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Abstract: Polycrystalline smooth and platinized platinum electrodes have been extensively
employed in electrochemistry. It is of utmost importance to gain a deeper insight into the
processes occurring during their electrochemical transformations. Piezoelectric
nanogravimetry by using electrochemical quartz crystal nanobalance (EQCN) is one of the
most powerful tools for obtaining information on the events occurring at the electrode sur-
face. This method has been exploited to monitor the surface mass changes as a function of
the electrode potential varying the experimental conditions (time scale, solution composition,
temperature), which allows one to draw conclusions in respect of the formation and removal
of adsorbed and deposited species as well as changes in the electrochemical double layer.
Furthermore, platinum dissolution processes, which are of importance (e.g., regarding the
long-term stability of proton exchange fuel cells), are also discussed. 
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INTRODUCTION

Platinum electrodes are widely used in electrochemistry and electroanalytical chemistry as an inert elec-
trode in redox reactions because the metal is most stable in aqueous and nonaqueous solutions in the
absence of complexing agents, as well as because of its electrocatalytic activity [1–6]. The inertness of
the metal does not mean that no surface layers are formed. The true double-layer (ideally polarizable
electrode) behavior is limited to ca. 200–300 mV potential interval depending on the crystal structure
and the actual state of the metal surface. At low potentials (from ca. 0.3 V vs. SHE and below) the
underpotential deposition (upd) of hydrogen takes place. This is a spontaneous dissociation (dissocia-
tive chemisorption) of H2 molecule at Pt resulting in the formation of Pt–H species 

Pt + H2 � 2Pt – H (1)

Owing to the not too high Pt–H bond energy, the exchange current of the following electrode reac-
tion

H2 + 2H2O � 2H3O+ + 2e– Eo– = 0 V (2)
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is high and the electrode process is electrochemically reversible. It is the very reason why the hydrogen
electrode is widely used as a reference electrode, and the standard hydrogen electrode (SHE) has been
chosen as the primary standard in electrochemistry [7,8]. The standard potential of an electrode reac-
tion (standard electrode potential) is defined as the value of the standard potential of a cell reaction
when that involves the oxidation of molecular hydrogen to solvated (hydrated) protons (hydrogen ions)
according to eq. 2. The standard state is the hypothetical ideal solution of molality 1 mol kg–1 (or the
relative activity of H3O+, aH3O+ = 1) at standard pressure. The standard pressure is 1 bar (earlier 1 atm =
1.01325 bar, however, the shift is only 0.00026 V at the potential scale). By definition, the potential of
this electrode is zero. Although the standard potential should not depend on the material of the metal,
the SHE exclusively contains a platinum wire or a platinum sheet covered with platinum black (pla-
tinized platinum). Reaction 1 is responsible for the high catalytic activity of platinum both for hydro-
gen evolution and oxidation as well as hydrogenation reactions since due to the spontaneous splitting
of the H2 molecule, substantial energy is saved.

At high potentials (ca. 0.6 V vs. SHE and above) oxygen adsorption (upd) occurs, resulting in the
formation of different platinum hydroxide and oxide species at the platinum surface

Pt–OH + H+ + e– → Pt + H2O (3)

PtO + 2H+ + 2e– → Pt + H2O Eo– = 0.98 V (4)

PtO2 + 2H+ + 2e– → PtO + H2O Eo– = 1.045 V (5)

In its compounds, platinum has oxidation states +2 and +4. The redox reactions—except the for-
mation of hydrides, surface oxides, hydroxides, and metal adatoms (upd of metals)—take place with
participation of its complexes, e.g.,

PtCl4
2– + 2e– → Pt + 4Cl– Eo– = 0.758 V (6)

PtCl6
2– + 4e– → Pt + 6Cl– Eo– = 0.744 V (7)

For the study of the changes occurring at the platinum electrode surface several methods, among
others electrochemical quartz crystal nanobalance (EQCN) [9–29], radiotracer [31–36], probe beam
deflection [37], Fourier transform infrared (FTIR) [38,39] and Raman [40] spectroscopies, sum fre-
quency generation [41], synchrotron X-ray scattering [42], contact electric resistance [43], and
potentio dynamic electrochemical impedance measurements [44] have been applied. In this paper, we
report the recent results obtained by using EQCN. The details of the experiments have been described
in our previous papers [28,29]. With the help of this method, the total changes of the surface mass can
be monitored, which allows us to draw conclusions regarding the surface events. However, the experi-
mental evidence revealed by using other techniques should also be taken into account in order to eluci-
date the total mass change measured. Especially, the results of radiotracer and spectroscopic measure-
ments supply valuable information concerning the ion sorption and the adsorption of water on the
platinum surface. The piezoelectric nanogravimetry by using EQCN is a very powerful tool, however,
the variation of the frequency of the oscillating quartz also depends on other factors, most notably on
the density and viscosity of the contacting liquid [10,11,28,29]. We will show that this effect can be sep-
arated, and reliable data can be obtained for the variation of the surface mass as a function of different
parameters. 

VOLTAMMETRIC BEHAVIOR OF PLATINUM ELECTRODES AND THE VARIATIONS OF
SURFACE MASS

Underpotential deposition of hydrogen and oxygen 

The typical voltammetric curve used generally for the presentation of hydrogen and oxygen adsorption
on polycrystalline platinum and the simultaneously detected mass change are shown in Fig. 1.
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The shape of the curve depends on the nature of the anion(s) present in the system. In reality there
is an overall behavior reflecting simultaneous H/O and anion adsorption. In the case of polycrystalline
platinum, three anodic waves appear due to the oxidation of the adsorbed hydrogen according to the
reaction

Pt–H � Pt + H+ + e– (8)

indicating at least three different states of the adsorbed hydrogen. The different peak potentials are
related to different bonding energies, i.e., there are energetically different surface sites. The adsorp-
tion–desorption processes are reversible, however, only two cathodic waves are observed. The forma-
tion of Pt–OH, PtO, and PtO2 species are irreversible, no distinct peaks can be detected, which is related
to the continuous transformation of the surface oxide and a place-exchange between the Pt and O atoms.
Usually, a single reduction peak can be observed, however, there are indications in the literature for the
overlap of the oxide and hydrogen regions of platinum electrodes in aqueous acid solution [45]. At least
three distinct hydrous oxide reduction peaks (or regions) were observed, and in some cases one of these
peaks commenced at ca. 0.0 V, i.e., it was almost totally within the hydrogen gas evolution region.
Repeated hydrous oxide growth and reduction, which disrupt and thus activate the metal surface,
strongly influence the electrocatalytic processes occurring on platinum at low potentials.

The mass increase in the hydrogen upd region cannot be assigned to the removal of adsorbed
hydrogen since it would cause a mass decrease, albeit a small one due to the small molar mass of the
hydrogen. This mass increase is related to the adsorption of water molecules and anions as the adsorbed
hydrogen is oxidized in acid media. The adsorption of these species continues in the double-layer
region. The surface coverage (θ) of HSO4

– and SO4
2– ions reaches a maximum value of 0.05 < θ < 0.2

[3,22,33,34] at ca. E = 0.95 V vs. SCE depending on the experimental conditions. There is a slight
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Fig. 1 Cyclic voltammograms (continuous line) and simultaneous changes of surface mass (Δm) derived from the
EQCN frequency changes (dotted line) for a platinum electrode in contact with 1 mol dm–3 H2SO4 at 20 °C. Scan
rate: 10 mV s–1. 



 desorption of anions as the oxide layer forms. The mass increase in the oxide region corresponds to the
attachment of oxygen atoms to the platinum.

Cation adsorption and underpotential deposition

The adsorption of cations is expected at lower (less positive) potentials than the potential of zero charge
(pzc). However, in acid solutions or solutions containing alkali metal ions or Mg2+ ions, specific
adsorption has not been observed. The only exception is the Cs+ ion when both the radiotracer
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Fig. 2 Cyclic voltammograms (continuous lines) and simultaneous changes of surface mass (Δm) derived from the
EQCN frequency changes (dotted line) for a platinum electrode in contact with 1 mol dm–3 H2SO4 at 0 °C, scan
rate: 1 mV s–1 (a) and the frequency change (dotted line) in 1 mol dm–3 H2SO4–K2SO4 solution (pH 2) at 20 °C,
scan rate: 10 mV s–1 (b), respectively.



[30,31,35] and EQCN [29] results revealed the existence of such phenomenon. The mass change in the
hydrogen upd region for a platinum electrode immersed in 1 mol dm–3 H2SO4 is shown in Fig. 2a. The
EQCN frequency response obtained in the hydrogen evolution and upd regions for a platinum electrode
in contact with H2SO4–K2SO4 (pH 2) solution is displayed in Fig. 2b.

According to eq. 8, the hydrogen oxidation–reduction reaction is pH-dependent, therefore, a
60 mV/pH shift in the peak potentials is expected and is seen in Fig. 3a. The frequency excursion as a
function of potential remains practically the same despite the fact that due to the large change of the
density and viscosity of the solutions a large frequency shift (more than –400 Hz in the concentration
range from 0.1 to 4 mol dm–3 H2SO4) occurs (Figs. 3b,c). In Fig. 3b, the total frequency changes related
to the increase of density and viscosity are illustrated, while in Fig. 3c the variations of Δf vs. E func-
tions are displayed, as the concentration of H2SO4 was increased. In Fig. 3c, the curves were shifted
arbitrarily for the sake of the better visibility of the frequency changes as a function of potential.

The adsorption of Cs+ ions manifests itself in a much higher frequency change in the hydrogen
upd region than that expected from the density and viscosity effect alone as well as the deviation of the
frequency changes that usually can be observed in the hydrogen upd and the double-layer regions as
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Fig. 3 Effect of the concentration of sulfuric acid on the cyclic voltammetric (a) and simultaneously detected EQCN
frequency (b) responses at a platinized platinum electrode in contact with (1) 0.1, (2) 0.5, (3) 1, and (4) 4 mol dm–3

H2SO4. The respective Δf vs. E plots (c). Scan rate: 2 mV s–1. (1 Hz = 9 ng.) (Adapted with permission from the
original version in ref. [29]. Copyright © 2010, Elsevier.)



illustrated in Fig. 4. Figure 4b shows the total frequency changes, while Fig. 4c shows the Δf vs. E func-
tions where the frequency variations with potential are better seen.

In fact, there is a competitive adsorption between the H+ and Cs+ ions, and an increase of the con-
centration of Cs+ ions results in a decrease of the amount of adsorbed hydrogen. For the highest Cs+–H+

concentration ratio, θ = 0.12 was calculated with respect to the Cs+ ions [29]. Owing to the presence of
the excess Cs+ ions on the surface, an induced anion adsorption occurs in the hydrogen upd region. The
desorption of Cs+ ions takes place in the double-layer region.

For many cations, the investigation of the adsorption is prevented since upd of several cations
occurs in the potential range between the hydrogen and oxygen evolutions. Figure 5 shows the upd of
zinc, which takes place in the hydrogen upd region. The mass change is due to the deposition–dissolu-
tion of zinc atoms together with a small amount of anions [36].
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Fig. 4 Effect of the concentration of Cs2SO4 on the cyclic voltammetric (a) and simultaneously detected EQCN
frequency (b) responses for the electrode used in the experiments shown in Fig. 3 in contact with (1) 0.0, (2) 0.1,
and (3) 0.136 mol dm–3 Cs2SO4. The respective Δf vs. E plots (c). Scan rate: 5 mV s–1. Sulfuric acid concentrations
and the pH values were as follows: (1) 0.05, (2) 0.14 and (3) 0.127 mol dm–3; pH: (1) 1.56, (2) 1.16 and (3) 1.38.
(Adapted with permission from the original version in ref. [29]. Copyright © 2010, Elsevier.)



Anion adsorption

The adsorption of anions is a widely studied phenomenon. There is direct evidence for the anion adsorp-
tion on platinum based on the results of radiotracer, EQCN, and spectroscopic measurements. In the
case of specifically adsorbed ions the shape of the cyclic voltammograms also changes. It has been
established that I–, Br–, and Cl– are strongly adsorbed on platinum, but there is a specific adsorption of
phosphate and sulfate ions, too. The strength of the adsorption can easily be shown by using radiotracer
labeling since the more strongly adsorbed anions replace the anions, which have a weaker bonding to
platinum atoms, on the electrode surface [32–35]. The adsorption of the perchlorate ions is the weak-
est, however, ClO4

– ions can undergo a reduction at platinum electrodes, and the reaction product, the
Cl– ions adsorb on the platinum surface. The distortion of the voltammetric curves in the presence of
ClO4

– ions is firm evidence for the occurrence of the reduction process [3]. The adsorption of anions
also affects the formation of the oxide layer, the strong anionic adsorption hinders this process, which
consequently starts at more positive potentials. The EQCN technique supplies information only on the
variation of the total surface mass, which involves the contribution of adsorbed water and in the case of
Cs+ ions also that of these ions. The radiotracer method, using labelled anions, is an adequate tool to
follow anion adsorption in the course of voltammetric measurements, and to gain simultaneous infor-
mation on hydrogen and anion adsorption [3,32–35]. The use of EQCN and radiotracer techniques is
supplementary, because the latter method can only be applied in dilute solutions. 

The differential voltradiometric curve (ΔΓ/ΔE vs. E) and the voltammetric curves (which were
measured in the presence of 1.7 × 10–3 mol dm–3 H2

35SO4 in 1 mol dm–3 HClO4) were compared in
refs. [3,33]. From the comparison of these curves, it was stated that the position of the anion adsorption
peaks in the hydrogen adsorption region is not far from those of the hydrogen adsorption.

Similar representation of the differential voltmassogram derived from the EQCN frequency curve
is shown in Fig. 6. 
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Fig. 5 Cyclic voltammogram (continuous line) and simultaneously obtained EQCN frequency change (dotted line)
for a smooth platinum electrode in contact with solution of 0.05 mol dm–3 H2SO4 and 0.012 mol dm–3 ZnSO4 at
20 °C. Scan rate is 1 mV s–1. (1 Hz = 9 ng.) 



Albeit the parallelism is striking, the oxidation current (charge) belongs to the oxidation of
adsorbed hydrogen (or during the reduction, the discharge of hydrogen ions) and there is only a partial
replacement of the removed hydrogen ions by anions and water molecules.

Formation, rearrangement, and reduction of oxide layer 

It is well known that platinum can undergo dissolution at high anodic potentials in the presence of com-
plexing agents, such as Cl– ions. In this case, a high anodic current and a substantial mass loss can be
observed. However, recently it has been evident that at elevated temperatures an anodic dissolution can
be observed even in the absence of any complexing agent [28] as illustrated in Fig. 7.

Even more remarkable, there is also a dissolution during the cathodic cycle, which has been
proven recently [28]. A mass loss occurs during the reduction of the oxide layer due to the removal of
oxygen atoms from the surface, however, in addition a permanent surplus mass loss also appears at the
end of the reduction process, which indicates the dissolution of a certain amount of platinum as seen in
Fig. 8.

This effect can be explained by the place exchange process between the surface platinum and oxy-
gen atoms. It follows that a certain number of platinum atoms will not be strongly bounded to the under-
lying platinum atoms [4,25,42], and will go into the solution phase during reduction. Alternatively, plat-
inum ions during the reduction of PtO2 formed at 1.3 V will be dissolved according to the following
scheme [27,46,47]:

PtO2 + 4H+ + 2(2 – x)e– → xPt2+ + (1 – x)Pt + 2H2O (9)

The occurrence of this process strongly depends on the time scale (scan rate) and the positive
potential limit, therefore, a certain amount of time is needed for the place exchange process to be com-
pleted or the PtO2 to be formed. The extent of the platinum loss is much smaller than that in the usual
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Fig. 6 Differential voltmassogram (dΔm/dE vs. E curve) (dotted line) and voltammogram (continuous line) for a
platinum electrode in contact with 1 mol dm–3 H2SO4 at 20 °C. Scan rate: 1 mV s–1.
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Fig. 7 Cyclic voltammogram (continuous line) and simultaneously obtained EQCN frequency changes (dotted line)
for a platinized platinum electrode in contact with a solution containing 0.5 mol dm–3 H2SO4 at 60 °C. Scan rate:
20 mV s–1. (1 Hz = 9 ng.) 

Fig. 8 Cyclic voltammogram (continuous line) and simultaneously obtained EQCN frequency change (dotted line)
for a platinum electrode in contact with 0.5 mol dm–3 H2SO4 at 20 °C. Scan rate: 5 mV s–1. (1 Hz = 9 ng.) (Adapted
with permission from the original version in ref. [28]. Copyright © 2010, Elsevier.)



anodic dissolution, however, during extensive cycling it will become substantial. This finding may also
explain the dissolution and redeposition of platinum catalyst that has been observed in fuel cells, since
the potential usually changes in this potential region during variable loading, e.g., in a vehicle.

CONCLUSIONS

Although platinum electrode is often considered as a thoroughly characterized system, there are still
several properties, which have to be investigated to gain a better understanding of the processes deter-
mining its behavior. This is of utmost importance because polycrystalline platinum is widely used not
only in laboratories in many electrochemical experiments but also in power sources (e.g., in fuel cells)
and electrolytic cells. Based mostly on the systematic EQCN investigations carried out by the authors,
the surface processes such as adsorption of ions and water molecules, upd of hydrogen, oxygen, and
metals as well as two types of dissolution processes are discussed. 

From these results, taking into account the data obtained by radiotracer and spectroscopic tech-
niques, the following conclusions can be drawn.

Specific adsorption of most of the cations, e.g., Na+, K+, and Mg2+, cannot be detected except
that of the Cs+ ions. The results of the EQCN technique supply evidence for the competitive adsorption
of Cs+ and H+ ions in the hydrogen evolution and hydrogen upd regions. The upd of metal ions can be
detected with great accuracy, however, it prevents obtaining information on the specific adsorption of
those ions, which occurs at more negative potentials than the pzc of the platinum. The adsorption of
water molecules—if any—does not change in the hydrogen upd region, however, it certainly takes place
during the oxidation of the adsorbed hydrogen and also in the double-layer region. The adsorption of
anions also starts simultaneously with the oxidation of the adsorbed hydrogen, and the amount of the
adsorbed anions increases in the double-layer region. In the oxide region, a desorption of the anions
takes place. The recent EQCN studies reveal two practically important phenomenena (i.e., the anodic
dissolution of platinum) even in the absence of complexing agents at elevated temperatures, and a plat-
inum loss during the electroreduction of the platinum oxide.
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