysts and the evident possibility to
work out DMFC using this type of catalysts. There are also
no doubts that the current level of basic electrocatalytic
studies is already close to fundamental level of modern
heterogeneous catalysis. By adding the comparative analy-
sis of experimental techniques (it can be found for example
in review [32]), one can get a representative view of
electrocatalysis state-of-the art in general. Pt-Ru system
appears to be much more complex than single-element
catalysts. At the same time, its choice for so detailed studies
is justified by its prominent characteristics required by
applications. The experience of these studies is expected to
be actual for future understanding of even more complex
catalysts. It is also evident that we still meet a number of
intriguing problems requiring further efforts to be solved.

One of these problems is related to understanding of the
role of Pt-Ru elemental composition. All hypotheses one
can find in the literature (including traditional geometric
models and simplified considerations of electronic effects)
are unable to explain the available set of experimental data,
and final conclusion remains a matter of future. The same is
concerned to the role of support and size effects.

Structural sensitivity of CO and organic fuels electro-
oxidation is well documented by single-crystal experiments,
as well as by the observed dependences on the shape and
size of isolated nanoparticles. New model systems imitating
the features of real catalysts are necessary to understand the
role of various edge regions, including defective intergrain
regions. How should one make a choice of a model system?
Homogeneous distribution of particles can be provided by
lithography, but this technique gives no chance to obtain
particle size below 50 nm. More dispersed materials result
from chemical deposition, but stabilization of particles
always requires some surfactant, which, in its turn, affects
catalytic activity.

A general danger of using less homogeneous materials
consists in averaging of the properties of a large set of
nanoparticles having different individual properties. In
relation to this problem, the recent studies of single
nanoparticles in STM configuration look promising but
rather complicated for understanding of size effects.
Systems being surely of interest are ultrathin layers of
foreign metals on single-crystalline surfaces and the experi-
ments with these systems can give the unique information if
the role of interactions clarified.

It is surely an actual problem to find DMFC catalysts
more effective than Pt-Ru among ternary and more
complex systems. Already considered candidates are Pt—
Ru-Mo, Pt-Ru-W,C, Pt-RuWO,, Pt-Ru-Sn, Pt-Ru—Ni.
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They give a chance to obtain cheaper catalysts without
decrease of activity and stability. A brief review on ternary
and four-component catalysts can be found in [504] (see
also the recent papers [505-507]. We believe that the
winners with extremely high catalytic activity can be found
among ternary systems, like Pt—Ru remains a well-known
winner among binary systems. However, any final con-
clusions can be done only after numerous experiments and
tests, like already known for Pt—Ru. Combinatorial
approaches can be applied to intensify optimization and
search.

From a theoretical point of view, the problems of
adsorbate dynamics and surface diffusion remain extremely
important, as well as general molecular modeling of
electrocatalytic reaction layers. The latter problem requires
a solid knowledge of the nature of adsorbed species taking
part in the limiting reaction step. Numerous experimental
efforts, especially in the field of IR spectroscopy, still gave
no exact understanding of this problem. Some optimistic
expectations are related to optical techniques of visible
region, especially second harmonic generation.

Among still unsolved problems, one should mention
methanol dehydrogenation mechanism (subsequent or
concerted, it is easier to rupture hydrogen bonded with
carbon or with oxygen atom). Some data demonstrate the
difference of CO species resulting from CO and methanol
adsorption, and the reasons are not yet understood. It
should be noted that direct adsorption measurements are
usually carried out at room temperature, while the real
catalysts operate at elevated temperatures.

Deeper penetration into electrocatalysis mechanisms is
of crucial importance. If to discuss CO electrooxidation as
an example, one should consider at least two general types
of CO oxidation mechanisms [80]. For Pt-Ru (and Pt-Re),
the systems with CO adsorption taking place on any site,
the pseudo-bifunctional mechanism operates:

Pt — Ru — COuq+Ru — OH,g — CO,+H" +¢

This is supported by the increase of CO oxidation
overvoltage with CO pressure (negative reaction order in
relation to CO) because of competitive CO and OH
adsorption. For Pt—Sn and Pt-Mo, bifunctional mechanism
works in its classical version, as CO is never adsorbed on
Sn and Mo atoms bonding OH species exclusively:

Pt — CO4+Sn(Mo) — OH,y — CO,+H*+e

Positive reaction order in relation to CO was found for
Pt;Sn. This means that the traditional classification of ad-
atoms (oxophylic and not adsorbing oxygen) should be
reconsidered, as well as the models of synergetic effect.

For methanol oxidation at low temperatures, when
methanol is adsorbed on platinum exclusively, we can
continue to deal with a classical version of bifunctional
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mechanism. However, when the temperature increases, we
must extend our consideration to pseudo bifunctionality.

Currently, available level of theory and computational
techniques does not allow any quantitative predictions, but
already gives a chance to understand deeper the role of
electronic structure of catalyst in electrocatalysis despite
numerous complications (even more pronounced than in
gas phase catalysis). A number of groups started with
modeling electrocatalytic systems [508-523]. Ab initio
calculations demonstrated that the presence of Ru decreases
adsorbate bonding with Pt atoms. Ab initio comparative
analysis of CO oxidation on Pt and Pt,Ru was reported by
Neurock et al., and some new tendencies were found, being
of importance to clarify bifunctional mechanism. Ab initio
molecular dynamics simulations of OH adsorption on Pt—
Ru alloy in presence of water demonstrated that OH species
formed on Ru can easily induce H-O bond rupture in water
molecule adsorbed at the neighboring Pt atom. This rather
essential mechanism corresponding to effective transfer of
adsorbed OH from Ru to Pt was recently confirmed in
[519]. Taking into account this result, as well as the results
of CO adsorption modeling on bimetallic surfaces [518],
one should reconsider the bifunctional mechanism. Quan-
tum chemistry and general computational approaches are
expected to play the increasing role in the studies of
electrocatalytic systems, especially for catalysts consisting
of nanoclusters.

Deeper penetration into Pt—Ru electrocatalysis mecha-
nism will open new problems contributing to further
improvement of fuel cells.
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