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Role of Water in the Chlorine Evolution Reaction at RuO2-
Based Electrodes—Understanding Electrocatalysis as
a Resonance Phenomenon
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Introduction

Electrocatalytic gas-evolving reactions (GER), namely, chlorine
(CER), hydrogen (HER), and oxygen evolution reactions (OERs),
have been a matter of intensive investigation for decades.[1–13]

Enormous technical significance[14] coupled with an insufficient
fundamental understanding of GER motivated adequate unify-
ing concepts in surface science to be established that could
bridge electrochemistry with heterogeneous catalysis and sur-
face physics.[12, 15, 16] Anodic GERs, such as the CER and OER, are
particularly complicated for analysis where electron transfer
proceeds at a reconstructed oxidized surface, which has prop-
erties that are substantially different from those at open-circuit
conditions.

The effect of the electrode material on the electrode reac-
tion rate, as discussed conventionally in electrocatalysis,[17]

does not specify the impact of the solvent on the faradaic pro-
cess at the electrode/electrolyte interface, whereas the theory
of electron transfer postulates the importance of the solvent.[18]

However, it is not fully understood how the solvent contributes
to the rate of an electrode reaction,[1, 19] especially if the reac-
tion proceeds through adsorbed intermediates. In seminal
papers by Trasatti[6, 20] it was demonstrated that the work func-
tions of metals in a solution are practically the same as those
of metals in a vacuum. It was assumed that the solvent be-
haved like a dielectric continuum that shifted the absolute
scale of reactivity to the same extent for all metals due to
water dipoles, which alter the surface potential at the solid/
liquid interface.[6]

Herein, we propose, based on spectro-electrochemical meas-
urements, that the solvent, specifically in this case water, is cru-
cial in the oxidation of Cl� ions at RuO2 electrodes, not only as
a reaction medium, but also as an integral part of intermedi-

ates that allow electron transfer to take place as a prerequisite
for the electrocatalytic reaction. Of particular importance is the
observation that the electrocatalytic reaction is strongly depen-
dent on characteristic vibrations in the catalyst crystals, leading
to resonance phenomenon established between the electrode
surface and intermediates in the electrochemical double layer.

Experimental Section

Cyclic voltammetry: Cyclic voltammetry was performed in a three-
electrode setup at room temperature. The working electrode was
a RuO2-based dimensionally stable anode (DSA; Bayer Materials,
Leverkusen, Germany) in the form of a chip with a diameter, d, of
1.5 cm. The exposed diameter, ds, of the sample during analysis
was 0.5 cm. The reference electrode was a homemade Ag/AgCl/3 m

KCl electrode [0.207 V vs. a normal hydrogen electrode (NHE)]. The
counter electrode was a Pt mesh. The Pt mesh and Ag wires were
provided by Goodfellow (Bad Nauheim, Germany). A 3.5 m solution
of NaCl (99.5 %, J.T. Baker, Deventer, Netherlands) was used as the
main electrolyte with HCl (37–38 %, J.T. Baker, Deventer, Nether-

The reaction path of the Cl2 evolution reaction (CER) was inves-
tigated by combining electrochemical and spectroscopic meth-
ods. It is shown that oxidation and reconstruction of the cata-
lyst surface during CER is a consequence of the interaction be-
tween RuO2 and water. The state of the RuO2 surface during
the electrochemical reaction was analyzed in situ by using
Raman spectroscopy to monitor vibrations of the crystal lattice
of RuO2 and changes in the surface concentration of the ad-
sorbed species as a function of the electrode potential. The
role of the solvent was recognized as being crucial in the for-
mation of an oxygen-containing hydrophilic layer, which is

a key prerequisite for electrocatalytic Cl2 formation. Water
(more precisely the OH adlayer) is understood not just as
a medium that allows adsorption of intermediates, but also as
an integral part of the intermediate formed during the electro-
chemical reaction. New insights into the general understand-
ing of electrocatalysis were obtained by utilizing the vibration
frequencies of the crystal lattice as a dynamic catalytic descrip-
tor instead of thermodynamic descriptors, such as the adsorp-
tion energy of intermediates. Interpretation of the derived “vol-
cano” curve suggests that electrocatalysis is governed by a res-
onance phenomenon.
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lands) added until a pH value of 3 was reached. For an estimation
of the level of oxidation of the surface during CER, 1, 2, 3, and 4 m

solutions of NaCl were used at a pH value of 2 maintained by addi-
tion of HCl, and the ionic strength was kept constant by using
NaNO3 (99 %, Roth, Karlsruhe, Germany). All solutions were pre-
pared with deionized water. The potential of the working electrode
was controlled by a bipotentiostat/galvanostat (Jaissle PG 100,
Waiblingen, Germany). Samples were pretreated by potential cy-
cling as described elsewhere.[21]

Raman spectroscopy: Raman spectroscopy measurements were
conducted with a Jobin–Yvon iHR550 spectrometer (Horiba, Ger-
many) equipped with a thermoelectrically (TE)-cooled charge
device. Excitation was achieved with a laser MPC 6000, Model
Ventus LP (Laser Quantum, UK) instrument with a wavelength of
532 nm. The laser power was set to 10 mW. Experiments were con-
ducted in air and in electrolyte at a temperature of 25 8C. The po-
tential of the sample was controlled by means of a mAutolabIII/
Fra2 potentiostat/galvanostat (EcoChemie, Utrecht, The Nether-
lands). Data processing was carried out by using OriginPro8G soft-
ware (OriginLab, Northampton, USA).

Results and Discussion

Acid–base properties of RuO2 as the basis of electrocatalytic
activity

An important characteristic of some transition-metal oxides, in-
cluding RuO2, is their acid–base properties. Cyclic voltammetry
was used for the analysis of surface properties of RuO2.[22]

In a range of electrode potentials at which water is thermody-
namically stable, the hydrated form of RuO2 can reversibly ex-
change protons with the electrolyte due to redox transitions,
which are registered as pseudocapacitive currents. The charge
exchanged during these processes is proportional to the
number of active sites at the RuO2 surface.[23–25] In the potential
range from �0.150 to 1.05 V versus Ag/AgCl/3 m KCl, the only
relevant process is protonation/deprotonation of RuO2. This
behavior is reversible, and the charge for deprotonation in the
anodic sweep is approximately equal to the charge for proto-
nation in the cathodic sweep (Figure 1). Reaction (1) represents
the surface deprotonation/protonation reaction:

RuOxðOHÞy þ z Hþ þ e� Ð RuOx�zðOHÞyþz ð1Þ

If the anodic polarization is extended above 1.05 V versus
Ag/AgCl, the region of thermodynamic stability of water is ex-
ceeded and it is reasonable to assume that deprotonation of
the solvent begins, consuming additional charge [Reaction (2)]:

H2OÐ OHad þ Hþ þ e� ð2Þ

In this case, the overall process is no longer reversible.
Furthermore, a non-stoichiometric hydrated oxide can be de-
protonated to form stoichiometric RuO2 or even higher oxida-
tion states, depending on the applied potential.

In addition to the deprotonation of water, according to Re-
action (2), following the Brønsted–Lowry acid–base concept,
acidification of the electrolyte near the electrode surface may
be additionally caused by acceptance of an electron pair from
the Cl� ion, according to the Lewis acid–base concept [Reac-
tion (3)]:

Cl� Ð Clad þ e� ð3Þ

Taking this into consideration, it is important to know the in-
itial reaction step of the CER. If the CER commences by follow-
ing Reaction (3), then Reaction (2) will decrease the selectivity
of the overall reaction, leading to simultaneous OER. However,
if the CER starts with Reaction (2), then Reaction (3) will block
active sites at the catalyst surface.

Solvent-induced reaction pathway: Reconstruction of cata-
lyst surface as prerequisite for CER

During anodic polarization above 1.05 V versus Ag/AgCl in
a concentrated aqueous solution of NaCl, the OER and CER are
expected to occur simultaneously. In fact, the OER is thermody-
namically favored over the CER [Reaction (4)] .

2 Cl� Ð Cl2 þ 2 e�

E� ¼ 1:15 V vs: Ag=AgCl=3 m KCl

ðt ¼ 25 �C; aðCl�Þ ¼ 1; p ¼ 105 PaÞ
ð4aÞ

H2OÐ O2 þ 4 Hþ þ 4 e�

E� ¼ 1:02 V vs: Ag=AgCl=3 m KCl

ðt ¼ 25 �C; aðHþÞ ¼ 1; p ¼ 105 PaÞ
ð4bÞ

At the same time, the CER is kinetically superior to the OER.
The OER should already be negligible in 0.1 m NaCl.[26] Howev-
er, it is known, on the other hand, that anodic water activation
is the main source of corrosion of DSA,[27–31] essentially causing
further oxidation of the oxide surface and the formation of un-
stable higher oxidation states of RuOx.

[32] From this perspective
selectivity is considered to be of high importance. Taking into
account that the CER is kinetically superior to the OER, it is
suggestive that discharging of Cl� ions dominates in concen-
trated NaCl solutions. However, reality seems to be much more
complex.

It is important to establish correlations between the kinetics
of the CER, as expressed by the exchange current density and

Figure 1. Cyclic voltammograms of RuO2 electrodes in 3.5 m NaCl for three
different anodic potential limits : a) �0.15 to 0.5 V; b) �0.15 to 1.0 V; and
c) �0.15 to 1.2 V (3.5 m NaCl, pH 3, v = 20 mV s�1).
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a number of parameters relevant for the intrinsic catalytic be-
havior. An increase in the rate of the CER may be caused by
1) a decrease in the dissociation energy of the metal–Cl bond,
2) a decrease in the d-band vacancy, or 3) a decrease in the
amount of charge necessary for the oxidation of the surface
during the CER.[33] The reasoning behind this is that metal cen-
ters with a large d-band vacancy, that is, a low electron density
in the d band, are adsorbing strongly Cl� ions or electron pairs
from water molecules. While the d-band vacancy and the dis-
sociation energy of the metal–Cl bond were utilized as catalyt-
ic descriptors, the amount of charge consumed for the oxida-
tion of the catalyst surface during the CER was not yet focused
upon.

One of the intriguing aspects of the CER and OER is the phe-
nomenon of surface reconstruction. In these cases, the catalyti-
cally active layers are non-stoichiometric oxides and coordina-
tively unsaturated sites play a crucial role in the formation of
intermediates.[10] Following the general understanding of
anodic electrocatalytic reactions, the anion (Cl�) or a molecule
(H2O) with a free electron pair(s) will be located in the inner
Helmholtz plane, where the electronic density from the anion
or molecule can be partially delivered to the d orbitals of the
transition metal. Either of these two possibilities will cause the
transformation of the existing RuOx into a higher oxidation
state during anodic polarization.

The enthalpy of bulk transition from a lower to a higher
oxide is correlated with the kinetics of the OER and CER,[8] as
well as with the binding energy between the oxide and ad-
sorbed oxygen species.[10] However, to facilitate electrocatalytic
reactions, it is important that the redox potential of the transi-
tion from the lower to the higher oxidation state of the metal
oxide is close to the redox potential of the catalyzed reac-
tion,[34, 35] in this case the CER. In the case of metal centers with
a large d-band vacancy, the redox potential of the transition
from the lower to the higher oxidation state of the catalyst is
too negative with respect to the redox potential of the CER.
Thus, this redox transition of the catalyst occurs early and the
surface is further oxidized with higher intensity during the re-
action. This furthermore suggests the importance of the pres-
ence of water.

If water was not important for the CER, then it should be
possible to obtain significant kinetics for the CER in Cl�-con-
taining but nonaqueous solutions, providing that the catalytic
material had a redox potential similar to the redox potential of
the CER. However, it was demonstrated that the CER proceed-
ed at a much lower rate, for example, when using trifluoroace-
tic acid as the solvent.[33] However, this result was derived ex-
clusively from comparing the anodic current in trifluoroacetic
acid with that in aqueous electrolytes. In a set of preliminary
experiments we investigated the CER in a number of ionic liq-
uids. No Cl2 could be detected by means of differential electro-
chemical mass spectrometry (DEMS), despite anodic currents
being measured upon anodic polarization of the electrode.
The observed anodic currents originated from the formation of
organochloro compounds.

Although most ionic liquids have lower dielectric constants
than water,[36–39] Cl2 should be produced in nonaqueous media

if the contribution of the solvent were only due to electric
field effects. Thus, the finding that no Cl2 was detected further
suggested a specific role of water in CER beyond that of just
a solvent with a high dielectric constant.

To elucidate the possible influence of water on the CER, it is
instructive to analyze one of the reaction pathways for the
CER, as proposed by Erenburg.[40] [Reaction (5)]:

H2OÐ OHad þ Hþ þ e� ð5aÞ

OHad þ Cl� Ð HClOþ e�

rate-determining step ðrdsÞ b ¼ 40 mV dec�1
ð5bÞ

HClOþ Hþ þ Cl� Ð Cl2 þ H2O ð5cÞ

The proposed reaction pathway includes several discrimina-
tory criteria, namely, that 1) water has to participate in the re-
action; 2) the CER has to be pH dependent, with a partial
order of the reaction of �1 with respect to the concentration
of protons;[41] 3) the partial order of the reaction with respect
to the Cl� concentration is + 1;[41] and 4) according to the
value of the Tafel slope b of 40 mV dec�1, the exchange of the
second electron is rate determining.

In contrast, the usually assumed Volmer–Heyrovsky path-
way[19, 40] does not fulfill any of these criteria except 4). Clearly,
any assumed reaction pathway for the CER, which starts with
Cl� discharging, cannot explain the observed pH dependence.
As a matter of fact, any type of mechanistic analysis is essen-
tially discriminatory. Thus, it merely leads to a suggestion con-
cerning a higher probability of one reaction pathway over an-
other. To additionally support the proposed reaction pathway,
it is necessary, on the one hand, to get access to the nature of
the adsorbed species (OHad or Clad) present at the surface of
RuO2 and, on the other hand, to get variation of the surface
coverage of the adsorbed species depending on the electrode
potential.

In situ spectroscopic surface study of RuO2 during CER

To get deeper insight into the electrode/electrolyte interface
during the CER, Raman spectroscopy coupled with electro-
chemistry was used. The Raman spectra of a RuO2-based DSA
immersed in electrolyte solution at different electrode poten-
tials are shown in Figure 2 over the wavelength range corre-
sponding to the O�H stretching mode for both the O�H bond
from surface water molecules or from OH adsorbed at the elec-
trode surface. The most pronounced peak is at around
3470 cm�1, with a shoulder at 3240 cm�1, which decreases in
intensity with increasing ionic strength of the solution.[42] The
intensity of the peak corresponding to the O�H stretching
mode decreases as the electrode potential becomes more pos-
itive (Figure 2). In other words, during acceleration of the CER
due to the increasing potential, OHad or water molecules are
readily deprotonated at the solid/liquid interface. No peak can
be found in the Raman spectra in the range between 200 and
400 cm�1 that could be attributed to Clad at the RuO2 surface.
Experiments at different Cl� concentrations proved that only
the shape of the peak of O�H stretching mode changed in the
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Raman spectra in agreement with the results given in Refer-
ence [42] . Clearly, the only relevant change in the surface
concentration of species adsorbed at the electrode/electrolyte
interface during the CER is associated with the solvent. This
finding is seen as additional support for the proposed reaction
pathway.

Clearly, Cl� ions exclusively participate in the reaction path-
way through an intermediate HClO complex formed with a sur-
face-bound O, while simultaneously weakening the oxide/OH
bond. The observed change in the intensity of the Raman
spectra is due to a change in the coverage of adsorbed species
and reflects deprotonation of water molecules (or OHad). The
concentration of OHad should increase with increasing anodic
polarization because Reaction (5 b) is rate determining, and
hence, slower than Reaction (5 a). Taking into account the de-
crease in the O�H stretching mode intensity during accelera-
tion of the CER (from 1 to 2.4 V vs. Ag/AgCl/3 m KCl), it be-
comes probable that even under open-circuit conditions water
is substantially deprotonated. Thus, the reaction pathway most
probably starts with deprotonation of OHad to form Oad [Reac-
tion (6 a)] . In a subsequent step, HClO is formed as an inter-
mediate [Reaction (6 b)] .

OHad Ð Oad þ Hþ þ e� ð6aÞ

Oad þ Cl� þ Hþ Ð HClO ð6bÞ

Reaction (6 b) is immediately followed by Reaction (5 c),
while Reaction (6 a) can alternatively proceed towards OER.
It is important to note that the pathway according to Reaction-
s (6 a), (6 b), and (5 c) fulfills the four discriminatory criteria
mentioned above derived from the evaluation of the Erenburg
pathway.

Following the argument that Reaction (6 a) should be the
same for the OER and CER, we performed experiments in the
absence of Cl� to monitor the drop in OHad surface concentra-
tion (Figure 3). Due to the significantly lower reaction rate in
the case of the OER, expected interference to the signal due to
gas evolution was minimal. Figure 3 is very similar to the
Raman spectra recorded in an aqueous solution of NaCl (cf.
Figure 2); however, the shoulder at around 3240 cm�1 is more

pronounced. From the proposed reaction path for the OER,[43]

the final reaction is the recombination of two Oad, which re-
quires two active sites. In the case of the CER, if the reaction
proceeds through HClO as an intermediate, only one active
site is necessary to produce one Cl2 molecule. This is seen as
a potential reason for the facilitated kinetics of the CER com-
pared with the OER.

Despite differences in the shape of the shoulder at
3240 cm�1, it is necessary to detect HClO as an intermediate
during CER to conclusively distinguish the CER from the OER
by using Raman spectroscopy.

Matching of characteristic vibrations: Electrocatalysis as
a resonance phenomenon

One of the fingerprints of RuO2 in the Raman spectra is a peak
at around 716 cm�1, which corresponds to the B2g vibration
mode of RuO2

[44, 45] considered to be a characteristic vibration
of the crystal lattice of RuO2. Figure 4 shows distinct changes
in the Raman spectra at this wavelength with increasing
anodic polarization if the spectrum is obtained in the absence
or presence of Cl� ions.

In the case of the Cl�-free aqueous electrolyte, a peak
around 716 cm�1 slowly develops with increasing electrode po-
tential (Figure 4 A). In the presence of Cl� ions in the electro-
lyte, this peak becomes substantially stronger (Figure 4 B), in-
voking the question of why the B2g vibration mode of RuO2 is
more pronounced during the CER than during the OER.

To understand the phenomenon of amplification of vibration
modes of a crystal lattice, one has to ask what will allow a fast
heterogeneous inner-sphere electron-transfer reaction to take
place, which requires the existence of adsorbed intermediates.
It is a common understanding that so-called “volcano” curves
can be employed as a predictive basis.[17] Volcano curves usual-
ly express the kinetics of the electrode reaction as a function
of a catalytic descriptor, such as the binding energy between
the electrode surface and the adsorbed chemical species,
which is an intermediate in the reaction pathway,[6] assuming
that the highest kinetics is a function of the optimal value of
the catalytic descriptor. The kinetics of the reaction is then ex-
pressed as a function of thermodynamic parameters. In other
words, the physicochemical quantity of the process is ex-

Figure 2. Raman spectra of TiO2/RuO2 in 3.5 m NaCl at pH 3 (addition of HCl)
with increasing electrode potential : a) 1, b) 1.4, and c) 2.4 V. The peak of the
O�H stretching mode is at a wavelength of around 3470 cm�1 with a should-
er at about 3240 cm�1.

Figure 3. Raman spectra of the O�H stretching mode of water at electrode
potentials of a) 1.2, b) 1.4, c 1.6, d) 1.8, and e) 2.0 V.
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pressed as a function of the physicochemical quantity of the
state. Even if we disregard the observations of Schmickler and
Trasatti[46] and consider DFT predictions of electrocatalytic
trends,[47] intuitively it is problematic to comprehend how one
thermodynamic parameter can be sufficient to explain the dy-
namics of electron transfer at the electrode/electrolyte inter-
face.

An electrochemical reaction as a process means that the
chemical energy of an electron is transformed into electrical
energy (or vice versa). If one understands an electron to be
a tridimensional standing wave it represents a resonance vibra-
tion. This approach can also be used to describe the behavior
of electrons when they are part of a chemical bond. The trans-
fer of the vibrational energy of electrons into electrical current
(or vice versa) proceeds through the electrical double layer.
Taking into account that the timescales of electron transfer
and molecular vibrations are similar, 1012–1014 Hz, it is intrigu-
ing to comprehend the role of vibrational energy in electroca-
talysis of the CER.

Keeping in mind previous observations concerning the activ-
ity trends of a number of potential catalysts for the CER,[8, 10]

additional insight is needed to explain why RuO2 is an almost
perfect catalyst for this specific reaction. There are four charac-
teristic Raman vibration modes considered to be “fingerprints”
of rutile RuO2 :[44, 45] B1g (97), Eg (528), A1g (646), B2g (716 cm�1).
The wavelength of 97 cm�1 is in a section of the Raman spec-
tra below 200 cm�1 that is usually disregarded. The influence
of the presence of Cl� ions on the fourth band, at around
716 cm�1, was already shown above (Figure 4). However, the
vibrations at 528 and 646 cm�1 were not clearly visible in the

spectra shown in Figure 4, probably due to the thickness of
the electrolyte in this experiment. Hence, the experiments
were repeated with a thinner electrolyte layer in the wave-
length range from 400 and 1000 cm�1 (Figure 5).

In Figure 5 the characteristic peaks of RuO2 (Eg) at 528 cm�1,
RuO2 (B2g) at 716 cm�1, TiO2 (B2g) at 826 cm�1,[45] and RuO4 (F2g)
906 cm�1[48] can be clearly distinguished in air as well as in the

Cl�-containing electrolyte solution. Upon polarizing the DSA to
a potential of 1.5 V, all peaks become more pronounced, in-
cluding, surprisingly, the TiO2 peak. Considering the value of
the potential for zero charge of the RuO2/TiO2 mixed oxide,[49]

the water molecules are oriented with the oxygen towards
electrode in the double layer at open-circuit potential. Thus,
depending on the binding energy between the electrode and
oxygen from water, a certain potential difference at the solid/
liquid interface establishes which is modulated by the external-
ly applied potential. The existence of RuO4 during the reaction
is of particular importance because it is proof of the oxidation
of the surface as well as of the reconstruction of the surface
during the CER. Hence, the redox transition of RuO2 into
a higher oxidation state occurs simultaneously with the CER.
More generally, for successful inner-sphere electron transfer,
the redox transition from a lower to higher oxidation state of
the oxide, which is used as a catalyst, should proceed at a po-
tential slightly more negative than the potential at which oxi-
dation of the reactants occurs.[34]

The observation that the Raman shifts of HClO and Cl2 in
aqueous solution are 728 and 540 cm�1, respectively,[50] and
thus, very close to the Raman peaks of RuO2 (Figure 5), is intri-
guing. Especially interesting is the match of the Raman shifts
of HClO, the potential intermediate in the rate-determining
step in the reaction pathway according to Erenburg, and the
B2g vibration mode of RuO2. Moreover, the Raman shift of the
product Cl2 itself matches the Eg vibration mode of RuO2.
To evaluate whether this matching of the Raman vibrations
was accidental, the Raman spectra of a range of oxides used
or tested as potential catalysts for the CER were analyzed.

Figure 4. Raman spectra of a RuO2-based DSA in water (upper image) and in
3.5 m NaCl (lower image), pH 3 (addition of HCl) ; applied potentials of A) 1,
B) 1.4, and C) 2.4 V versus Ag/AgCl/3 m KCl were used.

Figure 5. Raman spectra of a DSA (TiO2/RuO2) in a) air, b) in Cl�-containing
electrolyte without polarization, and c) with the sample polarized at 1.5 V
versus Ag/AgCl/3 m KCl in Cl�-containing electrolyte. The peaks at which
characteristic vibrations of the RuO2 lattice overlap with characteristic vibra-
tions of chemical species (Cl2 and HClO) in the solution are marked by
arrows.
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Interestingly, oxides that exhibit good electrocatalytic activity
for the CER have a similar fingerprint in their Raman spectra as
RuO2. The closer the vibrational modes are to those observed
for RuO2 the better the catalytic performance of the oxide. This
suggests a correlation of the kinetics of the CER with the char-
acteristic Raman frequencies as an electrocatalytic descriptor.

The lack of accurate experimental data for overpotentials or
exchange current densities in the case of the CER can be over-
come by rationalization of existing data for the OER because
the general activity trend for the CER and OER is almost identi-
cal for a number of transition-metal oxides. When the potential
for the OER is plotted as a function of the potential for the
CER for the same current density, a slope equal to one is ob-
served.[8] This suggests that the use of kinetic data for the
OER[8] can be used to analyze activity trends qualitatively in
the case of CER for a range of oxides. The overpotential for the
CER is always lower than that for the OER. The volcano curve
in the case of the OER is constructed from the dependence of
the overpotential, at a defined current density, on the enthalpy
of the transition from the lower to the higher oxidation state
of the oxide,[8] or more recently, on the oxygen chemisorption
energy on the catalyst surface.[11]A linear dependence between
the surface potential of water at an electrode and the enthalpy
of oxide formation of a metal has already been established for
several metals.[51] This implicitly suggests that the rate of reac-
tion for the CER is connected to the enthalpy of the lower/
higher oxide transition, which is then directly connected to the
nature and strength of the interaction between oxide and
oxygen from the water molecule. According to Rossmeisl
et al. ,[10] the binding energy between the metal ion in the
oxide and Oad is a universal catalytic descriptor for the CER and
OER.

Finally, the overpotentials for several transition-metal oxides
with the same current density[8] are expressed as a function of
the characteristic Raman shifts (Figure 6).

Evidently, the kinetics of the CER exhibits a volcano-type de-
pendence on the characteristic Raman shift (Figure 6). This is
qualitatively a different volcano curve from that previously
plotted for the OER (or any other electrode reaction) because

the catalytic descriptor is the Raman shift, which is a dynamic
property based on the vibrations of chemical bonds. Addition-
ally, a further qualitative difference is seen in the fact that the
maximum of the volcano curve at 725 cm�1 corresponds to the
vibration of the Cl�O bond in an aqueous solution of free
HClO. On one hand, this additionally suggests that HClO is the
most likely intermediate in the CER. However, even more im-
portantly, this supposes that the optimal catalyst for the CER
should exhibit a vibration of the M�O bond in the oxide iden-
tical to the vibration of Cl�O bond in the HClO intermediate.
Even more intriguingly, the vibrations of the bond cleaved or
formed during a catalytic reaction have to be in resonance
with the vibrational modes of the catalyst surface. The first in-
dication of similar conclusions was recently given by Koper, as-
suming a Volmer–Heyrovsky reaction pathway in the case of
the CER.[19] On an ideal catalyst, the intermediate Clad is just as
strongly bound to the catalyst surface as it is in the Cl2 mole-
cule. This can be interpreted as a connection between surface
binding energy and free energy in a molecule.

Moreover, Raman spectroscopy can provide an understand-
ing of why the CER starts with water discharging. From Raman
spectra it can be derived that the Cl�O bond is stronger than
the Cl�Cl bond. Thus, instead of replacing an adsorbed water
molecule with Clad, it is much more probable that Cl� will
attach to an oxygen site from an oriented water dipole or to
OHad because the Cl�O bond is stronger than the M�Cl bond.
In accordance with Reference [19] the Cl�Cl bond is approxi-
mately twice as strong as the M�Clad bond.

The length of the M�O bond is inversely proportional to the
Raman stretching frequency. Excellent agreement can be ach-
ieved between Raman spectroscopy and X-ray absorption
near-edge spectroscopy (XANES) for an estimation of the M�O
bond lengths.[59] Thus, in addition to identifying the best cata-
lyst for a particular reaction, it should be possible to calculate,
using characteristic vibrational frequencies, the optimal inter-
atomic distance, M�O, the vibration of which will match the vi-
bration of the intermediate, allowing facilitated electron trans-
fer. This may become important because it allows the possibili-
ty of tuning the properties of low-cost metal oxides with the
intention of imitating vibrational modes of expensive oxides,
which are known as good catalysts.

Qualitative relationship between resonance and binding
energy during electrocatalytic reactions

To further discuss the proposed concept, the volcano curve of
the most studied reaction in electrochemistry, the HER was an-
alyzed. The maximum of the volcano curve for the optimum
catalyst is obtained if the change in the free energy during es-
tablishing or breaking of the M�H bond is equal to zero.[6, 47]

This implies that the binding energy, which is essentially the
enthalpy of bond formation between the surface and inter-
mediate, is defined by the change in entropy.

If DG = 0, then DH = TDS, which means that, in the case of
an optimum catalyst, the binding energy between the surface
and the adsorbed species is determined by the entropy
change. As a matter of fact, this suggests a strong impact of

Figure 6. Overpotentials of the CER as a function of the characteristic Raman
shifts. The top of the volcano curve marked with the circle corresponds to
the Raman shift of the Cl�O bond vibration of HClO in aqueous solution.
The values of the overpotentials for the CER were taken from Reference [8] ,
whereas values for Raman shifts of RuO2, IrO2, PtO2, MnO2, Co3O4, NiO, PbO2,
and Fe3O4 were taken from References [45, 52–58] , respectively.
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the solvent on the rate of the reaction. This is in agreement
with the Marcus theory,[18] in which the reorganization energy
of the solvent is seen as a crucial factor determining the activa-
tion energy for outer-sphere reactions. The above-discussed
concept now suggests that, in inner-sphere reactions, such as
the HER, the solvent also has a major impact on the reaction
rate in the case of an optimum catalyst. The entire process of
adsorption of a specific ion, for example, a proton from solu-
tion consists of three steps, namely, desolvation of the ion,
which leads to an increase in entropy; desorption of the water
molecule(s), which leads to a further increase in entropy; and
finally adsorption of the desolvated ion, which causes a de-
crease in entropy. The change in degrees of freedom during
the adsorption is 3n�3, in which n represents the number of
solvent molecules, due to the loss of three translational de-
grees of freedom. In an ideal case (n = 1), the increase in entro-
py during solvent desorption is equal to the decrease of entro-
py during ion adsorption, leading to a situation where the
entire process would be driven by the entropy of the desolva-
tion of the ion. Hence, if the adsorption process is driven by
the entropy of desolvation of the ion, at least a qualitative link
between the optimum binding energy of the intermediate and
reorganization energy of the solvent is suggested.

If we now apply these considerations to the CER, elucidation
of why the maximum of the volcano curve derived from the
characteristic Raman vibrations (Figure 6) corresponds to the
Cl�O vibration in bulk solution instead of the Cl�O vibration of
the surface bound species remains to be determined. The max-
imum of the volcano curve should correlate with the optimum
binding energy or Raman frequency of the adsorbed inter-
mediate in the rate-determining step. However, as shown in
Figure 6, the maximum of the volcano curve corresponds to
the Raman frequency of HClO in solution (725 cm�1). Thus, the
difference of the Cl�O vibration frequency of HClO in solution
and the vibration frequency of Cl�O in HClO attached to the
surface has to be evaluated. In case of an optimal catalyst, no
free energy was consumed for establishing or breaking of the
OM�OCl bond and the reaction was exclusively entropy
driven. In that case, no particular change in the vibrational fre-
quency can be expected when considering that the vibrational
frequency is defined by the chemical energy stored in a particu-
lar chemical bond. Thus, if the vibrational frequency of the
M�O bond in the oxide is similar or equal to that of the Cl�O
bond of the adsorbed intermediate, the exchange of electrons
through the O�M�O�Cl adsorbate will happen most efficiently
in accordance with the Frank–Condon principle. During an
electronic transition, a change from one vibrational energy
level to another will be more likely to happen if the two vibra-
tional wavefunctions overlap more significantly; this is the
basis of the equation for the reaction rate introduced by Lev-
itch and Dogonadze.[35] Moreover, if during the formation of
the OM�OCl bond and the exchange of electrons, the O�M
bond oscillates with a similar frequency to that of the Cl�O
bond, a resonance phenomenon will be established, leading to
a very intensive oscillation until either bond breaking occurs or
the bond is weak enough that HClO can be replaced by
a “new” water molecule or OHad. Conclusively, one can assume

that, for the optimum catalyst, the difference in the character-
istic vibration frequency of the Cl�O bond in solution and at
the surface is close to zero.

Conclusions

The acid–base properties of RuO2 are recognized as the foun-
dation for the catalytic properties in the OER and CER.
Unavoidable oxidation of RuO2 is not only a consequence of
the anodic activation of water, but is indispensably necessary
for efficient CER and OER due to the concomitant reconstruc-
tion of the surface.

Raman spectroscopy combined with electrochemistry con-
firmed that the surface was covered with OHad and not with
Clad as previously assumed. Raman spectroscopy at increasing
electrode potentials furthermore confirmed that HClO was
a crucial intermediate for the catalytic reaction. The vibrational
modes of the crystal lattice of RuO2 were very similar to the vi-
bration of the Cl�O bond in HClO dissolved in water. The as-
sumed oxidation of the surface was confirmed by Raman spec-
troscopy, and the formation of RuO4 suggested the necessity
for a redox transition from lower to higher oxidation states of
the ruthenium oxide during the electrocatalytic process. Finally,
a volcano curve was derived by using a dynamic catalytic de-
scriptor, namely, the characteristic vibration of the M�O bond,
for which the maximum of the volcano curve corresponded to
the vibration of the Cl�O bond in HClO.

In summary, the following points are important for the elec-
trocatalytic CER:

1) Cl� ions are transported into the double layer by the ap-
plied electrode potential where they react with Oad and
form HClO as an intermediate. The vibration frequency in
the Cl�O bond is very similar to the vibration frequency of
the M�O bond of the oxide.

2) The frequency of vibration of the Cl�Cl bond in the final
product is very similar to the second vibrational mode of
the M�O bond of the oxide.

3) Efficient electron transfer during the electrocatalytic reac-
tion will occur if the redox transition from lower to higher
oxidation states is performed at a potential slightly lower
than the electrode potential of the electrocatalytic reaction.

4) Electrocatalysis of the CER is recognized as a resonance
phenomenon between the catalyst surface, intermediates,
and products where the vibrations of chemical bonds occur
with a similar frequency.
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