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Abstract Electrochemical quartz crystal nanobalance
(EQCN) is one of the most powerful tools to obtain
information on the events occurring at the electrode surface.
This method has been exploited to monitor the surface mass
changes and hence to draw conclusions in respect of the
formation and removal of adsorbed species and oxides as
well as changes in the electrochemical double layer also in
the case of platinum electrodes. However, the results that
had been obtained so far are somewhat contradictory, and
consequently diverse interpretations can be found in the
literature. Therefore, it is worth to review the knowledge
accumulated and to carry out systematic study in this
respect. In this work smooth and platinized platinum
electrodes in contact with acidic solutions were studied
using EQCN technique. The effects of temperature, the
nature of cations and anions, pH, concentrations, potential
range were investigated on the electrochemical, and the
simultaneously detected nanogravimetric responses. It is
shown that in the underpotential deposition (upd) of
hydrogen the adsorption/desorption of species from the
solution phase is governed by the oxidative desorption/
reductive adsorption of hydrogen; however, unambiguos
conclusions cannot be drawn regarding the actual partici-
pation of anions and water molecules in the surface
coverage. In the hydrogen evolution region a weak cation
adsorption can be assumed and the potential of zero charge
can be estimated. Cs" cations affect the EQCN response in
the hydrogen upd region. In some cases, e.g., in the case of
upd of zinc the mass change can be explained by an
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induced anion adsorption. Two types of dissolution pro-
cesses have been observed. A platinum loss was detected
during the reduction of platinum oxide, the extent of which
depends on the positive potential limit and the scan rate,
and to a lesser extent on the temperature. The platinum
dissolution during the electroreduction of oxide is related to
the interfacial place exchange of the oxygen and platinum
atoms in the oxide region. At clevated temperatures two
competitive processes take place at high positive potentials:
a dissolution of platinum and platinum oxide formation.

Keywords Platinum electrodes - Electrochemical quartz
crystal nanobalance - Adsorption - Dissolution

Introduction

Despite the fact that platinum is among the most thoroughly
studied electrode materials [1—4], there is a renewed interest
due to the intense fuel cell studies [5—14]. Although many
efforts have been spent to replace this precious metal, it is
still the mostly used catalyst for both the oxidation of
different fuels and also for the oxygen reduction [11-14].
The underpotential deposition (upd) of hydrogen, oxygen,
and electrosorption of ions on platinum surface have been
investigated by many researchers in the last decades mostly
to gain a deeper insight into the relationship between the
surface structure and reactivity as well as the nature of the
formation of double layer at the metal—electrolyte interface
[3-45]. The whole arsenal of surface techniques has also
been applied in order to determine the structure of the
interphase [4, 68, 15-42]. Many studies have been carried
out regarding the poisoning of the platinum surface by
strong adsorption or chemisorption of different components
of the electrolyte or gases which deteriorates the activity of
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the catalyst [4, 11-15, 18, 28, 41]. Less attention has been
paid to the dissolution and redeposition of the metal which
may also cause unwanted effects [7, 11, 14, 43, 44].
Platinum is usually considered as an ideal catalyst which
remains unconsumed during the reaction; however, it is not
entirely true. It is well known that in media containing
chloride or other complexing agents dissolution occurs
which results in the formation of chloro or other complexes
of platinum [1, 2, 6]. It is surprising, but despite all the
efforts even the problem of the nature of the strongly and
weakly adsorbed hydrogen has not been solved entirely,
yet. There are spectroscopic evidences that the weakly
adsorbed form is adsorbed above the Pt plane and so able to
interact with the solution. The strongly adsorbed form lying
in the plane of platinum surface atoms with its electron in
the conduction band of the metal, and therefore it cannot
interact with the solution [15]. The diversity of the ideas is
partially due to the fact that the behavior of the platinum
electrode in the hydrogen upd region strongly depends on
the prehistory of the platinum sample, especially the
previous oxide formation. For instance, it has been shown
that the reduction of hydrous oxide overlaps with the
hydrogen adsorption or even the hydrogen evolution
regions [19]. Beside the two peaks related to the two forms
discussed above, during the anodic scan sometimes a third
one also appears between these two peaks. It has been
suggested that this peak is due to the oxidation of the sub-
surface molecular hydrogen which can form if the Pt
surface structure had been disturbed by oxide formation
[20]. The results of the radiotracer experiments [3, 4, 39—
42] showed that the anion adsorption starts as the adsorbed
hydrogen is oxidized not only in chloride-containing
solution but also in H,SO,. Water adsorption has also been
considered simultaneously with or without the adsorption
of anions [15, 18, 21, 27, 35-38]. The form of the adsorbed
water is still under discussion, beside the weak adsorption
of H,O the dissociative adsorption resulting in Pt~OH  has
been suggested, too [21]. In the double layer beside the
adsorption of anions and water molecules (or OH species),
reorientation of the water molecules and local viscosity
effect have also been discussed [23]. The results of the
potentiodynamic electrochemical impedance measurements
have been interpreted by the variation of the double layer
capacitance as a function of the potential even in the double
layer region [45].

The electrochemical quartz crystal nanobalance (EQCN)
has become a basic tool to study these phenomena [7, 8,
23-38]. The typical EQCN response, that in the majority of
the studies on platinum electrodes has been reported, is as
follows. A frequency decrease can be detected in the region
of the oxidation of adsorbed hydrogen, which continues in
the double layer region with a somewhat lesser slope, and a
relatively high frequency decrease occurs in the course of
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the formation of the oxide layer. While the latter mass
increase is obvious, there have been different explanations
for the change in the hydrogen region and the double layer
region.

In this paper the results of the systematic studies on
platinum electrodes in acid media carried out by using
EQCN technique are summarized, and the knowledge
accumulated concerning the electrochemically induced
changes of the surface mass of the platinum electrode are
reviewed. A comparison with the results obtained by using
other methods provides a deeper understanding of the
processes occurring at different potentials. In this work
beside the usual basic characterization of platinum elec-
trode in contact with solutions of sulfuric acid of different
concentrations and phosphate buffer in the potential range
involves the regions of the hydrogen adsorption—desorption
and the oxide formation—reduction, the effects of cations,
temperature, and the behavior in the hydrogen evolution
region, as well as the upd of zinc have been investigated,
too. Different and unusual representations have also been
used to visualize the effects. The practical consequences
have also been emphasized.

Method, material, and experimental conditions

Five megahertz AT-cut crystals of 1 in. diameter (Stanford
Research Systems, SRS, USA) were used in the EQCN
measurements. Each side of the crystals was coated with
titanium underlayer and platinum. Only one side of the
crystals with a projected surface area of A=1.22 cm?® was
exposed to the electrolyte solution. The piezoelectrically
active area was equal to 0.33 cm’. The crystals were
mounted in the holder made from Kynar and connected to a
SRS QCM100 unit. The polished crystals were optically
clear, according to the SRS certification their average
surface roughness was ca. 5 nm. The roughness factor
measured (see below) for smooth virgin crystals was found
fi=4-7. After extensive potential scanning involving the
oxide region f; increased up to ca. 10. The platinized
platinum working electrodes were prepared by galvano-
static electrodeposition from a solution of 0.07 mol dm >
H,PtCls and 2 mol dm > HCI onto the smooth platinum
surface. After the deposition the electrodes were carefully
cleaned by rinsing as well as by potential cycling in
0.5 mol dm > H,SO4 solution. In the figure captions the
amount of the deposited platinum is indicated (1 Hz=9 ng).
A Pt wire was used as a counter electrode. The reference
electrode was a sodium chloride saturated calomel electrode
(SCE) that was carefully isolated from the main compart-
ment. The Sauerbrey equation was used for estimation of
the surface mass changes (Am) from the frequency changes
(Af), with an integral sensitivity, C;=3.43x 10" Hz cm’g "
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at 20 °C. The values of the integral sensitivity have been
determined by using electrochemical silver deposition/
dissolution from solutions containing 5x107> M AgNO;
under different conditions (cyclic voltammetry with differ-
ent scan rates and chronoamperometry at several temper-
atures), and an average value was used for the calculation
of the apparent molar mass value of the adsorbed/desorbed
species. An immersion test, i.e., monitoring the frequency
decrease after the complete immersion of the crystal from
air in water or different solutions of known density and
viscosity was also applied to monitor the proper functioning
of the crystal, as well as to follow the effect of temperature
and surface roughness.

The magnitude of this shift can be calculated by using
the following relationship [23, 46]:

PLI V2
Af = _f03/2 (ﬂL_L) (1)
Pyty

where pp and 7 are the density and viscosity of the liquid
contacting one side of the crystal, p;=2.648 g cm > and M=
2.947x10'° N m 2 are the density and the shear modulus of
quartz, respectively.

It was found that the frequency increased logarithmi-
cally with temperature which attests that the temperature
dependence is mostly due to the change of the viscosity
of the solution, and the effect of the variation of density
of the solution with temperature can practically be
neglected. The variation of the value of the integral
sensitivity with temperature was small, less than 1%
between 20 and 60 °C, therefore it was neglected. It was
also found that while in the case of the smooth electro-
des the theoretical frequency decrease occurred after
immersion in the solution; however, depending on the
extent of platinization (surface roughness) an additional
30-250 Hz frequency decrease was detected. It can be
related to the water accumulated in the pores of
platinized platinum electrodes. However, because the
EQCN responses for platinized platinum electrodes were
proportional to the surface roughness values determined,
this water content does not play any role, i.e., water
molecules do not leave the pores or adsorb in the pores
during electrochemical cycling. It makes the comparison
of the behavior of electrodes of different surface
roughness possible, which is of importance because in
most of the previous studies platinized electrodes have
been used to increase the frequency response (accuracy)
of the measurements.

For the calculation of the apparent molar mass (M) of the
depositing species the following equation was used:

_ nFAN

G o @)

where n is the number of electrons transferred in the
reaction, F is Faraday constant, 4 is the acoustically active
surface area, and Q is the charge. The measured charge was
corrected taking into account the ratio of the piezoelectri-
cally active surface area and the geometric surface area
exposed to the solution. It should be mentioned that in the
case of platinized platinum electrodes the requirements of
the application of the Sauerbrey equation (smooth and
uniform surface) [46] is not perfectly met, therefore the
proportionality between the frequency response and the true
surface area has been checked by using the charges
measured in the hydrogen and oxygen upd regions,
respectively. The roughness factor (f;) of each electrode
was determined from the charge associated with the upd of
hydrogen.

Analytical grade chemicals such as H,SO,, HCIO,,
Na,HPO,, KH,PO, (Merck), Cs,SO, (Sigma-Aldrich),
MgS0O,, and ZnSO, (Reanal) were used as received.
Doubly distilled water was used. All solutions were purged
with oxygen-free argon and an inert gas blanket was
maintained throughout the experiments. The three-
electrode cell was thermostatted, the temperature was held
within £0.1 °C.

An Elektroflex 453 potentiostat (Szeged, Hungary) and a
Universal Frequency Counter PM 6685 (Philips) connected
with an IBM personal computer were used for the control
of the measurements and for the acquisition of the data.

General observations

Figure la shows a cyclic voltammogram and the simulta-
neous changes of the surface mass that was calculated from
the EQCN frequency response. These are typical responses
which have been described in many papers [23, 25, 27, 28,
31, 34-38]. In some works [24, 26, 29] deviations have
been observed which were assigned to different reasons,
e.g., to the extensive use of the electrode and consequently
the changes of the electrode structure; however, the
explanations are contradictory, especially when completely
opposite EQCN response has been reported [24]. In the
course of our rather extensive studies none of these effects
have been observed for a well-working electrode. Irregular
behavior has been observed only as an experimental
artifact, e.g., when the contact between the platinum layer
and the quartz became poor.

Therefore, we restrict our discussion to the regular
behavior. In Fig. 1b another representation is shown which
is instructive regarding the parallelism between the mass
change and the charge. It can be seen that the mass changes
follow the charge calculated by integration of the cyclic
voltammetric curve in both the hydrogen and oxide regions.
A deviation can be observed only in the double layer
region. Of course, the mass increase in the region of the
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Fig. 1 The cyclic voltammograms (continuous lines) and the
simultaneous changes of surface mass (Am) derived from the EQCN
frequency changes (dotted lines; a) and the respective charge (Q) vs.
potential (E) (continuous lines) and mass change vs. E curves (dotted
lines; b) for a platinized platinum electrode (Af/=—1875 Hz) in contact
with 1 mol dm > H,SOy at 20 °C. Scan rate, 10 mV s !

oxidation of adsorbed hydrogen is still an enigma since
mass decrease—albeit a small one due to the low molar
mass of hydrogen—could be expected considering the
reaction:

Pt—HSPt+H" +e (3)

The changes are reversible, and during the reductive
adsorption mass decrease is detected. We will return the
detailed analysis of these changes later.

Usually, nice surface waves for the hydrogen peaks can be
obtained, while the oxide formation and reduction peaks show
a substantial irreversibility (Fig. 2). In Fig. 2a a slight ohmic
shift can also be seen with increasing scan rate which is also
due to a resistance effect originating from the increased
solution resistance at 0 °C. The shift of the frequency curves
into the direction of the higher frequencies followed the
order of the experiments (Fig. 2b). The platinum loss (total
ca. 90 ng) occurred during the consecutive cathodic cycles—
that we will discuss later—practically did not affect the
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Fig. 2 Effect of scan rate on the cyclic voltammetric (a) and the
simultaneously detected EQCN frequency (b) responses observed for
a platinized platinum (Af=—1,950 Hz) electrode in contact with
1 mol dm™> H,SO,. Scan rates: (/) 100, (2) 50, (3) 20, and (4)
10 mV s '. The order of the experiments was as follows: (2), (3), (4),
and (/). ¢ The current vs. scan rate plot for the two hydrogen
oxidation waves, first wave (open circle) and second wave (close
circle)
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linearity of the peak currents vs. scan rate plots (Fig. 2¢). The
basic properties of EQCN response practically do not depend
on the scan rate; however, the platinum loss during the
cathodic half-scan becomes more and more pronounced with
decreasing scan rate.

The hydrogen region and the double layer region

Figure 3a shows the cyclic voltammogram and the
simultaneously obtained changes of the surface mass. The
differential curves have also been calculated and displayed
in Fig. 3b. The coincidence is certainly striking. It can be
stated that the adsorption/desorption of species from the
solution phase is governed by the oxidative desorption/
reductive adsorption of hydrogen. There are two, diagonal-
ly opposite views in the literature. Several authors based on
their EQCN investigations have concluded that the mass
increase in the region of the oxidation of the adsorbed
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Fig. 3 The cyclic voltammograms (continuous lines) and the
simultaneous changes of surface mass (Am) derived from the EQCN
frequency changes (dotted lines) (a) and the respective current (/) vs.
time (¢; continuous lines) and d Am/dE vs. E curve (dotted line; b) for
a platinized platinum electrode (Af=—1,950 Hz) in contact with
1 mol dm > H,SO, at 20 °C. Scan rate, ] mV s~

hydrogen is mostly or entirely due to the adsorption of
water molecules [27, 29, 31, 36-38]. While the direct
measurements by radiotracer technique, e.g., by using
labeled H,SO,4 in HC1O, solution, showed that the amount
of adsorbed ions as a function of the potential is rather
similar to the mass change—potential curve presented in
Fig. 3a, and the curve shown in Fig. 3b resemble the
differential voltradiometric curves published in [39-41].
The latter observations clearly attest that there is a direct
link between the hydrogen desorption and anion adsorption
and vice versa. The phenomenon practically does not
depend on the temperature as seen in Fig. 4a where the
respective curves were taken at 0 °C by using the same
electrode as in Fig. 3. Figure 4b shows the parallelism
between the charge consumed and the mass changes
derived from the data presented in Fig. 4a.

Regarding the adsorption of ions and also of the water
dipoles the charge carried by the electrode is the crucial
factor. The value of the potential of zero charge (pzc) of
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Fig. 4 The cyclic voltammograms (continuous lines) and the
simultaneous changes of surface mass (Am) derived from the EQCN
frequency changes (dotted lines; a) and the respective charge (Q) vs. E
(continuous lines) and mass change vs. E curves (dotted lines; b) for
the platinized platinum electrode described in Fig. 3 in contact with
1 mol dm > H,SO, at 0 °C. Scan rate, | mV s |
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platinum is not known with great accuracy, and it might
depend on the composition (pH) of the solution as well as
on state of the surface [2]. It is usually considered that the
Pt electrode carries a small negative charge in the under-
potential deposition region of hydrogen, and the negative
charge becomes larger with increasing pH. In order to gain
some information in this respect, measurements have been
carried out by using more negative switching or initial
potentials. As seen in Fig. 5 the intense evolution of
hydrogen did not disturb the EQCN frequency signal, and
at both pH 0 and pH 2 a frequency maximum appears close
to the beginning of the hydrogen evolution. At more
negative potentials the frequency change is much smaller
than in the hydrogen upd region. Unfortunately, in this
potential interval the apparent molar mass of the adsorbed
species cannot be calculated, because the charge is mostly
consumed by the formation of molecular hydrogen which
leaves the electrode surface. However, logically either
adsorption/desorption of hydrogen and/or cations can be
assumed. A comparison of the curves displayed in Figs. 4
and 5 reveals that the frequency maximum is practically

|- 5034.415
I 5034.410
< - 5034.405
E es
= -
~ ~
| 5034.400 S
|- 5034.395
s e 5034.390
T T T T T T
0.6 0.4 -0.2 0.0 02 0.4
E/V vs. SCE
Lo L 5034.410
1.0
05 L 5034.405
0.0 L 5034.400
< N
E T
= i 2
~ 03 I 5034.395 ~
~
1.0 -
L 5034.390
154
TeL 5034385
2.0 4 )

T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

E/V vs. SCE

Fig. 5 The cyclic voltammograms (continuous lines) and the
simultaneously obtained EQCN frequency changes (dotted lines) for
a platinized platinum electrode (Af=—3,100 Hz) in contact with
1 mol dm 3 H,SO04—K,SO, solution (pH 2; a) and 1 mol dm?
H,SO, (b) at 20 °C. Scan rate, 10 mV s !
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independent of the pH of the solution. According to the
radiotracer evidences [42], the potential of zero charge of Pt
electrode in the presence of weakly bonded cations such as
Na' or K' is unaffected by the changes of pH, and it is
equal to —0.11 V vs. SCE. At the pzc both sodium cations
and sulfate ions were detected at the surface in equal but
small amount. The adsorption of cations increases as the
potential becomes more negative while that of the sulfate
increases in the direction of more positive potentials. These
studies also indicated that the amount of sulfate adsorbed is
higher than that of the cations, however, starts to decrease
at the beginning of the oxide formation.

The responses obtained at even higher pH but still in acidic
solutions (phosphate buffer pH 5.6) essentially do not differ
from those detected in lower pH values in sulphuric acid
solutions (Fig. 6). Even the replacement of HSO, and SO,
ions by H,PO, and HPO427 ions, and the presence of Na*
and K" ions does not cause noticeable effect.

It should be mentioned that when the curves obtained at
different pH values are displayed in relative hydrogen
electrode scale the peaks of the cyclic voltammograms
appear at the same potential values.

While the effect of anions have been studied [27, 29, 33,
35-37], less attention has been paid to the effect of cations.
It is understandable since specific adsorption of anions is a
rather general phenomenon while that of cations (especially
alkali ions) is very rare [4]. In this study the effect of the
whole series of alkali ions and Mg?" ion has been tested. If
there were cation adsorption, the highest effect would be
expected in the case of Cs" ions and perhaps in the presence
of Mg®" ions. In the solutions containing different cations
mentioned above the behavior of the Pt electrode shows
only a minor variation. However, an interesting observation
was made in the presence of Cs" ions. While only a rather
slight mass increase as a function of potential has been
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Fig. 6 The cyclic voltammogram (continuous lines) and the simulta-
neously obtained EQCN frequency changes (dotted lines) for a
platinized platinum electrode in contact with a solution containing
0.5 mol dm > KH,PO, and Na,HPO, (pH 5.6) at 20 °C. Scan rate,
5mV s . Af=—1,000 Hz
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observed in the region of the hydrogen evolution in the
solution of comparable concentration of H and Cs" ions as
seen in Figs. 7 and 8, rather surprisingly the presence of
Cs" ions strongly influenced the EQCN response in the
hydrogen upd and the double layer region. (It should be
mentioned that until the concentration of H' ions are
substantially higher than that of Cs" ions the usual response
can be detected.) The frequency decrease in the hydrogen
upd region is larger than in sulfuric acid solutions, while
there is practically no change in the double layer region
(Figs. 7b and 8). There are radiotracer evidences [42],
which indicates a stronger adsorption of caesium ions in
comparison of sodium ions which is due to an increase in
the bonding strength, therefore caesium can be used as a
probe of the structure of the electrical double layer. There is
another phenomenon which should be mentioned. By adding
Cs' ions to the solution of sulfuric acid even in rather low
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Fig. 7 The cyclic voltammogram (a) and the simultaneously obtained
EQCN frequency changes (b) for a platinized platinum electrode in
contact with a solution containing 0.05 mol dm H,S04 (1), and
0.05 mol dm > H,SO4 and 0.05 mol dm > Cs,SO, (2), respectively, at
20 °C. Scan rate, 5 mV s . Af=-1,000 Hz
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Fig. 8 The cyclic voltammogram (continuous lines) and the simulta-
neously obtained EQCN frequency changes (dotted lines) for a
platinized platinum electrode in contact with a solution containing
0.05 mol dm > H,SO, and 0.05 mol dm > Cs,S0, at 20 °C. Scan rate,
2mV s . Af=—1,000 Hz

concentrations always a frequency decrease (5—40 Hz) was
observed in the hydrogen evolution, the hydrogen upd, and
the double layer regions, which was higher than that could
have been expected by the changes of density and viscosity
alone. In the oxide layer this difference diminishes.
Consequently, it has to be assumed that a certain amount
of Cs" ions were bounded to the electrode surface.

Figure 8 reveals another interesting phenomenon. While
the EQCN response is reversible an unexpected hysteresis of
the frequency can be observed in the double layer region
which has never been observed in the absence of Cs" ions. At
present it is difficult to offer any explanation based on these
results alone. A codeposition of Cs” and HSO, or SO,* and
the removal of Cs" ions from the surface as the potential
becomes more positive might explain—at least partially—the
effect observed. The other possible interpretation could be the
consideration of the changing viscosity near the electrode
surface, and the hindrance of the adsorption of water
molecules since the bulky Cs" ions have no hydration sphere
and may prevent the approach of the water molecules to the
electrode surface.

In most papers cyclic voltammetry has been combined with
piezoelectric nanogravimetry [24-38]. Chronoamperometry
or chronocoulometry are less frequently used, perhaps due to
the possible damage of the thin metal layer on quartz. The
application of potential step techniques is very useful since
dislike cyclic voltammetry in this case the charging current
and the respective mass response appear in the beginning
after a potential step, only. Figures 9 and 10 display the
chronoamperometric and chronocoulometric curves and the
respective surface mass changes in the hydrogen upd region.
The chronoamperometric response obtained during the
oxidation of the adsorbed hydrogen is interesting inasmuch
as it resembles to the response when phase formation occurs
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(Fig. 9a). However, herein it is most likely that the effect of
pseudocapacitance manifests itself in the current response. It
is remarkable that there is no substantial change of mass in
the beginning, i.e., the charging of the electrochemical
double layer causes a minor EQCN response; however, the
mass increases continuously and eventually reaches a
saturation value when the current drops to zero. The
chronocoulometric response shown in Fig. 9b is an expected
one, the charge and the mass change run parallel.

The response during the reduction is regular (Fig. 10). The
value of the apparent molar mass of the adsorbed/desorbed
species, that was calculated from the slope of the mass
change vs. charge consumed plots, was found 9+2 g mol
for several smooth and platinized platinum electrodes in the
temperature range between 0 and 60 °C which is smaller than
that reported in [27]. In [27], almost exactly the molar mass
of water was determined in different acid solutions which is
rather surprising considering the proven ion adsorption and
the fact that the charge consumed related to the oxidation/
reduction of hydrogen while the mass change to the
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Fig. 10 EQCN responses of a platinized platinum electrode (Af=
—3,300 Hz) by stepping the potential from 0.25 V to—0.2 V. a Current
(1) vs. time (f), and b charge (Q) vs. ¢ and mass change (Am) vs. ¢
functions. Electrolyte, 1 mol dm 3 H,S0,. Temperature, 60 °C

desorption/adsorption of a neutral solvent molecule. Consid-
ering that the mass change that can be observed during
adsorption is always a mass difference of the exchanged
species on the surface, and the coverage of the electrode ()
neither by the anions nor by the solvent molecules reaches a
monolayer. In this potential region 6 is around 0.1 for anions,
practically any M value can be reasonable but at the same
time useless regarding the establishment of the species
attached to the surface. Furthermore, there is a controversy
in the literature whether the EQCN is balance or not taking
into account the numerous side effects such as viscosity, fluid
trapping, slipping, etc. [23, 46].

The oxide region
Anodic dissolution of platinum
At elevated temperatures (above ca. 50 °C)—even in the

absence of chloride ions or any other complexing agents—
especially when the electrode has been extensively used
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previously, a dissolution can be observed at about the
beginning of the oxide layer formation as seen in Fig. 11.
After a frequency decrease in the double layer a frequency
increase can be detected that is followed by a frequency
decrease again. The frequency maximum observed at ca.
0.8 V vs. SCE at 60 °C is related to competition between
platinum dissolution and oxide formation, causing mass
decrease and increase, respectively. This frequency change
is rather small as compared to the rate of dissolution in the
presence of chloride ions. The anodic dissolution of
platinum is most likely a Pt — Pt*" + 2¢~ reaction [7].
During the cathodic cycle simultaneously with the reduc-
tion of the oxide layer a substantial mass loss can be
detected. This permanent mass loss is related to three
sources. First, to the mass loss due to the removal of
oxygen atoms from the surface. Second, to the platinum
dissolution during the reduction of the oxide that will be
discussed in the next subchapter. Third, to the mass loss
related to the active dissolution of platinum at higher
potentials, which was dwarfed by the oxide formation in the
frequency response, also manifests itself here.

Figure 12 shows the results obtained by stepping the
potential from 0.35 to 1.3 V, i.e., from the double layer
region to the oxide formation region at 60 °C. The
chronoamperometric curve (Fig. 12a) obtained during the
oxide formation does not show any special feature. There is
a small oscillation of the surface mass in a later phase of the
oxidation which is most likely in connection with the oxide
formation and the simultaneously occurring dissolution at
1.3 V. From the slope of the mass change (Am) vs. charge
consumed (Q) plot (Fig. 12¢) an apparent molar mass value
has been calculated. In this case M=17.8+0.4 g mol ' was
derived by using n=2. It can be assigned to the formation
of PtO and to the anions adsorbed. Similar M values have

I/mA
Af/Hz

E/V vs.SCE

Fig. 11 The cyclic voltammogram (continuous lines) and the
simultaneously obtained EQCN frequency changes (dotted lines) for
a platinized platinum electrode in contact with a solution containing
0.5 mol dm > H,SO, at 60 °C. Scan rate, 20 mV s |
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Fig. 12 EQCN responses by stepping the potential from 0.35 to
1.3 V. a Current (/) vs. time (#), b charge (Q) vs. ¢ and mass change
(Am) vs. t, and ¢ Am vs. Q functions. Electrolyte, 1 mol dm > H,S0,.
Temperature, 60 °C

been reported in [25, 31], and have been interpreted also by
the formation of PtO on the surface.

Cathodic dissolution of platinum

Figure 13 shows two voltammograms obtained at
50 mV s ' with switching potentials of 1.1 and 1.25 V

@ Springer
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Fig. 13 The cyclic voltammograms (continuous lines) and the
simultaneously obtained EQCN frequency changes (dotted lines) for
a smooth platinum electrode in contact with 0.5 mol dm 3 H,S0, at
20 °C. Scan rate, 50 mV s . Positive potential limits are a 1.1 and b
1.25 V vs. SCE. Af=f—4,987,500 Hz

vs. SCE, respectively. When the lower potential limit was
used the mass change was reversible (Fig. 13a), however,
when the positive potential limit was extended until
1.25 'V, after the reduction of the oxide layer a small mass
loss was observed (Fig. 13b). With decreasing scan rates
the mass loss effect during the cathodic cycle in the same
potential region is getting more and more pronounced
(Fig. 2).

This mass loss is certainly related to the formation and
reduction of the oxide layer on the platinum since perfectly
reversible response can be detected when cycling is
executed only until the end of the double layer region.

The mass loss in the course of a single cycle (9—50 ng) is
not too high, however, during consecutive cycling substan-
tial amount of platinum goes into the solution. Considering
the theoretical value for a monolayer of platinum (1.3x 10"
Pt-atom cm ) the loss of a complete monolayer would
cause ca. 140 ng taking into account the surface area and a
roughness factor equal to 1. It follows that ca. 6-35% of the
surface platinum atoms will be detached from the surface.

@ Springer

This effect is silent if only the cycling voltammograms are
investigated, even an increase in the surface area (rough-
ening) occurs, which is reflected by the higher charge under
the peaks due to the oxidative desorption and reductive
adsorption of hydrogen as well as the charge related to the
oxide formation/reduction. The detachment of platinum
atoms (ions or clusters) from the surface during the oxide
reduction is of high practical importance. A change of the
potential from 0.9—1 V to 0.3—0.4 V of the cathode of a fuel
cell frequently happens, e.g., during the acceleration or
break when using it in a vehicle. It causes the roughening of
the catalyst surface and also dissolution of platinum. The
redeposition of platinum particles may occur inside the bulk
membrane which leads to a degradation of the performance
of the polymer electrolyte membrane fuel cell [14].

Figure 14 shows the results obtained by stepping the
potential from 1.3 to 0.35 V, i.e., from the oxide region to
the double layer region, at 60 °C.

The responses obtained during the electroreduction of
the oxide (Fig. 14) are rather interesting. The current—time
response resembles the chronoamperometric curves that can
be detected when phase formation occurs. At 1.3 V a small
magnitude oscillation of the surface mass can be seen that,
as explained previously, is due to the competition between
the oxide formation and dissolution. On the other hand,
after the potential step the mass change and the charge
consumed run parallel. From the linear section of the Am
vs. Q plot (Fig. 14c) M=20.5+0.4 g mol ' was calculated
by using n=2, which value can be interpreted in terms of
the reductive removal of oxygen atoms from the surface as
well as the partial desorption of anions adsorbed. From the
last phase of the reduction process [from ca. —16 mC
(Fig. 14c) or ca. 18 s (Fig. 14a)] M=47.1+0.4 g mol " was
derived by using n=2. The rather high M value indicates
that beside the oxygen atoms other species were also
removed from the electrode surface. There are two
reasonable assumptions. Either the platinum atoms (clus-
ters) enter the solution following the reduction of the oxide,
provided that a certain number of platinum atoms are not
strongly bounded to the underlying Pt atoms due to the
place exchange process [15, 16, 31], or platinum ions
during the reduction of PtO, formed at 1.3 V according to
the following scheme [7, 9, 43]:

PO, +4H" +2(2 —x)e” — xP" + (1 — x)Pt + 2H,0

(4)
or
PtO, +2H" +2¢~ — Pt(OH), (5)
Pt(OH), + 2H" — Pt*" 4 2H,0 (6)
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Fig. 14 EQCN responses by stepping the potential from 1.3 to
0.35 V. a Current (/) vs. time (¢), b charge (Q) vs. ¢ and mass change
(Am) vs. t, and ¢ Am vs. Q functions. Electrolyte, 1 mol dm > H,S0,.
Temperature, 60 °C

According to the theoretical calculations the detachment of
platinum atoms and clusters is an expected process during
the reduction of platinum oxides [22]. However, according
to our investigations Pt*" ions can be found in the solution
phase, since the dithizone reaction took place without the
reduction by SnCl,. Furthermore, the reductive deposition
on an Au electrode at —0.2 V also indicated that the

platinum was present in the form of Pt*" ions. The
concentration values determined by ICP-MS measurements
are well matched with those calculated from the mass loss
detected for the Pt electrode by the EQCN.

Underpotential deposition and anion adsorption

In several cases the underpotential deposition of metals can
be observed. An interesting example is the upd of zinc [47,
48], when the process overlaps with the hydrogen upd as
shown in Fig. 15. The mass change observed is much
higher than that can be calculated for the monolayer of Zn.
Furthermore, in acid solutions zinc adatoms does not
perfectly displace hydrogen atoms, a coverage of 0.2-0.7
in respect of zinc has been reported, and it has been
demonstrated that by using labeled sulfate species an
induced adsorption of anions takes place in the upd region
[47, 48]. The mass change observed is in good accordance
with values reported on the basis of results of radiotracer
experiments.
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Fig. 15 The cyclic voltammograms (continuous lines) and the
simultaneously obtained EQCN frequency changes (dotted lines) for
a smooth platinum electrode in contact with solution of 0.05 mol dm™
H,SO, and 0.012 mol dm > ZnSO, at 20 °C. Scan rates are 5 mV s |
(a)and 1 mV s ' (b)
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Factors affecting the EQCN response

The frequency response of the EQCN depends on several
factors [23, 46] beside the increase or decrease of the
surface mass. Even the mass response can be a function of
the elastic or viscoelastic behavior of the deposited
material. Several, sometimes interdependent effects have
to be considered such as the viscosity and the density of
the contacting solution and its possible variation near the
electrode surface as a function of potential [23], slippage
which may be in connection of the hydrophobic—hydrophilic
properties of the surface, surface roughness, temperature,
stress, and pressure.

Effect of surface roughness

In our case the effect of the surface roughness is of utmost
interest since in many cases platinized electrodes have been
used—in the early studies platinized gold—and conse-
quently the solution occluded between the ridges of a rough
surface or in the pores of a porous substrate may
substantially affect the response. We have carried out
systematic studies by electrodes starting with a smooth
one (vacuum-deposited platinum) which has been gradually
platinized, and the electrode with different amounts of Pt
deposited and surface roughness have been tested after each
deposition. It has been found that the frequency change
(measured in dry state) was proportional with the amount of
the deposited platinum calculated by the charge used for the
deposition. The immersion in water of sulfuric acid,
phosphoric acid, and phosphates and perchloric acid
solutions as well as in acidic solutions containing MgSQO,4
and ZnSO, in the concentration range of 0.01 and 1 M (8§ M
in the case of sulfuric acid) practically gave the theoretical
response calculated from the density and viscosity data
[49-51]. The only exception found was observed in Cs"
containing solutions when the frequency decrease was
somewhat higher than that expected from the viscosity
and density variation [50, 51]. The frequency change has
been measured in the different potential regions in order to
control the state of the surface. The cyclic EQCN responses
showed the same characteristics up to a roughness factor,
£:=70, and the frequency responses were proportional to the
roughness factor. The only effect observed was that for
electrodes of high roughness factor, f; > ca. 25 the
immersion into a solution caused a higher than theoretical
frequency response by 30-250 Hz; however, the frequency
response during a cyclic voltammetric or chronoampero-
metric perturbation remained proportional to the surface
roughness calculated from the hydrogen upd charge,
therefore the liquid occluded in the pores did not influence
the frequency responses.
An illustrative example is shown in Fig. 16.
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Fig. 16 The cyclic voltammograms (a) and the simultaneously
obtained EQCN frequency changes (b) for platinized platinum
electrodes in contact with 1 mol dm> H,SO,4 at 20 °C. Scan rate,
10 mV s '. Frequency changes due to the platinization were: (1)
—4,250, (2) 9,010 Hz. Roughness factors are (/) 24 and (2) 52. Af=f
—4,983,455 Hz and (2) Af=f—4,978,690 Hz

Effect of temperature

It is also useful to check whether temperature would cause
other effects than that can be expected from the temperature
dependence of viscosity and density. In this case usually the
viscosity is the dominating factor. Figure 17 shows the
cyclic voltammetric EQCN responses. It can be seen that
temperature causes a rather minor effect, if any, except that
is originated from the temperature dependence of viscosity
(Figs. 17b and 18). It is also well seen if the frequency
difference is plotted against potential all the curves show
the same excursion.

Based on the observations described above, it can be
stated that the frequency responses measured are due to the
mass change on the electrode surface and the changes of the
viscosity and/or the density in the double layer play a minor
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Fig. 18 The variation of the frequency of a 5 MHz quartz crystal as a

function of temperature. Calculated values by using Eq. 1 and the

literature data related to the temperature dependence of the viscosity

and density of the water (open circle) [49], logarithmic fitting curve
(continuous line) and the measured values (close square)

role, only. The accumulation or depletion of ions near the
electrode surface due to the charging of the double layer
may cause 1-5 Hz frequency change, and this effect should
depend on the bulk viscosity and density of the solution. As
it has been shown the frequency responses in the double
layer region were practically the same by using solutions of
a wide range of concentration or varying the temperature,
which caused tens of Hz frequency changes due to the
viscosity—density effect.

Conclusions

Electrochemical quartz crystal nanobalance is a very
valuable tool to monitor the adsorption and desorption
processes occurring during the electrochemical transforma-
tions of platinum electrodes in acidic media. In the present
study a systematic investigation has been carried out by
varying the experimental conditions (potential range, scan
rate, nature and concentration of electrolytes, temperature,
and using smooth and platinized platinum electrodes) and
the electrochemical methods (cyclic voltammetry, chro-
noamperometry, and chronocoulometry) in order to clarify
the effects of different parameters. This approach allows
drawing reliable conclusions and helps the critical review of
the previous results. The main results are summarized as
follows.

1. In the beginning of the hydrogen evolution region a
very small mass change, usually a small mass increase
can be observed. It follows that specific adsorption of
cations used in this study (Na*, K*, Cs", and Mg>")
cannot be detected, and as expected there is no anion
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adsorption at this potentials. The adsorption of water
molecules—if any—does not change in this region.
The surface mass starts to increase in the underpotential
deposition region of hydrogen, therefore the potential
of zero charge can be estimated from the minimum of
surface mass. There are diverse views concerning the
reason of the mass increase in the hydrogen upd region
during the oxidation of the adsorbed forms of hydrogen
(weakly and strongly bound hydrogen) and the opposite
change during the reductive adsorption of hydrogen.
The most reasonable assumption is the adsorption or
desorption of both anions (also based on the direct
radiotracer evidences) and water molecules whose
orientation and bonding may change as the potential
becomes more positive than the pzc of the electrode.
EQCN alone cannot supply evidence in this respect
since the mass change observed can be rationalized in
infinite combinations. The apparent molar mass of the
attached species cannot be calculated properly since the
charge is consumed by the oxidation of hydrogen or the
reduction of hydrogen ions. Nevertheless, a close link
between the hydrogen desorption and hydrogen ad-
sorption and the mass changes has been demonstrated.
The elucidation of the mass changes (mass increase
during positive charging and the opposite during the other
direction) in the double layer region is even more
problematic. Here again the adsorption of anions and
water molecules should be considered. The effect of the
change of viscosity and/or density of the solution near the
surface, which also has been proposed, may play a minor
role, if any. Practically the same quartz crystal frequency
changes have been observed in different media where the
frequency decrease in contact with the liquid phase an
order of magnitude higher than that can be expected from
the potential dependent variation of density and viscosity
due to the accumulation of ions near the interface and
which change measured in the double layer region. The
similar reasoning is hold for the temperature dependence
of the frequency variation. An unusual frequency depen-
dence has been observed in the presence of Cs' ions
which might be explained by the specific adsorption of
Cs' ions and a decreased water adsorption due to the
practically unhydrated nature of these ions.

The mass change in oxide layer region is in accordance
with the formation of PtO on the electrode surface.
However, the electroreduction of the PtO layer may
lead to a Pt loss which effect strongly depends on the
positive potential limit and the scan rate. It is most
likely that the place exchange process involving Pt and
O atoms is responsible for this phenomena. The
reduction of oxide results in a partial dissolution of
platinum and the formation of Pt** ions, which can be
detected in the solution phase.

@ Springer

5. At elevated temperatures or in contact with concentrat-
ed sulfuric acid solution an anodic dissolution of the
platinum takes place even in the absence of any
complexing agent. Both the Pt loss during the reduction
of PtO and the anodic Pt dissolution at elevated
temperatures should be considered when Pt electrode
or catalyst is applied.

6. It has also been found that the upd of zinc, which
occurs in the hydrogen upd region, causes an induced
adsorption of anions.

7. A proportionality in the EQCN responses has been
measured for platinized platinum electrodes of different
surface roughnesses, therefore the results of the early
EQCN investigations, when mostly platinized electro-
des were used, can be considered without any reserva-
tion, and the use of these electrodes in order to increase
the frequency response causes no problem. On the
other hand, the unusual behaviors that have been
reported in the literature are most likely due to different
experimental artifacts.
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