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(*author for correspondence, tel.:+49-228-73-4162; fax:+49-228-73-4160; e-mail: baltruschat@uni-bonn.de)

Received 17 October 2005; accepted in revised form 30 May 2006

Key words: Cu-UPD, CO-oxidation, DEMS, Pt-single crystal electrodes, Se-deposition, surface area determina-
tion, Ru-electrode

Abstract

Methods for the determination of the surface area for Pt, Ru and Se modified Pt and Ru are compared, in view of
their possible application for technical and nanoparticle electrodes. The hydrogen adsorption charge can hardly be
used as a reliable measure for the surface area for Ru because it is paralleled by anion adsorption. The charge
necessary for the oxidation of adsorbed CO also contains a large contribution due to anion or oxygen adsorption,
which amounts to approx. 45% of the charge in the case of Ru. The mass spectrometrically determined amount of
CO2 formed gives a more reliable measure for the surface area, provided that the maximum coverages are constant
and independent of the particular surface. Values obtained in this way agree to within 20% with surface area values
obtained from measuring the charge needed for the desorption of a complete monolayer of Cu upd on Pt(111) and
polycrystalline Pt, polycrystalline Ru, submonolayers of Ru on polycrystalline Pt and on Pt(111) and for nano-
particle, carbon supported electrodes. Se modified Ru has recently found attention as a methanol tolerant cathode
material for oxygen reduction. CO does not adsorb on Pt or Ru saturated by Se. For surfaces partially covered by
Se, a comparison of the charge measured by cyclic voltammetry in the hydrogen region and of the mass spectro-
metrically determined amount of CO2 suggests that the latter can be used for a determination of the area not
covered by Se. Cu upd, on the other hand, also takes place on surfaces completely covered by Se; the Cu desorption
charge is independent of the Se coverage on Pt and Ru modified Pt as long as it does not exceed 70% of full
coverage. In the presence of multilayers of Se, CuxSe is formed. On Se modified bulk Ru the amount of Cu upd
decreases with increasing Se coverage, approaching only 105 lC m)2 for full Se coverage.

1. Introduction

One of the main reasons for the low efficiency of PEM
fuel cells is the high overvoltage of the oxygen reduction
reaction (ORR). In the case of the direct methanol fuel
cell (DMFC) this overvoltage is increased due to
methanol crossover from the anode to the cathode,
which may be poisoned by methanol. To avoid this
problem, Tributsch et al. [1–3] suggested use of a RuSex
catalyst, which is completely unreactive towards meth-
anol, but shows good reactivity towards oxygen reduc-
tion. In order to compare the reactivity of different
catalysts it would be advantageous to relate the activity
to the real surface area of the different catalysts [4].
In the case of a pure Pt-catalyst the real surface area is

usually determined from the hydrogen adsorption
charge. For Pt/Ru, the charge for the oxidation of
adsorbed CO may be used as a measure for the surface
area. A problem, however, arises due to the fact that even
after the usual background subtraction, approximately

45% of the oxidation charge on Pt/Ru catalysts is merely
a pseudo capacitive charge, whereas on pure Pt this
pseudo capacitive effect amounts to 20% [5]. This charge
is due to the fact, that in the double-layer region anions
(or oxide species) are adsorbed on Pt, which are
displaced when CO is adsorbed and then are readsorbed
upon oxidation of CO. It is directly measurable in charge
displacement experiments with CO [6–8].
Differential electrochemical mass spectrometry

(DEMS) is able to differentiate between the CO oxida-
tion currents and capacitive effects and will therefore be
used here. Whereas CO adsorbs on both Ru and Pt it
does not adsorb on Se [9]. An alternative method
therefore is necessary. Kucernak and coworkers showed
that upd of Cu occurs at different potentials on Ru and
Pt; therefore they were able to determine the relative
surface concentrations of Ru and Pt [10]. The main aim
of this paper is to elucidate whether the surface area of Se
modified Ru catalysts can be determined via Cu upd. Se
modified Pt electrodes will be examined for comparison.
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2. Experimental

Measurements were done in an electrochemical H-cell in
the hanging meniscus arrangement and with DEMS
using a thin layer cell. The dual thin layer flow through
cell used in the present study was described in detail
elsewhere [5, 11, 12]. This cell was used for DEMS in
combination with a quadrupole mass spectrometer
(Pfeiffer Vacuum QMG 422). It consists of two separate
compartments: the electrochemical compartment with
the electrolyte inlet, where the faradaic reactions take
place and the mass spectrometric compartment with the
electrolyte outlet. Volatile species produced in the first
compartment are transported through six capillaries to
the second compartment, where they can evaporate into
the mass spectrometer and can be measured as ion
current. The electrolyte volume and the nominal geo-
metric surface area (0.28 cm2) of the working electrode
are defined by a thin (50–100 lm) PTFE ring on the disc
shaped working electrode. The reference electrode was a
reversible hydrogen electrode (RHE). Two Pt wires were
used as counter electrodes. The experiments were
performed at room temperature, with a potential sweep
rate of 10 mV s)1 (unless otherwise noted). The upper
limit of the potential scans was set to 900 mV for all Ru
containing catalysts in order to avoid dissolution of Ru.
As the working electrodes we used disc shaped single

crystals with a diameter of 1 cm with the orientations
Pt(111) from Metal Crystals & Oxides, UK, a smooth
polycrystalline Pt electrode, or carbon supported Pt
nanoparticles attached to glassy carbon (GC). Prior to
each experiment single crystals were prepared by flame
annealing according to the method of Clavilier [13]: the
crystals were heated to red colour in a hydrogen or
propane flame and cooled for 4 min in ultra pure Argon.
Glassy carbon disc electrodes with a diameter of 10 mm,
polished to a mirror finish, were used as a substrate for
the carbon supported catalysts [14]. The colloidal
platinum particles (40% wt. Pt), supported on Vulcan
XC 72 were obtained from E-TEK, Inc (Lot
# C0510517). Ru colloids (20% wt. Ru) were prepared
by the group of Prof. Bönnemann from Karlsruhe [15,
16]. For the electrode preparation, a definite volume (in
the range of 20 to 30 ll) of an ultrasonically dispersed
catalyst in ethylene glycol was pipetted onto the glassy
carbon substrate, creating a catalyst film with platinum
or ruthenium loading of 10 lgmetal cm

)2 (suspensions in
ethylene glycol resulted in smoother deposits than
suspensions in water). After evaporating the solvent
(at 80–100 �C), the deposited Pt catalysts were covered
with 82 ll of Nafion solution in water at a concentration
of ca. 1.44 mg ml)1 and dried at ambient temperature.
The aqueous solution of Nafion was prepared by
diluting the commercial solution in isopropanol
(Aldrich) with water and subsequent evaporation of
the isopropanol. The resulting Nafion film with a
thickness of about 1 lm was of sufficient strength to
permanently attach the catalyst particles to the glassy
carbon electrode [14]. All solutions were prepared using

ultrapure water (Millipore; 18.2 MW m, <3 ppb TOC)
and ultrapure analytical grade or suprapure chemicals
from Merck and Fluka, and deaerated by high purity
(99.999%) Ar; and CO of 99.997% purity from Praxair
was used for preparing CO saturated solutions.
Different Ru or Ru modified polycrystalline Pt and

Pt(111) electrodes were prepared from a 5 � 10)3
M

RuCl3 solution according to Geyzers [17, 18].
Multilayers of Ru on Pt were deposited at 50 mV

(deposition time 10 min) resulting in a roughness factor
Rf � 1.2. The roughness factor was determined by
relating the CO oxidation charge on the geometric area
of the electrode surface. (Sub-) monolayers of Ru on Pt
were adsorbed at different constant potentials between
300 and 700 mV with a deposition time of 5 min.
Se was deposited by adsorbing a full monolayer at

open circuit or by gradual deposition under potential
control. Procedure A, the gradual deposition of Se in the
thin layer flow through cell used for DEMS involved
potential-cycling between 50 and 300 mV for several
potential cycles in 5� 10)7

M H2SeO3 in 0.5 M H2SO4.
Procedure B, used in an H-cell without forced convec-
tion, was similar to A, but the concentration was
5� 10)6

M H2SeO3 in 0.5 M H2SO4, and the potential
range 50–800 mV.
In procedure C, the deposition of a full monolayer

by adsorption from 10)5
M H2SeO3 and 0.5 M H2SO4

at open circuit potential was followed by partial
dissolution of Se in a potential scan up to 1100 mV
[19].
CO was adsorbed at a constant electrode potential of

70 mV by replacing the 0.5 M H2SO4 solution with a
0.5 M H2SO4 solution saturated with CO (ca. 10)3

M).
After the formation of a CO monolayer, the solution
was exchanged by pure 0.5 M H2SO4 solution under
potential control (E = 70 mV), in order to have a
solution free of CO. Then the adsorbed CO was oxidized
to CO2 during the positive potential sweep. The CO
oxidation on polycrystalline Pt is done for comparison
and also serves for the determination of the calibration
constant K* of the experimental setup [12, 20]. K* is the
ratio between the integrated ionic current (Qi) of the
mass spectrometer and the faradaic current (Qf) when
the current efficiency is 100%, taking into account the
number of electrons (z = 2 for the oxidation of CO)
and that 20% of the charge obtained by integration of
the background corrected current is still due to double
layer charging. The currents were integrated between
350 and 900 mV, except for Pt(111) when the integra-
tion limits were 500 and 900 mV.

K� ¼ zQi=Qf ð1Þ

The true surface area of Se free catalysts was calcu-
lated from the ionic charge for m/z = 44 according to:

Ai
t;CO ¼

Qf

K�FCM
ð2aÞ
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where F is faraday constant and Gm is surface concen-
tration of a monolayer of CO.
For comparison it was also calculated from the

faradaic oxidation charge:

Af
t;CO ¼

Qf

zFCm
ð2bÞ

where z is number of electrons
We assume a maximum CO coverage (CO molecules

per Pt sites) of 1.45 nmol cm)2, corresponding to
280 lC cm)2. This is an average value often observed on
different smooth and stepped Pt surfaces [8, 21, 22]. The
same Gm was assumed to hold for the Ru modified
surfaces.
The relative Se coverage was determined via co-

adsorption of CO. Since CO does not adsorb on Pt [9] or
Ru (see below) fully covered by Se, the CO oxidation
charge on surfaces partially covered by Se corresponds
to the free Pt or Ru sites. Therefore, with
QSe + QCO = 1,

HCO
Se ¼ 1�QCO

MSe

QCO
M

¼ QCO
M �QCO

MSe

QCO
M

ð3aÞ

Here, QCO is the true faradaic CO oxidation charge
without double-layer contributions as calculated from
the ionic charge and M represents Pt or Ru.
This procedure for the calculation of surfaces not

totally covered by Se is more reliable than using the
suppression of hydrogen adsorption. On Ru the hydro-
gen adsorption is largely paralleled by anion and
oxygen adsorption. Especially for colloid-electrodes a
‘‘hydrogen adsorption’’ potential range is not well
defined.
Nevertheless, for comparison, in addition to QSe

CO, the
coverage with Se was determined by the charge of
hydrogen adsorption in the range of 50–350 mV, with-
out any subtraction for double-layer charge.

HH ¼ QH
MSe

QH
M

ð3bÞ

Cu upd was performed in 10)3
M CuSO4 in 0.5 M

H2SO4 solution during a potential sweep down to
50 mV, followed by a potential stop at 300 mV during
the anodic sweep for different times (60–180 s). In
preliminary measurements (not shown here) the charges
for Cu upd were not well reproducible and clearly lower
than expected for a monolayer. We assume that Cu
deposition (and adsorption) on Ru is inhibited during
the cathodic sweep due to the readsorbed OH. There-
fore, we used the more complicated procedure where the
Ru surface is first reduced at lower potentials. Excess
bulk Cu deposited at this low potential is dissolved
during the potential stop at 300 mV. Desorption of upd
Cu is achieved by sweeping up to 900 mV [10], in some
case only up to 700 mV. The charge for the Cu upd
desorption peak was determined by integration from
300 to 700 mV after background subtraction of the

corresponding charge in the copper free sulfuric acid.
From Cu upd the surface area is calculated as men-
tioned by Kucernak [10]:

At;Cu ¼
Qf

Cuupd

420 lCcm�2
ð4Þ

3. Results and discussion

3.1. Selenium deposition

On a Ru-modified Pt-surface two possible sites for
selenium adsorption exist. When modifying the bime-
tallic Pt/Ru surface with Se, a primary question is
whether Se interacts preferably with Pt or with Ru.
On Ru modified Pt(111), a distinction is possible
because of the very specific structure sensitive sulfate
adsorption peak. On Pt(111) Ru is known to adsorb
in islands which have a typical width of 2–3 nm [18,
23–26]. Upon increasing the Ru coverage only their
number, not the size, increases. At least at low Ru
coverages, in between these islands the space is large
enough for the formation of the ordered sulfate
adlayer; the typical spike at 450 mV is therefore
visible (cf. Figure 1A). Consequently, if Se adsorbs
preferentially on top of the Ru islands, in an
experiment where Se is allowed to adsorb slowly from
a dilute solution, the charge of the sulfate adsorption
peak should not decrease immediately and initially
more slowly than that of the charge in the hydrogen
region. However, if Se adsorbs on Pt first, the
sulphate adsorption should decrease rapidly due to
its structure sensitivity (sulfate adsorption is known to
be strong only on large Pt(111) domains with a
diameter above 1–2 nm). The sulfate adsorption
involves long range order effects and is thus over-
proportional to the number of free Pt(111) sites. It
can therefore also be expected to decrease over-
proportionally when the number of sites decreases
due to adsorption of Se. Therefore, from the relation
between the suppression of the hydrogen-adsorption
and the sulfate-adsorption it should be possible to
decide where Se adsorbs on the Pt(111)/Ru-surface.
The voltammogramms of Ru-modified Pt(111) are

shown in Figure 1A and those during the Se adsorption
on Pt(111)/Ru are shown in Figure 1B and C. At the
beginning, the hydrogen-region is hardly suppressed.
With increasing time of potential-cycling in Se-contain-
ing solution both the currents in the hydrogen and
sulfate region decrease. The dependence of the charge
QH in the hydrogen region on the charge QSO4 in the
sulfate region is shown in Figure 1D for different Ru-
coverages. As can be seen from Figure 1D for low Ru-
coverages QSO4 decreases at a slower rate than QH. Since
this is also true for the Pt(111) without Ru, this indicates
the formation of domains of Se and/or a repulsive
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interaction of Se with adsorbed hydrogen. At higher Ru-
coverages QSO4 shows a faster decrease than QH. Thus
we can assume that Se does not adsorb preferentially on
Ru.
Figure 2 shows the effect of increasing coverage of Se

on the CV of multilayers of Ru deposited on polycrys-
talline Pt electrodes. With increasing Se coverage, the
hydrogen adsorption and anion desorption is decreased
and the CV loses its characteristic features. This is in
agreement with the suppression of the hydrogen adsorp-
tion charge on pure Pt [9].

3.2. Anodic stripping of CO

The voltammogramms of the oxidative desorption of
co-adsorbed CO on Pt or Pt/Ru electrodes modified
with Se submonolayers are shown in Figure 3. The
amount of Se was varied by adsorbing a full monolayer
of Se, followed by partial dissolution of Se (procedure
C) for each stripping experiment.
At the polycrystalline Pt-substrate the CO oxidation

peak is shifted from 700 to 800 mV with increasing Se
coverage. At high Se coverage the CO adsorption is
totally suppressed [9]. On the Se modified Pt(111) the
oxidation peak for CO remains around 800 mV, inde-
pendent on the Se coverage. For Pt(pc) modified with
Ru and Se (Figure 3B) there is only a decrease in the
amount of adsorbed and oxidized CO detectable. The
strongly negative potential shift of the CO oxidation
peak (Figure 3D) to 400 mV due to Ru adsorbed on

Pt(111), and in particular the shoulder at 500 mV arising
from CO adsorbed at some distance of Ru, has already
been previously reported [25, 26]. For the system
Pt(111)/Ru/Se the CO oxidation peak is again shifted
to more positive potentials due to Se. Se obviously
overcompensates the catalytic effect of Ru.
On Pt-surfaces, the suppression of the hydrogen-

adsorption charge is usually taken as a measure for the

Fig. 1. Effect of Se deposition on the CV of Pt(111) and Pt(111) modified by Ru (scan rate 50 mV s)1, H-cell). (A) CV of Pt(111) covered

with different Ru submonolayers in 0.5 M H2SO4: clean Pt(111) (QRu = 0, dotted line), Pt(111)/Ru (QRu = 0.2, straight line) and Pt(111)/Ru

(QRu = 0.35, dashed line). (B) CVs of Pt(111)/Ru (QRu = 0.2) in 5� 10)6
M H2SeO3 in 0.5 M H2SO4. (C) CVs of Pt(111)/Ru (QRu = 0.35)

in 5� 10)6
M H2SeO3 in 0.5 M H2SO4. (D) Plot of QH vs. QSO4 with increasing number of cycles (increasing Se coverage) on Pt(111)/Ru with

different Ru coverage (cf. (B) or (C)), hQRu = 0 (only Se), sQRu = very low (adsorption of Ru for 2 min at open circuit) nQRu = 0.2

(Ead = 700 mV), ,QRu = 0.25 (Ead = 600 mV), )QRu = 0.35 (Ead = 500|mV). Se adsorption was done by procedure B.

Fig. 2. CVs of Ru deposited in multilayers on Pt(pc) and partially

covered by Se in 0.5 M H2SO4: QSe = 0.0 (dotted line), QSe = 0.27

and QSe = 0.35 (both dashed lines), and QSe = 0.72 (straight line).

Se deposition by procedure A in the DEMS flow-through cell. Ar-

rows indicate increasing Se coverage. Scan-rate 10 mV s)1, Rough-

ness factor 1.2.
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coverage with another species, like Se in our case.
Therefore, in Figure 4 the hydrogen coverage QH,
calculated from the adsorption charge for hydrogen
(Equation 3B), is plotted vs. the selenium coverage as
determined from the CO adsorption experiments. For
comparison, despite the limited reliability of the charge
assignment to hydrogen-adsorption in the case of Ru,
we include the corresponding results for Pt/Ru in the
graph.
The inset in Figure 4 shows the increase in Se

coverage with number of cycles during the deposition
via procedure A reaching complete coverage of the

substrate with Se after 40 cycles for Pt(pc) surfaces
covered by Ru mono- or multilayers.
For Pt(111) and polycrystalline Pt the hydrogen

coverage correlates linearly with the Se coverage as
determined from CO coadsorption, in agreement with
[9] for Pt(111). The intercept of the linear fit with the
x-axis is at QCO

Se = 1.

3.3. Copper upd

Desorption of upd Cu from Pt(111) gives rise to only
one desorption peak around 700 mV (Figure 5). lts peak

Fig. 3. Simultaneously recorded CVs and MSCVs (m/z = 44) in the DEMS-cell for the oxidation of adsorbed CO on different electrodes

pre-covered with Se. (A) Pt(pc) with QSe = 0 (dotted line), 0.74 (dashed line) and 1 (straight line). (B) Ru deposited in multilayers on Pt(pc)

and modified by different amounts of Se: QSe = 0 (dotted line), 0.42 (dashed line), 0.70 (dash-dotted line) and 1 (straight line). (C) Pt(111)

with QSe = 0 (dotted line), 0.62 (dashed line), 0.78 (straight line). (D) Pt(111)/Ru (QRu � 0.3) with QSe = 0 (dotted line), 0.26 (dashed line)

and 0.88 (straight line). Deposition of Se was done by procedure C. Baselines in MSCVs shifted for better visibility. Scan-rate 10 mV s)1.
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position its very much dependent on sweep rate (at
10 mV s)1 the peak is centered at 650 mV), and at
sweep rates below 0.1 mV s)1, a peak splitting is
sometimes observed [29–33]. On Ru covered Pt(111), the
peak for Cu at Pt sites shifts to lower potentials; the shift
of the deposition peaks to higher potentials in the
cathodic sweep indicates a higher reversibility, which is
probably caused by the disorder induced by Ru islands.
With increasing Ru coverage, a new peak for Cu
desorbing from Ru sites emerges around 400 mV.
Since anions (hydroxide or oxide) adsorb much

stronger at Ru than at Pt, it is not apriori clear to what
degree a contribution of adsorbing anions is included in
this peak. For the Cu upd peak at Pt(111) the amount of
anions adsorbed at the Cu monolayer is similar to that
at Pt(111) and thus the experimentally determined
charge of 420 lC cm)2 is close to the theoretical value
of 480 lC cm)2 for a 2e) process. This charge was used
to calculate the Pt area on the surfaces partially covered
by Ru and the Ru coverage was then calculated
according to:

HRu ¼ 1�
QPt

Cu upd

420 lC cm�2
ð5Þ

The dependence of the Ru coverage on the potential
of Ru deposition is depicted in the inset of Figure 5, and
agrees well with that previously determined by XPS [18].
Figure 6 shows the CVs of bare and Se modified Pt

electrodes in Cu-containing sulfuric acid. The Cu upd
desorption peaks on polycrystalline Pt (at 550, 600 and
700 mV) and on Pt(111) (at 650 mV) in Figure 6A and
C have been described in [10, 33]. The different peaks or
shoulders at the CV of polycrystalline Pt are due to the
different single crystal facets. The peak for the Cu upd
dissolution appears at 350 mV for Se on platinum as

described in [34]. The peak for removal of Cu on the Ru
electrode (Figure 6B) has been discussed by Green et al.
[10]. For the multilayer Ru electrode there is no
additional peak visible at potentials higher than
700 mV which would correspond to a pure Pt surface
(Figure 6A). For a mixed Pt/Ru surface one would
expect an additional peak at 750 mV. Therefore, this
surface is completely covered by Ru. For the Se
modified Pt(pc) surface, the Cu upd desorption peak
appears at 350–400 mV, as observed before on pure Pt.
The peak for the removal of Cu upd strongly increases
for high coverages of Se. At QSe = 1 a new peak evolves
at about 400 mV. In the case of Se deposition on Pt(111)
for Cu upd removal three new peaks appear
(Figure 6C). The peaks at 420 and 380 mV are visible
at lower Se coverage; at a Se coverage above QSe = 0.78
the peak at 320 mV appears. These peaks are also
observed on the polycrystalline Pt, but less clearly.
Riveros et al. [35] deposited Cu onto multilayers of Se
on a gold substrate; dissolution of Cu from the CuxSe
phase also gave rise to 2 peaks at 330 and 210 mV vs.
SCE.
In Figure 6D there are two peaks visible for the Cu

upd desorption, corresponding to the desorption of
copper from Ru (350 mV) and Pt (550 mV) [10]. If the
dissolution of Se predominately occurred from Ru, the
Cu upd peak corresponding to Pt would decrease at low
Se coverages (Figure 6D). This tendency cannot be
clearly seen and implies that there is no preferential
adsorption of Se either on Ru or Pt, as stated before for
Pt(111) (cf. Figure 1) where Se was gradually deposited.

Fig. 4. Plot of the suppression of hydrogen coverage vs. the CO cov-

erage calculated from the corresponding CVs/MSCVs (cf. Figure 3): h

Pt(pc)/Ru(multilayers)/Se (procedure A), . Pt(pc)/Ru(QRu � 0.25)/Se

(procedure A), n Pt(pc)/Se (procedure C), m Pt(111)/Se (procedure C),

r Pt(111)/Ru(QRu� 0.3)/Se (procedure C). Inset: Increase of the Se

coverage with the numbers of cycles (procedure A); QSe
CO was calcu-

lated from the suppression of CO adsorption using the corresponding

MSCV data; symbols as above.

Fig. 5. CVs of Cu upd on Pt(111) covered with different Ru sub-

monolayers in 10)3
M CuSO4 + 0.5 M H2SO4: bare Pt(111)

(QRu = 0, dotted line) and Pt(111)/Ru (QRu = 0.2, dash-dotted line;

QRu = 0.3, dashed line; QRu = 0.6, straight line). Arrow indicates

decreasing Ru coverage. Scan-rate 10 mV s)1; H-cell. Dissolution of

bulk Cu at 300 mV for 60 s. Inset: Plot of Ru-coverage vs. adsorp-

tion-potential for 5 min Ru adsorption from 5� 10)3
M RuCl3 solu-

tion in 0.5 M H2SO4 on Pt(111). Ru-coverage determined from

charge of Cu upd dissolution (closed symbols, see text for details)

and from XPS (open symbols, results taken from [18]).
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3.4. Surface area calculations for pure Ru electrodes

Table 1 summarizes the charges for Cu upd desorption
and COad oxidation from Figure 3 and 6. The areas are
calculated according to Equations 2 and 4.
The differences in the areas calculated from the mass

spectrometric ion current and the faradaic ion current
during CO oxidation reflect the pseudo capacitive
charges mentioned in the introduction section which,
in the case of polycrystalline Pt, is 20% of the CO
oxidation current. For Pt(111) 26% of the CO oxidation
charge corresponds to pseudo capacitive effects, which is
equivalent to the charge of sulfate adsorption of about
90 lC cm)2 on Pt(111) [21, 22]. This high contribution is

due to the fact that the lower integration limit, including
that of the background subtraction, is positive of the
sulfate adsorption peak.
In the case of Ru, even after background subtraction,

the faradaic charge for the CO oxidation on Ru or Ru
modified surfaces is, taking the average, 80% higher
than the oxidation charge for the CO as calculated from
the amount of CO2 formed (QCO mass spectrometric). In
other words, 45% of the oxidation charge is due to non-
faradaic processes, in accordance with [5]. We have to
assume that after stripping of COad and returning to the
starting potential (E = 350 mV) in the double layer
region, the surface is recovered by OH and the overall
process has to be described by:

Fig. 6. CVs of Cu upd in 10)3
M CuSO4 + 0.5 M H2SO4 before Se deposition (dotted line) and with different Se coverage (as indicated in

the figure, the highest Se content is depicted by a straight line) (A) Pt(pc). (B) Pt(pc)/Ru multilayers. (C) Pt(111). (D) Pt(111)/Ru(QRu�0.3).
Deposition of Se was done by procedure C. Arrows indicate decreasing Se coverage. Scan-rate 10 mV s)1; DEMS-cell. Dissolution of bulk

Cu at 300 mV for 60 s.

Table 1 Comparison of the charges and corresponding surface areas by the different methods. Cu upd charge (data from Figure 6), CO strip-

ping charge obtained from the amount of CO2 (data from Figure 3) and CO stripping charge from CV (data from Figure 3, charge with

double-layer correction). Geometric surface area of the electrode is 0.28 cm2

Substrate Qf/mC At/cm
2 CO mass

spectrometric/

CO faradaicCu upd CO mass

spectrometric

CO faradaic Cu upd CO mass

spectrometric

CO faradaic

Pt(pc) 0.185 0.134 0.172 0.44 0.48 0.61 0.78

Pt-colloid 0.635 0.468 0.602 1.51 1.67 2.15 0.78

Pt(111) 0.111 0.079 0.107 0.26 0.28 0.38 0.74

Pt(111)/Ru(QRu � 0.3) 0.142 0.095 0.165 0.34 0.34 0.59 0.58

Pt(pc)/Ru(QRu� 0.6) 0.116 0.086 0.187 0.28 0.31 0.67 0.46

Pt(pc)/Ru(QRu � 0.25) 0.125 0.094 0.163 0.30 0.34 0.58 0.58

Pt(pc)/Ru 0.189 0.101 0.196 0.45 0.36 0.70 0.52

Ru-colloid 0.845 0.830 1.342 2.01 2.97 4.80 0.62
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RuCOþð1þxÞH2O!2e�þCO2þRu(OH)x

þxe�þxHþ
ð6Þ

More exactly, since the coverage of Ru by CO is
approximately 0.7, we expect the number of electrons
per Ru surface atom is 1.4 for the oxidation of CO. As
mentioned above, the experimental value for the fara-
daic charge is 80% higher, i.e. 2.5 electrons per Ru
atom. The difference of one electron corresponds to the
adsorption of OH; therefore x� 1 in Equation 6.
The area calculated from the Cu desorption charge

agrees to within 20% with the area calculated from the
amount of CO2 detected during CO oxidation (except
for Ru-colloid). Non-faradaic contributions to the Cu
desorption charge are therefore small. Since, as shown
above, Ru is covered by anionic species at the lower
integration limit of 300 mV, the conclusion can be
drawn that, on the Cu surface, nearly the same
amount of anions were adsorbed as on the bare Ru
surface.
The agreement of the area determined from Cu upd

and CO stripping suggests that the assumption of a
maximum CO coverage of 70% also holds for the
nanoparticles. This is in disagreement with [36, 37],
where the CO oxidation charge was compared to the
hydrogen adsorption charge and a ratio of 2:1 was
obtained. As discussed already [38], this result is not
caused by a CO coverage of 1 on the nanoparticles, but
more likely by a diminished hydrogen adsorption. We
cannot exclude the possibility that the Cu coverage is
also increased with respect to that at a polycrystalline
electrode. For a 2-nm particle, between 10 and 20% Cu
atoms might be adsorbed at edge sites in addition to the
full coverage corresponding to a Pt:Cu ratio of 100%.
However, these should not be strongly bound, and
desorb at potentials close to the bulk Cu dissolution;
they are probably not included in our integration. The
area of the Ru nanoparticles as determined from Cu upd
seems to be too small because at the lower integration
limit of 300 mV Cu coverage at Ru nanoparticles may
be less than 100%.

3.5. Dependence of the Cu upd process on Se coverage

The charge of Se coverage as determined from suppres-
sion of CO adsorption (Equation 3) and of the Cu upd
charge during Se adsorption according to procedure A is
plotted in Figure 7. The Se coverages increase clearly
with the number of cycles and after 30–40 cycles a
monolayer of Se on the Pt/Ru is established. The
dependence of the coverage with Se on the number of
cycles was discussed in the previous section. The
increase in the charge for Cu upd begins with
Q > 0.8 in the case of a Ru monolayer. The continuing
growth of the Se coverage correlates linearly with the
increase of Cu upd charge. If copper deposition was
only possible on the top Se layer, there would only be
one monolayer of Cu during the upd process (rejecting

the effect due to change in the surface roughness by Se
multilayer adsorption), and the Cu charge would not
increase further. The further increase in Cu charge
therefore implies that CuxSe is formed [39].
Figure 8 shows the dependence of Cu upd charge on

the Se coverage for different electrode surfaces. The
charge for Cu upd is normalized to the surface deter-
mined by Cu upd on the Se free surface.

QCu upd ¼
QCu upd

exp

At;Cu
¼

QCu upd
exp

QCu upd
0

� 420 lC cm�2 ð7Þ

In the case of pure Pt or a Ru monolayer (Figure 8A)
the charge for the removal of Cu upd does not vary with
Se coverage up to QSe = 0.6. Steponavicius et al.
showed that the Cu upd removal charges for polycrys-
talline Pt and Pt with QSe = 0.3 are identical [34]. For
Se coverages higher than 0.6, and in particular multi-
layers (which are not distinguishable from QSe = 1
using the CO adsorption method) the Cu charge
increases due to the formation of CuxSe. Referring to
the Pourbaix diagram, the formation Cu2Se with
pH < 1 is possible at potentials between ) 600 and
500 mV vs. NHE, at potentials up to 700 mV Cu1Se is
stable[39]. The increase in the Cu upd charge at QSe < 1

Fig. 7. Se coverage (determined from CO coadsorption) and charge

of Cu upd as function of the number of Se deposition cycle. Deposi-

tion of Se was done by procedure A. n QCO
Se calculated from the

suppression of CO adsorption; h charge of Cu upd dissolution. (A)

monolayer of Ru on Pt(pc). (B) multilayer of Ru on Pt(pc).
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may in part be explained by the presence of steps: the
‘‘last’’ Se atom of a monolayer deposited at the edge can
be seen as the beginning of the second layer. Another
interpretation could be that Se is deposited on Ru in 3D-
islands, which are able to grow into the second layer
before the surface is close-packed. Furthermore, Cu
might also attract Se from the monolayer to form a 3D
CuxSe compound. Unfortunately, there is no potential
at which only a monolayer of Se is stable at any surface
in the accessible potential window: The Nernst equilib-
rium potential for Se/H2Se03 is 740 mV [40], a potential
at which Ru is oxidized. Dissolution of bulk Se as H2Se
is thermodynamically only possible below ) 300 mV.
A further possible problem must be considered. CO

might compress the Se adlayer, and this would lead to
coverage values according to Equation 3a which are too
low [19].
In the case of massive Ru-electrodes (multilayers), the

increase in Cu charge starts at QSe = 0.9. The value of
the Cu upd charge extrapolated to a full monolayer of
selenium is 105 lC cm)2 (Figure 8B). This is only a
fourth of the Cu upd charge on the pure Ru electrode. In

contrast to Figure 8A the substrate is bulk Ru, with
other properties than just a monolayer of Ru on a Pt
substrate. Probably, a RuSex compound is formed only
at the Ru multilayer surface, onto which only smaller
amounts of Cu can adsorb and no CuxSe can be formed.
This result is valid for Ru/Se surfaces both prepared by
gradual deposition of Se (procedure A) and by partial
dissolution of Se after deposition at open circuit
(procedure C).
A reason for the lower charge could be the incomplete

dissolution of Cu upd from the surface. It might be
argued that a certain amount of adsorbed copper is not
oxidized in the anodic scan and is still present on the
surface, maybe bound to Se. To check whether this was
the case, we performed a control experiment where, after
doing a Cu upd experiment on Pt(pc) with a monolayer
of Se, we dissolved the copper, made a control CV in the
Cu free sulfuric acid and repeated the Cu upd experi-
ment in copper containing electrolyte. The charge found
for dissolution of copper was the same in both Cu upd
experiments. Riveros et al. also stated that the Cu is
totally dissolved from the CuxSe phase on multilayers of
Se on a gold substrate [35]. This implies that on
multilayers of Ru-modified with Se no residual copper
is on the electrode after the anodic stripping of Cu. We
cannot exclude the possibility that, on bulk Ru covered
by Se, no Cu can adsorbed at all. The minimum value
measured around QSe = 0.7 would then be due to the
formation of CuxSe at this coverage, as already dis-
cussed for Figure 8A. However, the initial decrease in
the Cu charge below a coverage of 0.4 makes this
interpretation unlikely.

3.6. Conclusions

The dependence of the Cu upd charge on Se surface
coverage prohibits the straightforward determination of
the surface area by Cu upd for a surface of unknown Se
surface composition. However, together with a determi-
nation of the Se coverage by CO, a determination of the
area should be possible. Alternatively, the catalyst might
be saturated by Se and then the minimum value for QCu

for a RuSex surface might be used for calculating the
area. For surfaces partially covered with different
unknown amounts of Ru and Se it is possible to
determine the total surface area by Cu upd. The fraction
of Se covered surface can be determined via CO
stripping experiments. Further measurements, especially
on the RuSex colloids, will be performed.

Acknowledgements

Thanks are due to Prof. Dr. Helmut Bönnemann
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Fig. 8 Charge of Cu upd dissolution vs. QCO
Se calculated from the

suppression of CO adsorption. (A) no Ru or Ru monolayer only: m

Pt(pc)/Se (procedure C), n Pt(111)/Se (procedure C), . Pt(111)/

Ru(QRu � 0.3)/Se (procedure C), b Pt(pc)/Ru(QRu � 0.25)/Se

(procedure C) and , Pt(pc)/Ru(QRu� 1)/Se (procedure A). (B) Ru

multilayer on Pt(pc): h Pt(pc)/Ru/Se (procedure C), n Pt/Ru/Se

(procedure A).
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