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Abstract The analysis of the electrochemical quartz crystal
microbalance (EQCM) signal is presented for the case of
oxidation of carbon oxides adsorption products on Pt, Rh,
and their alloys. It is demonstrated that the EQCM response
can be roughly approximated by the mass balance involv-
ing adsorption/desorption of various species (carbon
oxides, oxygen, anions, and water molecules) and metal
dissolution. The results obtained by the EQCM are in good
agreement with the electrochemical data and confirm the
domination of CO radicals among the products of CO,
reduction and CO adsorption on Pt-rich electrodes. In the
case of Rh-rich electrodes, the existence of additional
species (CHO or COH), more reduced than CO, is
suggested.

Keywords Noble metals and alloys - CO, reduction - CO
adsorption - Electrochemical quartz crystal microbalance -
Apparent molar mass

Introduction
Since the 1980s, the electrochemical quartz crystal micro-

balance (EQCM) has been a widely used in situ technique
for the investigation of various electrode processes. Its high
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sensitivity to mass changes allows for monitoring even
submonolayer phenomena connected with adsorption,
deposition, and dissolution (see [1-6] and references
therein). However, one should be aware that apart from
mass, there are other factors influencing the frequency of
the quartz crystal resonator operating in liquid [1-18]. In
fact, the EQCM is a kind of a non-selective sensor that
responds to its nearest environment. In contact with the
liquid phase, the EQCM is sensitive to the properties of
adjacent solution on distances of the order of the velocity
decay length of shear waves in liquid, i.e., about 250 nm for
aqueous solutions [1]. Therefore, the analysis of the EQCM
signal can sometimes be a real challenge for the inves-
tigators. Nevertheless, a proper application of the EQCM
method coupled with careful data treatment can provide
invaluable information regarding various processes occur-
ring at the solid/liquid interface [1].

In the literature [2, 4], the data collected by the EQCM
are often interpreted with the use of a parameter in units of
grams per mole, called “apparent molar mass”. This
parameter can be obtained from a correlation between
frequency change and charge consumed in a given
electrode process, according to the equation:

M (Af xCxF) !
E 2
where Af is the measured frequency shift, C is the
calibration constant of the quartz crystal resonator, F is
the Faraday constant, z is the number of electrons
exchanged, and Q is the charge passed.

Since more than one species can participate in the charge
transfer reaction and some other species can additionally be
adsorbed/desorbed without a charge transfer, the apparent
molar mass is a resultant quantity of all those reactions. By
a comparison of the experimental apparent molar mass with
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the value predicted on the basis of the assumed
stoichiometry of the process studied, one can draw
conclusions concerning the reaction mechanism. On the
other hand, when other non-mass factors affect the
frequency of a quartz crystal resonator, the measured
value of M/z might not be equal to the difference between
real molar masses of the species involved in the process
examined. However, if the mass balance of the process is
well defined, the deviation of the apparent molar mass
from the real molar mass can be treated as a measure of
those additional effects influencing the EQCM response
(see, e.g., the studies on stress effects accompanying
hydrogen absorption [19-21]). Therefore, the value of
M/z can be a source of important information about the
electrode reactions.

In this paper, we present the way of the analysis of the
EQCM response in the process of oxidation of carbon oxides
adsorption products on Pt, Rh, and their alloys (Pt-Rh, Pd-Pt,
Pd-Rh, and Pd-Pt-Rh). These reactions are important in the
context of better understanding and improvement of the
work of direct methanol fuel cells, where CO, and CO are
fuel oxidation products or intermediates (see [22-24] and
references therein). CO, reduction and CO adsorption have
already been investigated by many experimental techniques
(see also our recent review [24]), e.g., infrared spectroscopy
[25-31], radiochemistry [32-38], gas chromatography [39],
mass spectrometry [40, 41], nuclear magnetic resonance
[42, 43], and sum frequency generation [44]. However, the
EQCM method was rather rarely applied in that subject
[45-53] (mainly for studying CO adsorption on Pt), and
no clear interpretation of the EQCM data exists in the
literature. First attempts to analyze quantitatively the
EQCM signal in carbon oxides adsorption experiments
on platinum group metals and alloys have been presented
in our earlier works [45-47, 53]. Here, we extend this
approach and show how various factors influencing the
resonator frequency contribute to the total measured
frequency shift. With this paper, we continue our interest
in the application of the EQCM method for the studies on
electrochemistry of noble metals and their alloys [19-21,
45-47, 53-55].

Experimental

All experiments were performed at room temperature in
0.5 M H,S0, solutions deoxygenated using an Ar stream.
A HglHg,S040.5 M H,SO, was used as the reference
electrode. A Pt gauze was used as the auxiliary electrode.
All potentials are recalculated with respect to the standard
hydrogen electrode.

The EQCM M105 made by UELKO (Poland) was used
together with an AUTOLAB potentiostat. Ten megahertz
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AT-cut Au-plated crystals (electrode geometric area
0.26 cm?) produced by International Crystal Manufacturing
were used in the EQCM experiments. The calibration
constant determined by Ag and Pd deposition was 1.2 ng
Hz !, very close to the theoretical value based on Sauerbrey
equation [56].

Pt, Rh, and their alloys (Pt-Rh, Pd-Pt, Pd-Rh, and Pd-Pt-
Rh) were deposited potentiostatically on Au surfaces as
limited volume electrodes from baths containing respective
chloride species (PdCl,, H,PtCls, RhCls, and HCI). Various
compositions of the alloys were obtained by altering the
deposition conditions (bath composition and deposition
potential) as well as utilizing different dissolution rates of
the metals during the procedure of potential cycling through
the surface oxidation region [57, 58]. The thickness of
metal/alloy layers was 0.2-0.3 um. The roughness factor,
as estimated from adsorbed hydrogen oxidation or surface
oxide reduction charge [58], was ca. 40-150. All alloy
compositions given in this work are surface compositions
expressed in atomic percentages and were determined from
the potential of the peak due to surface oxide reduction
[57-61].

In the experiments with CO, reduction and CO
adsorption, the gasses of 99.9% purity were used. During
adsorption, the electrode was polarized at a constant
potential, while the gas was introduced into the solution.
After completing the adsorption and before recording cyclic
voltammograms, CO, and CO were removed from the
solution with Ar. The values of surface coverage and
electron per site (eps) were calculated according to standard
procedures [62—64].

Results and discussion

Factors influencing the EQCM response during
the oxidation of reduced CO, and adsorbed CO—a model
for data analysis

Figure 1 shows various types of current- and frequency-
potential responses recorded during the oxidation of the
products of CO, reduction and CO adsorption on Pd-Pt
and Pd-Rh alloys. These curves are representative of Pt-
based and Rh-based electrodes, respectively. The well-
known cyclic-voltammetric (CV) characteristics are visi-
ble, namely the lowering in hydrogen desorption peaks
(region 1 in Fig. 1) and the adsorbate oxidative stripping
signal (I). In the course of the EQCM response, one
should note the frequency decrease at CO, reduction/CO
adsorption potential as compared with a clean electrode
and the frequency drop during the adsorbate removal.
These features have been discussed in detail in our earlier
papers [45-47, 62, 63].
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Fig. 1 Voltammetric and electrochemical quartz crystal microbalance responses during the oxidation of the products of CO, reduction (a, d) and
CO adsorption (b, ¢, e, f) on: 14%Pd-Rh (a—c) and 60%Pd-Pt (d—f) alloy. Adsorption potentials: 0.07 V (a, b, d, e), 0.32 V (¢), and 0.47 V (f)

From the frequency-to-charge ratio (Eq. 1) in the
adsorbate oxidation region, we have obtained apparent
molar mass (M/z) gain ranging from 3 to 6 g/mol for CO,
and from 1 to 3 g/mol for CO. It should be stressed that if
the EQCM could measure mass change solely due to
reduced CO, or adsorbed CO removal, a mass loss (i.c.,
frequency rise) would be observed. Thus, the resultant mass
increase (mirrored in frequency drop) confirms that the
adsorbate oxidation is not the only electrode process
occurring in this potential range. In fact, the adsorbate
removal is accompanied by the electrode surface oxidation
(i.e., surface oxide formation and metal dissolution) and
water or anion readsorption. Thus, each of these reactions

contribute to the mass balance determining the measured
frequency change.

Since different structures of CO, reduction and CO
adsorption products (denoted in the text as “the adsorbate™)
were postulated in the literature (mainly CO, COOH, COH,
and CHO), a question arises whether these adsorbates can
be distinguished by means of the EQCM experiment. To
make such a comparison possible, one should know the M/z
values expected for a given type of the adsorbate.
Therefore, a formula predicting this parameter characteristic
of various adsorbate structures must be obtained from a
theoretical analysis of the factors influencing the EQCM
response. Although it is questionable whether under our
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experimental conditions the EQCM signal can be inter-
preted only gravimetrically [45-47], we believe that it is
still possible to use the apparent molar mass as a kind of a
mass equivalent to the measured frequency changes. In this
approach, one may calculate the apparent molar mass
change per number of electrons (M/z) for the oxidation of
carbon oxides adsorption products taking into account mass
and charge contributions from various electrode processes.

The first attempt to predict the EQCM response in
carbon oxides adsorption experiment has been made in our
recent paper [46], where we presented mass and charge
balance involving adsorbed carbon oxides removal together
with simultaneous surface oxide formation and anion and
water readsorption:

H,0 + an HSO; —n MO(HSO; ), (H,0), (2)
+6 CO,+{2[n+ (2 —x) O] +y6} (H" +¢7)

In this equation, n is the number of surface sites
occupied by one molecule of the carbonaceous adsorbate,
while x and y are stoichiometric factors in the general
formula of the adsorbate (CO.H,). ¢ is the surface
coverage with the adsorbate, which can be calculated
from the ratio of the difference between the charges of
adsorbed hydrogen oxidation in the absence and presence
of reduced CO, or adsorbed CO(AQ{, ) to adsorbed
hydrogen oxidation charge in the absence of these
adsorbates (Qiff;ds):
OX.
o - 2. ()
Haqs
The coverages with adsorbed anions and water are
denoted as a and b, respectively.

Another important effect that should be considered is
mass loss due to metal dissolution, which proceeds in the
potential range of reduced CO, or adsorbed CO oxidation.
Metal dissolution was calculated from frequency difference
between two consecutive anodic scans (as indicated by a
dashed arrow in Fig. 1) and expressed as a fraction of a
monolayer of surface atoms (k). Our earlier studies [54] on
that subject have shown that under conditions applied, the
maximum amount of dissolved metal equals to ca. 15% of
monolayer for Pd, 4% for Rh, and 0.1% for Pt. For the alloys
studied here, £ was in the range 0-7% of a monolayer. The
influence of metal dissolution effect on the experimental
values of apparent molar mass change in the process of
reduced CO, oxidation is demonstrated in Fig. 2.

According to the literature data on sulfate adsorption
on Rh and Pt electrodes [65-69], we have taken the
maximum change in surface coverage with anions (a) as
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Fig. 2 Correlation between apparent molar mass change for the
oxidation of reduced CO, and the extent of metal dissolution
(expressed in percent of a monolayer)

0.1. The values of changes in water coverage are more
difficult to define. One could assume that only water and
anions compete for the surface sites vacated by reduced
CO, or adsorbed CO, which means that the maximum
change in surface coverage with water (b) is 0.9.
However, since in the presence of reduced CO, and
adsorbed CO partial water adsorption on surface sites free
from the adsorbate is possible, a more justified assumption is
b=60-0.1.

The stoichiometry of surface oxide is assumed to be 1:1,
i.e., corresponding to the formula MO. This assumption is
based on the analysis of the EQCM response for clean
electrodes in the surface oxidation region. The values of
apparent molar mass ranging from 5 to 8 g/mol for the
anodic scan and 6-9.5 g/mol for the cathodic scan were
obtained (Fig. 3). These values are close to 8 g/mol
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Fig. 3 Mean values of apparent molar mass change obtained for the
processes of surface oxide formation (ox) and reduction (red) on
platinum group metals and alloys
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predicted for a two-electron reaction of surface oxide
formation according to the scheme:

M + H,0 — MO [16g] + 2H" + 2e~ (4)

Thus, the theoretical M/z ratio for the process of reduced
CO;, or adsorbed CO oxidation can be obtained from the
following relationship:

M n[(1—k)(16+a x 97 + (0 — a) x 18) — k x M,] — 0 x Mo,

z 2[n+2(2 —x)0) +y0

(5)

Equations 2 and 5 were derived assuming that water and
anions do not adsorb on the part of electrode covered with
adsorbed carbon oxides. At first glance, it may be
questioned, at least regarding water, as since the electrode
is immersed in aqueous solution, water molecules must be
present on the top of the adsorbate layer. In fact, however,
their interactions with the electrode surface in the presence
of adsorbed carbon oxides are much weaker than those with
the bare metal, which is reflected on the fact that frequency
decrease at adsorption potential is smaller than that
predicted from the mass of the adsorbate itself [45—47].
This effect is equivalent to that corresponding to water
desorption.

However, the above equation is based on some further
assumptions: (1) a monolayer of surface oxide is formed
simultaneously with the carbonaceous adsorbate oxidation;
(2) in the presence of the carbonaceous adsorbate, water
and anion adsorption is totally hindered also on surface
sites free from the adsorbate; and (3) in the absence of the
carbonaceous adsorbate, water and anions can be adsorbed

M [n9 x 16 +n(1 —9)(ax 97+ b x 18) —k x My,] — [6 x Mco,u, +n(1 — 6)(a x 97 + b x 18)]

on both the “metallic” and oxidized surface. In fact, a
detailed analysis of voltammograms and the EQCM
response reveal that these conditions are fulfilled only
partially. Thus, the appropriate modifications of Egs. 2 and
5 are necessary.

In the second approach [53], the above model has been
modified taking into account the possibility of anion and
water adsorption on the part of electrode surface not
covered with adsorbed carbon oxides. Moreover, it should
be noted that while on Rh and Rh-rich alloys a monolayer
of surface oxide is completed during the carbonaceous
adsorbate removal, on Pt and Pt-rich alloys, the adsorbate
oxidation proceeds mainly in the double layer potential
region, and only a fraction of a monolayer of surface oxide
is formed. Therefore, an incomplete surface coverage with
the oxide has been taken as a parameter (1) in the modified
equations (Eqgs. 6 and 7). This value can be determined
from the charge in the surface oxidation region on CV
curves recorded for clean electrodes. Additionally, accord-
ing to some literature data [70], the anion and water
desorption after surface oxide formation has to be taken
into account. This approach yields the following total mass
balance during the adsorbate oxidation and the related
expected M/z ratio [53]:

6 M, CO.H, + n(1 — 6) M(HSO} ), (H,0), (6)
+{n[¥(1 — b) + 6b] + 6(2 — x)} H,O + [an(6 — ¥)] HSO,; —
— n MO + 6 CO, + n(1 — 9)M(HSO; ), (H,0),

+{2n9 + 0y +2(2 —x)]} (H" +¢7)

z 2n0 + 6y +2(2 —

x)]

(7)

As will be demonstrated below (next section), the first
model (Eq. 5) works much better for Rh than for Pt,
although in both cases, it leads to overestimated M/z values.
On the other hand, the second model (Eq. 7) can be
successfully applied to Pt, but in the case of Rh, the
predicted M/z values are much lower than the experimental
ones. Therefore, an attempt has been made to establish a
new model based on some elements of both previous
models and with a stronger experimental support for the
assumptions made.

The main modifications in Eq. 6 are different values of
surface coverage with anions and water for different states
of the electrode surface. First, from the analysis of the
EQCM response for clean electrodes in the hydrogen and

double layer potential regions, a maximum surface cover-
age with anions could be obtained. These calculations were
done in two ways:

1. From the mass balance during hydrogen desorption:

MH + a HSO; — M(HSO; ) +H" + ¢~ (8)
hence
M
E+1)
= z 9
a 97 ©)

where M/z is the experimental value of apparent molar
mass per number of electrons, obtained from AfQ
ratio.
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Fig. 4 Surface coverage with HSO, anions obtained from apparent
molar mass changes according to Eq. 9 (M/z) and Eq. 11 (M)

2. From the mass gain (Am) determined from frequency
decrease in the hydrogen and double layer regions,
related to the number of surface sites (n')

Am
M= (10)
M

In both cases, a mean coverage with anions («) of 0.07
was obtained (Fig. 4). This value was further assumed for
the surface coverage with anions on the “metallic” (i.e., not
covered with adsorbed carbon oxides or surface oxide) part
of the electrode. Assuming that only water and anions
compete for the surface sites vacated by reduced CO, or
adsorbed CO, maximum coverage with adsorbed water was
taken as b=1—a, i.e., 0.93 for a clean electrode.

100

50

N/ Hz

-100

1 1 1 1
0.000 0.001 0.002 0.003 0.004
Q/C

Fig. 5 Frequency change vs charge in the process of hydrogen

desorption for various values (indicated in the legend) of surface
coverage of a Pd-Rh alloy with reduced CO,
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Second, since in the literature [71] there are premises
that in the presence of surface oxide, only a partial
desorption of sulfates occurs and some surface sites still
remain occupied by the anions, in the next approach to the
EQCM data interpretation, a lower coverage with anions
(4) was assumed (0.03) for the oxidized part of the
electrode surface. This value was obtained by ascribing
the difference between the mean apparent molar mass
change per number of electrons during surface oxidation (i.
e., 6.4 g/mol) and the value expected for 2-electron reaction
of MO formation (8 g/mol) to the effect of the partial
removal of adsorbed anions. The possibility of water
adsorption on the electrode covered with surface oxide
was also reported in the literature [71].

On the other hand, the lowering in the slope of
frequency-charge relationship in the hydrogen region in
the presence of reduced CO, (Fig. 5) suggests that under
these conditions, water and anion adsorption is partially
suppressed also on surface sites free from the adsorbate.
However, due to a different molecular size, the steric effects
should be much more pronounced in the case of HSO,-
anions than for water. As demonstrated in Fig. 6, with the
increase in the coverage with reduced CO,, the apparent
molar mass for desorption of adsorbed hydrogen decreases.
Therefore, surface coverage with anions («) and water ()
on the part of the electrode not covered with reduced CO,
or adsorbed CO have been assumed to depend linearly on
surface coverage with the carbonaceous adsorbate:

a=a(l-6) (12)

B=b(1-6)+6 (13)

1

MZ'1 g mol

red-CO,

Fig. 6 Apparent molar mass changes in the process of hydrogen
desorption vs surface coverage with reduced CO,
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Finally, it was found in our recent paper [55] that Pd
dissolution leads to the formation of Pd*" ions, while Rh is
oxidized mainly to Rh*" ions. Therefore, in the latter case,
the change in metal valency (Az) due to its dissolution as
compared with the valency in metal oxide (+II) should be
taken into account.

On the basis of the above considerations, the following
mass and charge balance is obtained (Eq. 14) together with
the formula for the apparent molar mass change per number
of electrons (Eq. 17) in the process of adsorbed carbon
oxides removal:

6 M, COH, + n(1 — 6) M(HSO; ) (H,0), (14)
+[nd + 602 —x) + Ay)) H,O + A, HSO, —

— 9¥n MO(HSO; ) ,(H,0) ;46 CO,

+n(1 —¥)M(HSOy ), (H,0),

+{2n9 + 6y +2(2 —x)]} (H" +¢7)

M nl(1 = k)16 +A4 x 97 + B x 18) + (1 — 0)(a x 97 + b x 18)] — kM,] —

1285
where:
Ay =n(¥4+a—9a—a+ 6a) (15)
Ap=n(IB+b—9n—p+6pB) (16)

[0Mco, + n(1 — 6)(a x 97 + B x 18)]

z 20n 46y +2(2 —x)] + nk x Az

(17)

A comparison between various ways of the analysis
of the EQCM response for reduced CO, oxidation

Equations 5, 7, and 17 enable to calculate M/z values for
different structures of carbon oxides adsorption products
(i.e., for different x, y, and n), for a given set of experimental
parameters, i.e., surface coverage with the carbonaceous
adsorbate (), surface coverage with surface oxide (¢), and
the extent of metal dissolution (k). Figure 7 shows the
influence of 6 and ¢ on the M/z values (for £=0) for six
possible adsorbates, i.e., MCO, M,CO, MCOOH, MCOH
(or MCHO), M,COH, and M3COH calculated according to
Eq. 17. It should be noted that in order to better distinguish
between various adsorbates, possibly high 6 and low ¢
should be applied. For this combination of these parame-
ters, the differences in M/z values between various
structures are more pronounced. However, in practice, the
choice of such advantageous experimental conditions is
rather limited. Although for CO, adsorption on Pt and Pt-
rich alloys these requirements can be well fulfilled, this is
no longer the case for Rh-rich electrodes. For the latter
system, a relatively low coverage with the adsorbate is
accompanied by a wide potential range of its oxidation
overlapping with surface oxide formation and, therefore,
M/z parameter is less specific about the nature of the
adsorbate. Nevertheless, as will be demonstrated below,
from the comparison of the obtained M/z values with the

experimental results, some important conclusions can be
drawn concerning the adsorbate composition and structure.

The M/z ratio is very sensitive to the extent of metal
dissolution (see Fig. 2), therefore in all the subsequent
calculations, the metal dissolution factor was determined
independently from the experimental data for each value of
the calculated apparent molar mass. Thus, the real mass
change due to the dissolution effect is involved in each
theoretical value of M/z predicted by our model, and no
approximations need to be made. The values of surface
coverage with anions determined from Eq. 11 for various
types of electrodes differed by ca. 7% of the relative value for
pure Pt and Rh and by no more than 3% for the alloys, which
gives the differences in M/z ratio not exceeding ca. 0.3 g/mol.

Since the three presented ways of the EQCM data
analysis differ in respect of the assumptions made, they lead
to different M/z values. To verify the usability of these
equations for the determination of the nature of the
adsorbate, the calculated apparent molar mass has to be
compared with the experimental values for well-defined
systems, such as pure metals: Pt and Rh.

Figure 8 presents theoretical M/z values predicted for the
oxidation of various CO, reduction products together with
experimental results, for Pt and Rh. It is evident that for all
single structures, there are differences between the calcu-
lated and experimental M/z values. However, this behavior
can be explained by the fact that the product of CO,
reduction is not homogeneous, i.e., it consists of at least
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Fig. 7 Apparent molar mass
changes calculated from Eq. 17
as a function of surface coverage
with the carbonaceous adsorbate
(0.4s) and surface oxide (6p) for
various adsorbates: (a) MCO,
(b) M,CO, (¢) MCOOH, (d)
MCHO/MCOH, (e) M,COH,
and (f) M3COH

Mz 1 gmol’
_-‘c,_.mu-h‘-"a"“'

Mzl gma

two kinds of species. In that case, the experimental M/z
value for such a mixture should be intermediate between
the values for the respective pure components. Careful
analysis of the data shown in Fig. 8 reveals that these
conditions are not always fulfilled. In case 3 for Pt and
cases 2 and 3 for Rh, the experimental M/z value is higher
than any value corresponding to a particular structure. It
suggests that not all the approaches to the EQCM data
treatment are in agreement with the experiment. These
qualitative conclusions are supported by the analysis of
electron per site (eps) values obtained from the electrochem-
ical data, which were 1.20 for Pt and 2.24 for Rh. Assuming
that the adsorbate is a mixture of two products characterized
by two different eps values, the experimental eps is given as:

(18)

eps = epsy - x; +epsy - (1 —xp),

@ Springer

and thus the fraction of surface sites occupied by a given
product (x;) can be calculated according to the equation:

X = (eps — epsy) (19)

eps| — epsy

where eps is the experimental value, while eps; and eps, are
the theoretical values for product 1 and 2, respectively. Once
the relative contributions from various products have been
established, it is possible to calculate M/z values for different
binary mixtures of the adsorbates and then compare them
with the experimental data. Such results are shown in Fig. 9.
It can be seen that for Pt in most cases, the best agreement
between our models and the experiment is obtained for the
adsorbate composed of linearly and bridge-bonded CO
species (eps=2 and 1, respectively). However, the still higher
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0=0.83 for Pt and 0.48 for Rh, eps=1.20 for Pt and 2.24 for Rh

calculated M/z values in comparison with the experimental
ones can suggest the additional existence of COOH radicals
(but no more than 15% of the total amount of the adsorbate
characterized by eps=1). On the other hand, the results for
Rh indicate the existence of CHO (eps=3) or COH (1<eps<
3, depending on the number of surface sites occupied by one
molecule of the adsorbate) radicals among the products of
CO, adsorption. This finding is in line with earlier reports
[29, 64] that after CO, adsorption on Rh-based electrodes,
species more reduced than CO are present.

It should be noted, however, that in case 3 for Pt and
cases 2 and 3 for Rh, a great divergence between model and
experiment is observed, i.e., the calculated M/z values are
generally too low. Therefore, the approach based on Eq. 7
is not satisfactory, especially for Rh. Also, for Pt, the
calculations based on Eq. 5 yield overestimated M/z values
(case 1). This is because in this approach, a full monolayer
of surface oxide is assumed, which is far from real
conditions. Thus, Eq. 5 works only for Rh electrode, where
reduced CO, oxidation signal is strongly overlapped with
surface oxide formation currents. On the other hand, the

model based on Eq. 17 can be successfully applied for both
Pt and Rh and therefore seems to be the most promising.

Equation 17 was further used for the analysis of the
EQCM data for reduced CO, oxidation on Pt and Rh alloys
(Fig. 10). Again, for Pd-Pt and Pt-Rh alloys, the best
agreement between our model and the experiment is
obtained for the adsorbate composed of linearly and
bridge-bonded CO species, possibly with an addition of
small amounts of COOH radicals, while for Rh-based
alloys (Pd-Rh and Pd-Pt-Rh), a significant contribution
from CHO or COH radicals can be suggested.

One could suppose that trying to identify the composition
of the adsorbed species (CO vs CHO or COH), which may
differ by only one hydrogen atom, from the mass-to-charge
balance is rather uncertain and falls into the error margins.
However, it should be stressed here that the factor which is
analyzed is not the molar mass alone but the ratio between the
mass and charge (M/z), and due to different number of
electrons exchanged (2 vs 3), this value differs more for CO
and COH/CHO than the molar masses alone. Moreover,
another important factor which affects the value of M/z is the
number of surface sites occupied by one molecule of the
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Fig. 9 Apparent molar mass changes obtained experimentally and
calculated for different binary mixtures of adsorbates for reduced CO,
oxidation on Pt (a) and Rh (b). Numbers denote the following
conditions used in the calculations: /, Eq. 5 k=0 for Pt and 3.8 for Rh;
2, Eq. 7, 9=0.06, k=0 for Pt and 0.45, 1.2 for Rh; 3, Eq. 7, 9=0.85,
k=0 for Pt and 1.0, 3.8 for Rh; 4, Eq. 17, ¥=0.06, k=0 for Pt and
0.45, 1.2 for Rh; 5, Eq. 17, 9=0.85, k=0 for Pt and 1.0, 3.8 for Rh.
Other parameters: §=0.83 for Pt and 0.48 for Rh, eps=1.20 for Pt and
2.24 for Rh
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Fig. 10 Apparent molar mass
changes obtained experimentally
and calculated (Eq. 17) for
different binary mixtures of
adsorbates for reduced CO,
oxidation (adsorption potential
0.02 V) on alloys of various
surface compositions: (a) Pd-Pt,
(b) Pd-Rh, (¢) Pd-Pt-Rh, and (d)
Pt-Rh
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Fig. 11 Apparent molar mass
changes obtained experimentally
and calculated (Eq. 17) for dif-
ferent binary mixtures of adsor-
bates for adsorbed CO oxidation
on alloys of various surface
compositions: (a) Pd-Pt, ad-
sorption potential 0.07 V, (b)
Pd-Pt, adsorption potential

0.47 V, (¢) Pd-Rh, adsorption
potential 0.07 V, and (d) Pd-Rh,
adsorption potential 0.32 V
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adsorbate (n), see Eq. 17. For CO species, this value may be
1 or 2, which corresponds to linearly and bridge-bonded CO,
respectively, while for COH, it may be 1, 2, or 3. For each
combination of molar mass, z, and n values, different M/z
values are obtained which allow to distinguish between
various types of the adsorbate. Furthermore, the independent
information on the adsorbed species was obtained from the
aforementioned analysis of eps values. Figures 9 and 10
clearly demonstrate that using the model based on Eq. 17, it
is possible to discriminate between a mixture of CO radicals
and a mixture of COH/CHO radicals of various types of
bonding with the surface. Other arguments for the presence
of CHO or COH radicals among the products of CO,
reduction on Rh-based electrodes were presented in our
earlier paper [47].

Analysis of the EQCM response for adsorbed CO oxidation

The model based on Eq. 17 can also be used for the EQCM
data analysis during the oxidation of adsorbed CO.
However, in comparison with the case of CO,, surface
coverage with adsorbed CO is much higher, and its
maximum value can reach almost a full monolayer.
Therefore, the difference between two electrode states,
i.e., in the presence and absence of the adsorbate, is greater
than for reduced CO,. On the one hand, this fact is
favorable due to a higher contribution from the effect of the
mass change of the adsorbate removal to the overall
measured frequency shift. On the other hand, however, it
means that for adsorbed CO oxidation, the non-mass effects
can be more important than for reduced CO, oxidation. CO
is known to both displace and co-adsorb water, whose
amount depends on the adsorbate coverage [72]. These
interactions are mirrored in the course of frequency-
potential response in the hydrogen and double layer
regions, where in the presence of the adsorbate, a frequency
rise is observed, which is not adequate to the mass change

16

=d
E=H N

14

124

-
o
1

fee]
PR B

-Mz"/gmol’

<4 A \\

24 \\ N\ %\\ N
NN N

° Pd-Rh ' ‘ Pd-Pt

Fig. 12 Apparent molar mass changes obtained for the initial stage of
the oxidation of CO adsorbed at potentials from the double layer (dl)
and hydrogen (H) regions on Pd-Rh and Pd-Pt alloys
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due to the adsorbate removal. It was suggested in the
literature [51] that with increasing potential (and increasing
positive charge of the electrode), water molecules present
on top of the adsorbate layer are being repulsed, which
leads to weaker mutual interactions and therefore to a
frequency increase. This effect is particularly well-
pronounced in the case of CO adsorption on Pt electrode
at potential in the hydrogen adsorption region, where a
rapid frequency increase during the removal of the more
easily oxidizable part of the adsorbate is observed. These
effects have been thoroughly discussed elsewhere [45—47].

Bearing in mind the above limitations of the gravimetric
approach to the EQCM data interpretation, an attempt has
been made to apply Eq. 17 to the analysis of the EQCM
response during adsorbed CO oxidation on Pd-Pt and Pd-
Rh alloys (Fig. 11). In general, the conclusions drawn for
CO adsorption are similar to the findings for reduced CO,
oxidation, i.e., the domination of CO and CHO or COH
species can be suggested for Pt-based and Rh-based
electrodes, respectively. However, it should be stressed that
the relative proportions between the particular adsorbates
are different than in the case of CO, adsorption, as mirrored
in different eps values. For Rh-rich electrodes, eps values
for CO adsorption are lower than for CO, reduction, while
for Pt-based alloys, an opposite relation is observed. It
means that the adsorption products of CO, reduction on
those alloys are not totally identical with the products of a
direct CO adsorption. The problem of similarities and
differences between these adsorbates has been widely
discussed in our recent papers [46, 47].

It should be added that in the case of eps values close to
2, observed for Pd-Rh alloys, suggesting the existence of
exclusively linearly bonded CO, the comparison of the
calculated and experimental M/z values indicates rather a
mixture of bridge-bonded CO and CHO or COH radicals.
Thus, from the EQCM signal, it is possible to obtain some
additional information on the nature of the adsorbate, which
could not be extracted from the electrochemical data alone.

A careful analysis of the EQCM response during
adsorbed CO oxidation reveals that at the very beginning
of the adsorbate stripping, a frequency increase is observed
(indicated by a solid arrow in Fig. 1), followed by a
subsequent frequency drop. This behavior suggests that at
the initial stage of the adsorbate oxidation, the EQCM
detects mainly the mass loss due to adsorbed CO removal.
Since CO coverage is high, water and anion adsorption is
probably suppressed because of streric effects. Anions and
water can be readsorbed only after the electrode surface is
partly liberated from the carbonaceous adsorbate. A similar
sequence of frequency changes was observed during
chronoamperometric experiments [47, 73]. Therefore, by
the analysis of this initial part of CV and frequency-
potential curve, it may be possible to separate from the
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EQCM signal the contribution originating mainly from the
adsorbate oxidation. Under these conditions, the mass and
charge balance can be assumed as:

M, COH, + (2 — x) HyO — CO, + (4 —2x+y) [H" + ¢ +nM

(20)
and M/z ratio can be calculated as:
M M, ,
M_ CO,H, (21)
z (4—-2x+y)

As shown in Fig. 12, the experimental M/z values for
initial stages of CO oxidation were close to —14 g/mol for
Pd-Pt alloys and ca. =9 g/mol for Pd-Rh alloys. These values
suggest dominant oxidation of CO molecules in the former
case and CHO or COH radicals in the latter case. Thus, this
analysis confirms the above results that the products of CO
adsorption on Pt- and Rh-based electrodes are different.

Interestingly, in contrast to adsorbed CO oxidation, the
frequency rise could not be observed at any stage of
reduced CO, oxidation. This can be explained by a lower
surface coverage with the latter adsorbate. Probably in that
case, due to lateral interactions, anions and water have
much easier access to the part of electrode surface being
liberated from the carbonaceous species, and therefore, the
effect of their adsorption obscures the effect of the
adsorbate removal.

The above results demonstrate that it is possible to
establish a model for quantitative analysis of the EQCM
response in the experiments with carbon oxides adsorption
and oxidation of their adsorption products on platinum
group metals and their alloys. Nevertheless, one should
always remember that in the gravimetric approach to the
EQCM data analysis, the non-mass effects are neglected. In
the case of carbon oxide adsorption, the most important
additional effects concern the changes in the interactions at
the metal-solution interface during the adsorbate oxidation.
These factors may be different for different structures of the
adsorption products, especially for species of different
polarity, which probably affects the strength of their
interactions with water molecules from the solution (see
discussion in [46, 47]). If we assume in the first
approximation that the strength of the interactions between
the adsorbate and water molecules is determined by the
values of dipole moment and the ability to create hydrogen
bonds, such polar structures as COOH, COH, and CHO
should lead to a substantial frequency change exceeding a
pure mass effect, while less polar species, such as CO, are
expected to exhibit a weaker effect. However, further work
is needed to establish the influence of such effects on the
EQCM response and to help us to understand better the
complex electrode processes occurring in carbon oxides
adsorption experiments on platinum group metals and alloys.

Conclusions

The EQCM response during the oxidation of the products
of CO,; reduction and CO adsorption on Pt, Rh, and their
alloys can be roughly approximated by the mass and charge
balance involving the following parameters: (1) surface
coverage of the electrode with the carbonaceous adsorbate;
(2) surface coverage with the oxide (adsorbed oxygen); (3)
surface coverage with anions and water for a clean metallic
surface, in the presence of the carbonaceous adsorbate and
in the presence of surface oxide; and (4) the extent of metal
dissolution. All these parameters can be determined from
the analysis of CV curves in the presence and absence of
carbon oxides adsorption products, utilizing the respective
charge and frequency responses.

By careful data treatment, analyzing the values of
apparent molar mass (M/z) determined from frequency-
charge correlation for the process of adsorbed carbon
oxides oxidation, it is possible to obtain some information
on the nature of these adsorbates. The EQCM results are
consistent with the conclusions drawn on the basis of other
methods that the adsorbate is a mixture of mainly linearly
and bridge-bonded CO molecules, together with a small
addition of COOH radicals on Pt-rich electrodes and with a
significant contribution from CHO or COH radicals in the
case of Rh-rich electrodes.
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