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Abstract The determination of the surface area of Pt and
Ru electrocatalyst surfaces by oxidation of adsorbed CO
and by oxidation of a Cu upd layer are compared. The
amount of adsorbed CO was determined mass-spectro-
metrically from the ionic current for CO, formation during
an oxidative potential sweep. On Ru, the Faradaic charge is
too large (by approx. 55%) due to Faradaic effects (oxygen
adsorption). For massive Ru electrodes a Cu upd charge of
520 uC cm 2 is found after normalization to the area
determined by CO oxidation. Using this value, both
methods yield identical surface areas for nanoparticulate
Ru catalysts. On Ru surfaces (both massive and nanopar-
ticulate) completely covered by Se the amount of Cu upd
charge decreases to one fourth of the value observed for
pure Ru. Since CO is only adsorbed on free Ru sites and
not on Se covered sites, the oxidation charge for the latter
can be used to determine the number of free Ru sites,
whereas the decrease of the Cu upd charge on Se modified
surfaces can be used to calculate the area which is modified
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by Se. This method, previously tested on the model elec-
trodes, was extended to Ru nanoparticle and Ru/Se
electrodes. Using this surface determination it is possible to
draw conclusions about the active surface area and the Se
composition of the outer shell of Ru/Se nanoparticles.

For the first time we also show, using RRDE measure-
ments, that the oxygen reduction reaction is enhanced by
simple Se adsorption also on massive Ru. It could be
shown that the activity for the Ru/Se electrode increases
with the Se amount on the surface.

Keywords Cu upd - CO oxidation - DEMS - Ruthenium -
Selenium - RRDE - Oxygen reduction

1 Introduction

RuSe, catalysts have attracted much attention recently
because of their activity for oxygen reduction combined with
their complete inactivity for methanol oxidation, which
makes them interesting for use as cathode material in the
DMEC [1-3]. From a fundamental point of view, it is
important to know what makes these catalysts much more
active for oxygen reduction than pure Ru. Are special prep-
aration procedures necessary for generating active Ru/Se
catalysts or will a simple adsorption of Se onto Ru also lead to
an increase of activity? In order to compare the activity of
these catalysts the true surface area has to be known.

RuSe, nanoparticles have been prepared according to
various procedures [2-5]. They have been characterized
using a variety of methods, including TEM, EXAFS,
HRTEM, and XPS [6-9]. However, the surface composi-
tion cannot be determined this way. For a catalyst with an
unknown surface composition, the classical methods which
are based on a defined surface specific property, cannot be
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used for the determination of the surface area. The double
layer capacity changes strongly with surface composition
change. The same is true for pseudo-capacitive charges
such as hydrogen and oxygen adsorption, which are often
used for the determination of the surface area of Pt and Au.
For pure Ru and PtRu alloys, a method based on upd of Cu
was described by Kucernak and coworkers [10, 11]. We
have shown [12] that this method cannot be simply trans-
ferred on RuSe, catalysts, because the amount of Cu, which
can be deposited in the upd-range, decreases with the
surface concentration of Se. However, we also outlined a
procedure which might serve to determine both the relative
surface concentration and the real surface area. This
method is based on the determination of Ru surface sites by
adsorption of CO and its determination from the amount of
CO, detected mass-spectrometrically. In addition, the Cu
upd charge is determined. From this value the theoretical
charge for Cu upd on free Ru sites (as determined from the
adsorption of CO) is subtracted: the residual Cu-deposition
charge corresponds to Cu upd on Ru completely covered
by Se which is one fourth of the value for Cu upd on the bare
Ru. It is the purpose of the present work to elucidate whether
this method can be applied to nanoparticle catalysts.

Recently, Wieckowski and coworkers [13] examined the
catalytic activity of RuSe, and Ru nanoparticles modified
by Se towards O, reduction as well as a smooth poly-
crystalline Ru electrode modified by Se. They found that
the Se-modified Ru particles had a similar activity as the
RuSe, particles. However, the smooth Se-modified elec-
trode did not show a higher activity than clean Ru.
Therefore in addition we present RRDE measurements
which demonstrate that simple adsorption of Se onto rough
Ru electrodes leads to a considerable enhancement in
catalytic activity. The activity of RuSe, particles was
examined previous by RRDE [1, 5].

2 Experimental
2.1 RRDE measurements

RRDE measurements on oxygen reduction (ORR) at the
Ru/Se-electrodes were conducted in a homemade three-
electrode electrochemical cell with a Pt counter electrode
and a reversible hydrogen electrode as reference electrode
to which all potentials are referred. The working electrode
was a Pine MTI34 Series RRDE with interchangeable disc
(6 mm diameter, geometrical area 0.283 c¢m?) and a Pt-ring
(inner diameter 7.55 mm, outer diameter 8.55 mm) on an
AFMSRX Rotator. A bipotentiostat model 636 from Pine
served as potentiostat for the disc- and ring-electrode. A
collection efficiency of N = 0.22 was determined experi-
mentally using the reduction of copper(Il)-ions in
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potassium chloride solution, in reasonable agreement with
the theoretical value of 0.24. As disc substrate we used a
smooth polycrystalline gold disc. Prior to each preparation
of a Ru electrode, the ring-disc assembly was dipped for at
least 30 min in 5 M KOH, rinsed carefully with Millipore
water and both—disc and ring—-cycled between 50 and
1550 mV in 0.5 M H,SO, with a scan-rate of 50 mV s
until we obtained clean cyclic voltammograms (CVs) for
the disc and the ring.

Multilayers of Ru on the Au disc were deposited at 50 mV
(deposition time 20 min) from a solution of 5 X 1073 M
RuCl; in 0.5 M H,SO, (without rotation), resulting in silver-
grey electrode with a roughness factor Ry ~ 8-14. After
deposition of Ru, the true surface area of the electrode was
determined by performing a Cu upd experiment in
1 x 107> M CuSOy in 0.5 M H,SO, according to [12]. In
short, the electrode was cycled in the copper-containing
solution with a scan rate of 5 or 10 mV s~ ' between 50 and
800 mV. The potential was then stopped for 1 min at the
lower limit (to reduce the residual oxide/hydroxide on the Ru)
and afterwards at 300 mV in the anodic-scan for 1-10 min.
From the charge O%" for the Cu upd dissolution (assuming a
charge of 520 uC cm? for the full Cu-monolayer, see
below), the true electrode area was calculated.

Se was deposited on the Ru-modified Au substrate by
potential cycling between 50 and 800 mV with a scan-rate
of 50 mV s for several potential cycles in H,SeOs-con-
taining solution with concentrations between 1 x 10~> and
1 X 107® M in 0.5 M H,SO,. A further Cu upd experiment
was performed on this Se modified surface: comparing the
charge from this experiment with that obtained from Cu
upd on the Se-free Ru electrode allows calculation of the
Se coverage, because the Cu upd charge on the fully Se
covered surface is only one fourth of that on the bare Ru
(Se coverages below 1 monolayer do not modify the sur-
face area of the Ru substrate). During Ru and Se deposition
and characterization of the electrodes in a Cu upd experi-
ment, the potential of the Pt ring was held at 1200 mV to
prevent deposition of Ru, Se or Cu.

The prepared and characterized Ru or Ru/Se electrodes
were used for the investigation of oxygen reduction by
recording current—potential-curves during potential cycling
between 50 and 800 mV in oxygen-saturated 0.5 M H,SO,
under 1 atm of O, with a scan rate of 10 mV s~ The
H,0, production was monitored at the ring held at a
constant potential of 1200 mV.

2.2 DEMS measurements

Measurements were carried out with DEMS using a thin
layer cell. The dual thin layer flow through cell used in the
present study was described in detail elsewhere [14—16].
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This cell was used for DEMS in combination with a quad-
rupole mass spectrometer (Pfeiffer Vacuum QMG 422). The
electrolyte volume and the nominal geometric surface area
(0.28 cm?) of the working electrode are defined by a thin
(50-100 pm) PTFE ring on the disc shaped working elec-
trode. The reference electrode was a reversible hydrogen
electrode (RHE). Two Pt wires were used as counter elec-
trodes. The experiments were performed at room
temperature, with a potential sweep rate of 10 mV s~ '. The
upper limit of the potential scans was set to 900 mV for all Ru
containing catalysts in order to avoid dissolution of Ru.

Carbon supported Ru nanoparticle (20 wt% Ru) and Ru/
Se nanoparticle (22-31 wt%) were prepared by the
Bonnemann group [8, 17]. For the electrode preparation, a
definite volume (in the range of 20-30 pl) of an ultrason-
ically dispersed catalyst in ethylene glycol (Ru) or water
(Ru/Se) was pipetted onto the glassy carbon substrate,
creating a catalyst film with ruthenium or ruthenium/
selenium loading of 10 pgetal cm 2. After evaporating the
solvent (at 80—120 °C for ethylene glycol and at 30 °C for
water), the deposited catalysts were covered with 84 pl of
Nafion solution in water. The resulting Nafion film with a
thickness of about 1 pm (for catalyst from ethylene glycol
suspensions) or 0.2 um (for catalysts from water), was of
sufficient strength to permanently attach the catalyst par-
ticles to the glassy carbon electrode [18].

Multilayers of Ru on Pt were deposited at 50 mV (same
Ru solution as above, but at a constant electrolyte flow of
5 ul s™'; deposition time 10 min) resulting in approxi-
mately 20% rougher surface than the bare Pt surface. The
roughness factor was determined by relating the CO oxi-
dation charge to the geometric area of the electrode
surface. The reason for the smaller roughness factor as
compared to that obtained at Au disc for RRDE measure-
ments probably is the increased convection. CO was
adsorbed at a constant electrode potential of 70 mV by
replacing the 0.5 M H,SO, solution with a 0.5 M H,SO,4
solution saturated with CO (ca. 1073 M). After the for-
mation of a CO monolayer, the solution was exchanged by
pure 0.5 M H,SO, solution under potential control
(E = 70 mV), in order to have a solution free of CO. Then
the adsorbed CO was oxidized to CO, during the positive
potential sweep. A CO oxidation experiment on polycrys-
talline Pt is done as well, it serves for the determination of
the calibration constant K* of the experimental setup [16,
19]. K* is the ratio between the integrated ionic current
(Q;) of the mass spectrometer and the Faradaic current
(Qf'CO) 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 on Pt. The currents were integrated between 350
and 900 mV.

z0;

* ZQi
K 0 0

~ Qfco and Q"O(calculated) =

Se was deposited by adsorbing a full monolayer at open
circuit or by a gradual deposition under potential control.
In 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 cycles in
5 x 1077 M H,SeOs5 in 0.5 M H,SO,. In procedure B a full
monolayer was adsorbed from 10* M H,SeO; and 0.5 M
H,SO, at open circuit potential.

All solutions were prepared using ultrapure water
(Millipore; 18.2 MQ cm, <3 ppb TOC) and ultrapure
analytical grade or suprapure chemicals from Merck and
Fluka, and deaerated by high purity (99.999%) Ar. O,
(99.999%) from Praxair was used for preparing oxygen
saturated solutions. CO of 99.997% purity from Praxair
was used for preparing CO saturated solutions.

3 Results

3.1 Surface determination for Se modified Ru
nanoparticle electrodes

Oxidation of CO adsorbed on Ru nanoparticles or Ru
nanoparticles modified by Se according to procedure A is
shown in Fig. 1. As shown before in [12] for Pt and Ru
multilayers on Pt the amount of adsorbed CO decreases
with increasing Se coverage. At full coverage of Se no
more CO adsorption is observed. The true surface area of
Se free catalysts was calculated from the ionic charge for
m/z = 44 according to:

200 20;
K*zFTy  K*280 uC cm—2

(2)

Aico =
where F: Faraday constant; I'y;: 1.45 nmol cm 2.

We assume the same maximum packing density of CO
on Ru as on Pt, i.e., 1.45 nmol cmfz, corresponding to
280 uC cm ™2 This is 0.66 ML CO adsorbing on Pt (CO
molecules per Pt sites), an average value often observed on
different smooth and stepped surfaces of platinum [20-22].

For comparison, the area was also calculated from the
Faradaic oxidation charge:

f,CO
Afaradaic _ o

O 280 uC cm—2 ®)

For the Se modified nanoparticle, the relative Se
coverage was determined from the coadsorption
experiments with CO. Since CO does not adsorb on Pt
[23] or Ru fully covered by Se, the CO oxidation charge on
surfaces partially covered by Se corresponds to the free Pt
or Ru sites. Since the real surface area does not change by
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L./ nA

E/V vs. RHE

Fig. 1 Simultaneously recorded CV (A) and MSCV (B) for CO
oxidation on Ru nanoparticle (EUP AA225-02, FZ Karlsruhe) with
different coverage of Se (Se deposition by procedure A), DEMS-cell,
10 mV s™', 0.5 M H,SO,4

modification with Se, the area is given by that determined
before from the Se free Ru catalysts. Therefore, with
Ose + Oco = 1,

CO CO _ nHCO
_ RuSe __ *Ru RuSe
G')Se =1- cO CO (4)
Ru Ru

Here, Q°° is the true Faradaic CO oxidation charge with-
out double layer contributions as calculated from the mass
spectrometric ionic charge.

Experiments for upd of Cu on these surfaces are shown
in Fig. 2. Similarly to the CO oxidation charge the Cu upd
desorption charge decreases with increasing Se coverage.
The Ru nanoparticles thus behave identical to electrode-
posited Ru [12].

The charge for the Cu upd desorption peak was deter-
mined by integration from 300 to 900 mV. From Cu upd
the surface area of Pt electrode is calculated as suggested
by Kucernak [11]; the background was not subtracted
because the Cu upd layer will be covered by anions at
300 mV as well as Pt at 900 mV; on the contrary, Pt at
300 mV is hardly covered by anions because the value is
close to the pzc.

@ Springer
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E/V vs. RHE

Fig. 2 CV for Cu upd on Ru nanoparticle (EUP AA225-02, FZ
Karlsruhe) with different coverage of Se (Se deposition by procedure
A), DEMS-cell, 10 mV s~%, 0.5 M H,SO,4, 107> M CuSOy, E,q =
300 mV, t =180 s

QCu upd

— - 5
420 uC cm™2 ®)

At‘Cu
This value was experimentally verified by comparison of
surface areas as obtained from oxidation of adsorbed CO.

For pure Ru the use of the Cu upd charge for the deter-
mination of the surface area is less straightforward because
of the much higher pseudo-capacitive contributions. The
average experimental value (after background subtraction)
obtained from 6 independent measurements gave a value of
520 uC cm 2 + 15%. Here, the surface area was deter-
mined from the amount of adsorbed CO as measured by
DEMS as described above. This value can be understood by
taking into account that the packing density of Cu on Ru is
increased by 5% as compared to Pt due to the smaller
atomic distance. (On the contrary, the packing density of
CO is determined by its size and not the density of the
substrate atoms.) As in the case of CO oxidation, the oxi-
dation charge after background subtraction furthermore
contains a large capacitive contribution; in [12] we had
shown that at 350 mV the anionic charge on Ru corresponds
to about 1 electron per Ru atom, certainly much more than
on the Cu monolayer. For the calculations we therefore use:

(6)

QCu upd

Ay = —2———
YT 520 uC em 2

Table 1 summarizes data obtained from four different
electrode preparations with Ru nanoparticles in
comparison to Ru electrodes obtained from Ru
multilayer electrodeposition on Pt. In all cases the
oxidation charge calculated from the amount of formed
CO,, i.e.,, from the integrated mass spectrometric ion
current is only 45% of the total Faradaic charge. This
implies that more than the half of the Faradaic charge is
due to capacitive effects.
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Table 1 Summary of the charges and the calculated electrodes surface areas by CO oxidation and Cu upd

Substrate Charge (mC) Qf’CO (calc.)/  Surface area (cm?) A colAicu QCO/QCu

£,CO
ot 0" (cale) Q©° Q Aycy from Ao from A co from
o 00 (cale) Q"©

Ru multilayers 0.226  0.098 0219 045 0.44 0.35 0.78 0.81 0.44

Ru multilayers 0.152  0.086 0.206  0.42 0.29 0.31 0.74 1.05 0.57

Ru multilayers 0.193  0.112 0223 0.50 0.37 0.40 0.80 1.08 0.58

Ru nanoparticle® 1.442  0.703 1.502  0.45 2.77 2.51 5.36 0.91 0.49

Ru nanoparticle” 0.803  0.498 1.231  0.40 1.54 1.78 4.40 1.15 0.62

Ru nanoparticle® 1.870  0.960 2321 041 3.60 3.43 8.29 0.95 0.51

Ru nanoparticle® 0.844 0510 1.090  0.47 1.62 1.21 3.90 1.12 0.60

Pt nanoparticle® 1.349 0.782 1.023  0.75 321 2.82 3.69 0.88 0.58

Pt nanoparticle® 1.101  0.621 0.821 0.76 2.62 224 2.96 0.85 0.56

Pt nanoparticle’/Ru®  1.018  0.574 0.779  0.74 2.42 2.07 2.81 0.85 0.56

Pt nanoparticle’/Ru®  0.930  0.544 0.738  0.74 2.21 1.96 2.66 0.88 0.58

£,CO
0

Q"°: Faradaic CO oxidation charge

Q" wpd: cy upd desorption charge

(calc): CO oxidation charge calculated from the mass spectrometric ionic charge Q; for the amount of CO,

AqcolAicu: Ratio of surface areas determined by CO oxidation and Cu upd

% Ru, 20 wt%, EUP AA205-02, FZ Karlsruhe
® Ru, 20 wt%, EUP AA225-02, FZ Karlsruhe
¢ Pt, 40 wt% ETEK #C0510517

4 Og, =025

¢ Opy = 0.45

Surface areas calculated from the Cu upd charge agree
with a small deviations with those obtained for the CO
oxidation charge (calculated from mass-spectrometry). We
checked that the amount of Cu upd is not influenced by the
adsorbed oxides or hydroxides on the ruthenium surface
during the adsorption of the bulk and the copper monolayer:
In control experiments the Cu”* solution was introduced at
50 mV instead of 300 mV; the obtained charge values for
Cu upd deviate from each by less than 10% only.

Values of the Cu upd charge on Ru nanoparticle elec-
trodes modified with different amounts of Se are plotted as
a function of the Se coverage in Fig. 3A (®g. was calcu-
lated from the suppression of CO adsorption). For
comparison, values for electrodeposited Ru modified with
Se are also included. For both types of electrodes the same
relationship is obtained. The extrapolation to ®g, = 1 gives
a charge of roughly 130 uC cm ™2 for Cu upd on selenium,
this is a fourth of the Cu upd charge on the bare ruthenium
or platinum surfaces.

The reason for the decrease to one fourth of the charge
on the Se free surface is still unclear. We showed that the
Cu deposition charge for Se modified Pt or for Ru mono-
layers modified with Se does not vary with Se coverage, as
long as no copper selenide is formed [12]. (Here, Cu
probably is deposited underneath the Se adlayer, similar to
Cd upd on the Se modified Au surfaces [24] or Ag upd onto

iodine modified Pt(111) surface [25].) The decrease might
be due to a surface phase which is only formed when Se is
adsorbed onto multilayers of Ru (or bulk Ru). For Se
coverage higher than 0.9 the Cu upd charge increases due
to the formation of CuSe,.

Figure 3B shows that such a decrease is not observed for
Pt or Pt surfaces modified by Ru, including Pt nanoparticles,
suggesting that in the case of Ru electrodes deeper Ru layers
are involved in the formation of a particular RuSe, phase.

If the amount of Cu upd was independent of Se coverage
the true surface area for a catalyst of unknown surface
composition could be calculated simply from the upd
charge; the surface coverage of Se could then be calculated
from the surface coverage of CO according to

®Se =1- ®CO (7)

Here (and also below) it is assumed, that CO and Se do
not interact with each other, i.e., that a surface site is either
occupied by CO molecule or a Se atom, a condition which
is best fulfilled if both species form domains on the surface.
This may be justified from the linear dependence of the
hydrogen adsorption charge on the Se coverage on Pt
surfaces [12, 23].

Nevertheless, the true surface area and the Se surface
coverage can be calculated from the Cu upd charge and the
amount of coadsorbed CO as follows.
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Fig. 3 Charge of Cu upd dissolution versus ®g, calculated from the
suppression of CO adsorption. (A) Different preparations for Ru
nanoparticle electrodes (filled symbols/l @ A) and multilayers of
Ru on Pt electrode (open symbols/C1 () A) and (B) submonolayers of
Ru on A Pt(pc), O O Pt(pc)/Ru, M Pt(111), ® Pt(111)/Ru, W Pt
nanoparticle electrodes and @ Pt nanoparticle electrodes/Ru

We regard the surface area as a composition of a part
with Se atoms on top and another part with pure Ru sites.
Since CO adsorbs only on the Ru sites, this part of the
surface area can described by the CO oxidation charge.
From the Cu upd charge for a Ru electrode covered by a
monolayer of Se is the Se covered part of the total area:

oy

- e 8
130 uC ecm™2 ®)

ASe

The part of Se sites can be determined via the Cu upd
charge. Taking into account Eqs. 3 and 8, we get

Ore 05!
280 uC ecm™2 130 uC cm™2

Atotal = ARu +ASe = (9)

The Cu upd desorption charge on the Se part of the
surface cannot be determined directly since Cu upd
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takes place on Ru surface atoms as well. Using Eq. 6 we
get

Cu _ Cu Cu Cu _ Cu Cu
Qtolal - QSe + QRu or QSe - Qtotal ~ ¥Ru

_ (10)
= Q% — (ARuS520 uC cm™?)
ARy 1s determined using again Eq. 3.
QCO
(S:: e QCU Ru 5 520 ,UC Cm—z (11)

ol 280 uC em™

Thus, the measurement of the CO oxidation charge and of
the total charge for Cu upd yield the areas of the Se cov-
ered Ru and the bare Ru:

EO
ARy = —*—— 12
R 280 uC em2 (12)
and
Cu quo -2
Ag, = Quoial ~ 240 «C em™” 520 uC em _ Ot — 5 Qe
¢ 130 uC cm™2 130 uC cm™2

(13)

From this the total area (A, and the relative Se
coverage is calculated:

ASe

Ose = —
Atotal

(14)
Alternatively, the derivation is as follows:
The experimentally determinable charge values are
given by:

0%° = Aol Oco 280 yC cm 2 (154)
= Aot (1 — Oge) 280 uC cm™?
QCU == Atotal (1 - @Se) 520 ,UC CIl’172

15B
+ Aot Ose 130 uC cm™? (15B)

these are two equations which can be solved for the two
unknowns ®g. and the total area A, The ratio of these
two charges does not depend on the total area or the
amount of catalyst:

0 Agoral (1—Ose) 280 uCcm >

0% At (1= Osc) 520 uC em ™+ Aggra Ose 130 4Com >
28 (1—0s.)
T 52-390s.

(16)

This function may be used as a calibration curve from
which the surface concentration can be determined.
Experimental values (from the data shown in Fig. 3A) for
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our Se modified Ru catalysts (for which the surface area
had been determined before Se modification and the Se
coverage is known) are plotted in Fig. 4A. The data agree
quite well with the mathematical function of Eq. 16. (For
comparison, values for the charge ratio are also shown for
Pt and Ru modified Pt electrodes in Fig. 4B.)

We then used this approach to estimate the surface
concentration of different RuSe, nanoparticle electrodes.
The data are summarized in Table 2.

3.2 ORR measurements
In order to test whether simple adsorption of Se from se-

lenic acid solution on Ru results in an increased catalytic
activity, RRDE measurements were carried out. After

0,8
1A
0,74
0,6+
1 .
0,54 s T s *
= T A
lJc 0,4_ -
o
Q [ ] A
g 0,3 .
L] e
B A .
0,24
1 O © Ruelectrodes
0,14 ®m @ A Runanoparticle electrodes (FZ Karlsruhe) .
nso T T T T = =
0,0 0,2 0,4 0,6 0,8 1,0
BSe
1,0
B
A Pi(pe)
O Ptipc)Ru
0,84 m Pt nanoparticle
® Pt nanoparticle/Ru
= Pi(111)
0,6
a -
— b -
(=]
UG 0,4 - i
.
02 T o
L
[ ]
0,0 - T T T T T
0,0 0,2 0,4 0,6 0,8 1,0
9,

Fig. 4 Ratio of the Cu upd charge and CO oxidation charge versus
®g, calculated from the suppression of CO adsorption. For different
substrates with gradual deposited Se. (A) Different preparations for
Ru nanoparticle electrodes (ll @ A FZ-Karlsruhe) and multilayers of
Ru (O () and (B) W Pt-nanoparticle electrode, () Pt(pc)/Ru, A
Pt(pc) and M Pt(111)

Table 2 Comparison of the electrode surface areas and surface
composition of RuSe, catalysts with different Ru:Se atomic ratios

Ru:Se Xse 0%%/0%" O,
1:0.15 0.13 0.474 + 0.038 0.34 4+ 0.17
1:03 0.23 0.445 + 0.025 0.45 4+ 0.11
1:0.59 0.37 0.398 + 0.010 0.53 + 0.24
1:1 0.50 0.02 0.99

deposition of Ru on Au cyclic voltammetric curves (CVs)
were recorded in 0.5 M H,SO, with a scan rate of
50 mV s~', until two consecutive cycles were indistin-
guishable. Se was deposited during 3—4 potential cycles
from selenic acid (of varying concentrations). Examples for
the final cycles before characterizing the electrode in a Cu
upd experiment and transferring the electrode into oxygen
saturated sulfuric acid are shown in Fig. 5. For comparison
the currents were normalized to the true surface area of the
bare Ru electrode. With increasing Se coverage, the
pseudo-capacitive currents due to hydrogen and anion
adsorption/desorption are suppressed. These pseudo-
capacitive processes also take place during ORR. There-
fore, the corresponding currents are always subtracted from
the experimental currents for the oxygen reduction.

Examples for the ORR in oxygen-saturated 0.5 M
H,SO, on the Ru- and Ru/Se electrodes are shown in
Fig. 6. On the bare Ru surface the diffusion limited cur-
rents are not reached even at low potentials (high
overpotentials). However, after deposition of Se on Ru the
catalytic activity is increased in the whole potential range
between 800 and 100 mV.

50

-50 . T

. . . . . .
0,0 0,2 0.4 0,6 0,8 1,0
E /V vs. RHE

Fig. 5 CVs of the Au disc covered with multilayers of Ru and
different coverage of Se in argon-saturated 0.5 M H,SO, (®g, = 0.0)
and1x 107> M H,SeO3 in 0.5 M H,SO, (last cycle before emersion,
Os. = 0.43, 0.61 and 0.79). dE/dt = 50 mV s~'. Currents normalized
to true surface area. Ry = 8.1
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The ratio of the hydrogen peroxide production related to
the overall reaction is calculated according to [26],

2(king/N)

Liise + (Tuing/N) (17)

Xm0, =
where absolute values of the currents are used and
N =0.22. They are shown in Fig. 7. With decreasing
potentials (increasing overpotential) the hydrogen peroxide
production decreases drastically from around 80% ore
more to less than 10%. At potentials above 650 mV (low
overpotential) increasing Se coverage on Ru decreases the
hydrogen peroxide production, while at lower potentials
(high overpotential) the low hydrogen peroxide production
is somewhat increased with higher Se coverage.

Due to the very small currents above 700 mV, small
errors, €.g., in the baseline correction may lead to consid-
erable changes (up to a factor of 2) in the amount of H,O,
production. The tendency in the effect of Se coverage (bare
Ru highest H,O, amount, Ru/Se lower amounts) is not
affected. In the potential regime below 700 mV the values
for H>O, production are hardly affected by a different
background subtraction.

The kinetic currents were obtained using the Koutecky-
Levich analysis [27] of the disc currents (cf. inset in
Fig. 8):

S T
Lyisc B Lin Bw!'/?

(18)

where Iy, is kinetic current density and B = 0.62nF cD¥

3y=16 is a constant slope, n = number of electrons trans-

ferred per oxygen molecule, F = Faraday constant,

100
m}
80 - :
0 0,,=00 o
* o 0,=0.16 E]
R e
z o o =043 5
8 v ®S =0.61 L 8
- = 0.79 g S
X o 0, =0. : )
[
L
N =T
SR
>>>>>>>>>>>>>>/>I>>I>/>/>’>'>’>’>’>’>'>'>>2 )
W»%%%%%)ﬁ))S))))>)))V)””
0 - NI : I l |
0,2 0,4 0,6 0.8
E/V vs. RHE

Fig. 7 H,O, production as function of the electrode potential
obtained from disc and ring currents at 3000 RPM for Ru and
different Ru/Se electrodes. dE/dr = 10 mV s~

¢ = oxygen-concentration in 0.5 M H,SO,, D = diffusion
coefficient for oxygen in 0.5 M H,SO,, v = kinematic
viscosity of 0.5 M H,SO, and w = angular rotation fre-
quency, for a Ru/Se electrode with ®g. = 0.43 are shown
as inset in Fig. 8. For B we found experimentally
B =420.3 pA cm ? rad”? 72 at low potentials (high
overpotentials). From the intercepts with the extrapolation
to infinite rotation of the Koutecky-Levich-plots of 1/i
versus w /%, plotted as a function of the electrode poten-
tial, we obtain the kinetic currents. These mass transfer
corrected kinetic currents were normalized to the true
surface area, as described in the experimental section and
in [12]. Resulting Tafel-plots of the different Ru and Ru/Se
electrodes are shown in Fig. 8.

Fig. 6 Characteristic current— 0+

potential-curves for the disc (A Y A 1] B
and B) and ring currents (C and '€ 2] S Ll
D) for ORR on Ru and Ru/Se :t’ €
electrodes (®g, = 0.43) in £ -3 < 3
oxygen-saturated 0.5 M H,SO,4 ~ -4 g -4
at 500, 1000, 1500, 2000, 2500 § 5] \E- 5
and 3000 RPM. g 5] g 5]
dE/dt = 10 mV s™'. Disc - 8
currents normalized to the 7 6, =0.0 = T 0, =043
geometric area of the electrode 81— . . . . 81— . - - -
(0.283 sz). Ring electrode 0,0 0,2 0,4 0,6 0,8 0,0 0,2 04 0,6 0,8
potential: 1.2 V 10 10
Cc D
8 8
< ° < °
= 3
\gx 44 \ga 44
21 21 /\
o, =043
0 T 01—
0,0 0,2 0,4 0,6 0,8 0,0 0,2 04 0,6 0,8
E/Vvs.RHE E/Vvs.RHE
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Fig. 8 Tafel-plot of the kinetic currents obtained from the intercept
from Koutecky-Levich-plots for the Ru and Ru/Se electrodes with
different Se coverage. Inset: Koutecky-Levich-plots for the Ru/Se
electrode (®g, = 0.43) at 300, 400, 500, 550, 600 and 650 mV

In the potential range above 600 mV (lower overpo-
tentials) the Tafel-slope varies from —110 mV dec™' for
Og. = 0to —138 mV dec ™' for @, = 0.79. The slopes are
comparable to those of —120 mV dec™', respectively,
found by Damjanovic for ORR on massive polycrystalline
platinum [28] or by Markovic and Ross [29] found for
Pt(111) and —124 mV dec™! found for electrochemical
deposited ruthenium-films on gold electrodes by Metikos-
Hukovic [30].

As shown in Fig. 9 the normalized current densities
depend nearly linear on the Se coverage.

4 Discussion

As can be seen from Table 2, the RuSe, nanoparticles
display a much higher surface concentration of Se than
given by the bulk composition. This might be understood
from a segregation of Se to the surface. It was estimated [8]
that even the RuSe ;5 catalyst would then have a Se-sur-
face concentration of 0.5, this is in good agreement with
our results. With such a reasoning, one would expect high
surface concentrations for catalysts with low Se content.
From HRTEM, it was concluded that small RuSe, clusters
exist on the surface of the particles. Correspondingly, the
Se-concentration elsewhere in the particle will be lower.
Therefore also the Se surface concentration will be lower
than expected from a simple model involving Se segrega-
tion to a surface monolayer. Certainly, our estimate for the
total surface area still has to be considered with some care.
At this point it is not clear whether Cu also can be
deposited on the surface of such a RuSe,-face.

The increase in the catalytic activity after Ru modification
is interesting, because catalysts with the same known real

5 T T T T T
1A
4 O _
@300 mv -
e 31 - i
o J
< ©)
2 4 i
E ] gA /AN R,=8,1
=1 o R=M17
1 R = 13,1
0 T T T T T T
00 02 04 06 08 10
0’5 T T T T T
1B
04 4 i
@600 mv 0
S 034 O i
§ O
€ 02 O 1
y i A m] Rf =81
= 01408 o R=117 |
1 A R=131
070 T T T T T T
00 02 04 06 08 10
)

Se

Fig. 9 Kinetic current densities obtained from the Tafel-plots (cf.
Fig. 8), normalized to the true surface area determined for the bare Ru
electrode by Cu upd, as a function of the Se-coverage ©g. for
different electrode potentials: (A) 300 mV, (B) 600 mV

surface area are compared and the effect therefore cannot be
ascribed to an increased surface area. For the RuSe, cata-
lysts, for which an increased catalytic activity was described
in the literature, the true surface area and surface composi-
tion was unknown and could not be compared to pure Ru. An
increase in the catalytic activity (for Se deposited on Ru
black) was also found by Wieckowski and coworkers [13].
They investigated the influence of Se deposited on Ru black
on the ORR by stripping of the Se in potential-cycles
between 300 and 1200 mV. They did not observe a catalytic
effect when a massive Ru electrode was modified by Se. The
difference may be due to a different modification procedure
(modification by elemental Se in an organic solution whereas
we adsorbed Se from aqueous selenide solution) or be due to
the fact that our Ru deposit had a much larger roughness
factor (Ry ~ 8-14) and thus a surface structure which
resembles that of Ru black.

The strong dependence of the H,O, formation on
potential—a similar dependence was reported in [1]—very
much differs from the case of Pt, where H,O, formation
increases when hydrogen is adsorbed and the O-O splitting
reaction becomes inhibited. This behavior may be due to
two different reasons:

(1) Oxygen adsorption inhibits the O-O splitting, the
lower the potential, the less oxygen (or hydroxide)
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Acknowledgements

species is adsorbed. The fact that the H,O, formation
is suppressed somewhat with increasing Se coverage
(which suppresses OH adsorption) supports this
interpretation.

Although the Tafel slope of 120 mV suggests that the
first electron transfer is the rate-determining step as in
the case of Pt, the O-O splitting on the surface is
slower than the desorption of H,O,. Since the rate
constant for the H,O, desorption step should be
independent of potential, at decreasing potentials the
reduction of H,O, to water becomes appreciable. Two
reaction steps therefore are slowed down in compar-
ison to Pt: the rate determining first electron transfer
and the O-0 splitting.
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