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Efficient electrocatalysis is most likely an answer to recent
energy related challenges. Countless studies have been trying
to find the links between the electrode/electrolyte interface
structure, its composition, and the resulting activity in order to
improve the performance of numerous devices, such as electro-
lyzers, fuel cells, and certain types of batteries. However, this
scientific field currently meets serious complications associated
with the prediction and explanation of an unexpected influence
of seemingly inert electrolyte components on the observed

activity. Herein, we investigate various electrocatalytic systems
using a unique laser-induced current transient technique to
answer a long-lasting fundamental question: How can “inert”
electrolytes change the activity so drastically? Different metal
electrodes in contact with various aqueous solutions and two
energy important reactions were used as model systems. We
experimentally determine the potential of maximum entropy of
the electrodes and find the connections between its position
and the electrocatalytic performance.

Heterogeneous catalysis is of paramount importance in the
synthesis of a vast majority of commodity products. In turn,
electrocatalysis, being a part of heterogeneous catalysis, deals
with reactions taking place at the so-called electrified interfaces
formed between electron conductors (electrodes) and liquid
electrolytes. Electrocatalysis currently plays one of the leading
roles in overcoming problems related to sustainable energy
provision and storage. While the catalytic performance of a
certain electrode material depends on its structure and
composition,[1] there is also a strong and so far peculiar
influence of the electrolyte composition on its activity.[2] Today’s
electrocatalysis normally operates with a paradigm that there
are only two major ways of increasing the rate of a catalytic
reaction. The first one deals with the optimization of the
electrode composition.[3] The second one involves modifications
of the electrode surface structure aiming to maximize the
number of active sites.[4] However, both approaches often
exclude a very important part of the activity puzzle: electrolytes.
In fact, the observed electrocatalyst performance is essentially a
result of the influence of all these three major factors (Fig-
ure 1A).

The importance of the electrolyte composition for the
resulting activity has been recognized decades ago,[5] and there
have been various research articles highlighting the electrolyte
influence.[6] However, there are not many systematic studies
quantitatively showing the effects of the electrolyte species on
the electrode/electrolyte interface structure. The reason behind
this is related to fundamental methodological and theoretical
difficulties: how, and particularly, what to measure and analyze,
in order to explain the observed strong influence of the
electrolyte components?

We start our discussion with the classical statement that
electrocatalytic reactions should be intrinsically dependent on
the properties of the electric double layer (EDL) formed
between the electrodes and electrolytes.[7] Therefore, a degree
of order in the EDL influences the kinetics of electrocatalytic
reactions.[2a] In other words, the more ordered the interfacial
layers are at a certain electrode potential, the more difficult for
the EDL to rearrange itself after the electron transfer. If the
structure and composition of the electrode surface are fixed,
the net rate of the interfacial charge transfer should be maximal
at the so-called potential of maximum entropy (PME) of the
double layer formation (Figure 1B). Consequently, as shown in
Figure 1C, one can anticipate that the closer the PME to the
thermodynamic equilibrium potential of an electrocatalytic
reaction is, the faster the respective reaction should be. This is
schematically explained for the reactions important for sustain-
able energy provision, i. e., the hydrogen evolution (HER,
equilibrium potential: 0.00 V vs RHE) and the oxygen reduction
(ORR, equilibrium potential: 1.23 V vs RHE) reactions, as
illustrated in Figure 1C. In principle, one can arbitrarily consider
this semi-quantitative consideration as an extrapolation of the
conclusions of the Marcus’s theory[8] to the case of electro-
catalytic processes.

One way to determine the PME experimentally is to use the
laser-induced current transient (LICT) technique (Figure 2).[9] In
this method, a short-time laser pulse of relatively low intensity
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hits the electrode surface under potential control and rapidly
increases its temperature (by ca 30–40 K). This thermal probing
“randomizes” ions and solvent molecules at the interface. Upon
quick cooling of the system back to the initial temperature (and
the initial EDL-state), relaxation of the current is monitored, as
exemplified in Figure 3A. If the electrode surface at the
controlled potential is charged negatively, the current spikes
with the negative sign are observed. Conversely, the current
peaks are positive if the surface is positively charged. In turn, at
the PME the relaxation peaks are minimal, as the initial and final
states are close to each other in sense of the interface order.

To test the aforementioned hypothesis about the funda-
mental connections between the position of the PME for a
given catalytic system and its electrocatalytic performance, in
this work, we performed a series of experiments involving
different electrode materials in various electrolytes. As model
reactions, the well-known hydrogen evolution and oxygen
reduction reactions, which are important for renewable energy
provision systems, were investigated. Let us consider these
reactions taking place at different pHs (pH=0; 0.5; 1.0; 1.5; and
2.0) on a polycrystalline platinum electrode (quartz crystal
wafer), Ptpc. To avoid the cation effect on the investigation of
the pH effect, different concentrations of HClO4 solutions are

Figure 1. The electrocatalytic “activity puzzle”. (A) The catalytic performance of an electrode depends on its composition, structure, and the nature of the
electrolyte species. (B) For a given electrode composition and structure, the rate of the interfacial electron transfer during a certain reaction should also
depend on the degree of order in the electric double layer. (C) When a given electrode is in contact with various electrolytes, the reaction rate at the surface
should be higher when the equilibrium potential for this reaction is closer to the potential of maximum entropy (PME) of the system. At this potential, the
“energetic price” for the system reorganization after the electron transfer is the lowest.
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utilized in this work. The model electrolytes in the initial LICT-
experiments contained mainly protons (H+), non-adsorbing
ClO4

� anions,[10] and water molecules. Figure 3, B to E, shows
that the PMEs become more positive if the pH increases, which
is in agreement with former studies of Pt electrodes.[11] It should
be noted that in these measurements the different pH values
were achieved by adding the respective amount of HClO4 and
without balancing the ionic strength. The reason is that
balancing the ionic strength requires adding alkali metal
cations, which themselves affect the structure of the double
layer, interfacial processes, and consequently the PME. Not
balancing the ionic strength certainly has an impact on the
electrolyte conductivity, however, this can be partially compen-
sated by correcting the activity measurements for the high
frequency electrolyte resistance, utilization of microelectrodes
and by evaluation of activities at low current density.
Furthermore, when comparing the CVs in Figure S2 one can see
that the differences in conductivity are relatively small.

It is interesting that with the pH increase, the PME of the Pt
electrodes shifts away from the thermodynamic equilibrium
potential of the HER (0.00 V vs RHE) but closer to the
equilibrium potential of the ORR (1.23 V vs RHE). Hence,
according to the hypothesis, at higher pHs, those surfaces
should demonstrate lower hydrogen evolution activity but at
the same time higher activity towards the oxygen reduction in
the same electrolytes. Indeed, the observed activities towards
the respective reactions confirm the expected trend (see
Figure 3, F and G).

Interestingly, similar trends were observed for a polycrystal-
line Au-electrode (quartz crystal wafer, Aupc). As depicted in
Figure 3H, the PME for the Aupc electrocatalyst shifts to more
positive potentials upon the pH increase. Sample current
transients obtained for Aupc electrodes are shown in Figure S1.
In addition, note that the reconstruction of the gold surface
could also contribute to the shift of the PME.[12] As in the case of
the Ptpc electrodes, in the electrolytes with high H+ concen-
trations, their activity towards the hydrogen evolution increases
(Figure 3I). On the contrary, a decrease in the H+ concentration
results in faster oxygen reduction kinetics (Figure 3J).

Besides, typical cyclic voltammograms (CVs) for AT-cut Pt
and Au quartz crystal wafers were recorded in HClO4 solutions

of various pH values before and after the laser measurements
(see Figure S2 and S3). The CVs did not change after the laser
measurements for both Pt and Au, confirming that the
irradiation is not altering the surface quality.

The analysis of the simple systems presented above
motivates to find the origin of the electrolyte-related depend-
encies with respect to the electrode activity. Therefore, we
performed PME-measurements using the polycrystalline plati-
num electrode in electrolytes containing alkali metal cations.
Near-to-neutral pH (pH=6) solutions of 0.5 M Li2SO4, Na2SO4,
K2SO4, and Cs2SO4 were chosen to maximally reduce the
influence of the H+ and OH� ions on the system without losing
the ability to control their concentration. In turn, by replacing
the ClO4

� anions with the SO4
2� (characterized by high

hydration energy) it was possible to avoid competition between
the effects shown by cations and anions present in the
electrolytes.[13] Besides, comparing the CVs for Ptpc in the
electrolytes containing Li+ and Cs+ (Figure S4), one can see
that hydrogen adsorption processes were particularly not
affected by cations. This was also observed for the case of
Pt(111).[2g]

As presented in Figure 4, A to D, the PME values of the Ptpc
electrodes are ~0.11, ~0.18, ~0.22, and ~0.25 V in the presence
of Li+, Na+, K+, and Cs+, respectively. The plot of the PME values
against the hydration energy of the alkali metal cation reveals a
linear relationship (Figure 4E). In line with the above-described
hypothesis, the rate of the hydrogen evolution increases in the
Li+-containing solutions (Figure 4F), while the activity towards
the oxygen reduction gets higher in the presence of Cs+

(Figure 4G). Interestingly, the PME of the Aupc surface shows the
same trends in the neutral pH (pH~7) solutions of 0.25 M
Na2SO4 and K2SO4 (Figure 4H). Sample current transients
obtained for Aupc electrodes in the near-to-neutral electrolytes
are shown in Figure S5. Note, the larger difference of the PME
can be also due to 2D surface phase transitions in the adsorbate
layers in the presence of K+.[15] The measured activity of the
Aupc surface towards the hydrogen evolution is higher in the
presence of Na+ (Figure 4I), whereas the oxygen reduction
activity is higher in the K+-containing electrolyte (Figure 4J) –
all in accordance with the PME-changes.

Figure 5 summarizes correlations between the observed
electrode activities and the PME. As shown in Figure 5, A and E,
the activity of both the Ptpc and Aupc towards the hydrogen
evolution (expressed as the exchange current density, j0) in
solutions of various pHs decreases linearly with the PME
increase. In the case of the hydrogen evolution activities of Ptpc
in electrolytes containing alkali metal cations, the potential (vs
RHE) at a current density of � 5 mAcm� 2 increases linearly with
the PME moving away from the HER equilibrium potential
(Figure 5C). In turn, as depicted in Figure 5, B and D, the oxygen
reduction activities of the Pt electrodes, quantified in terms of
the half-wave potentials, E1/2, rises with the PME. Figure 5F
additionally compares the activity trend of the Ptpc surface
towards the oxygen reduction presented in Figure 5, B and D.
Interestingly, both trends exhibit a similar slope.

The examples presented above show that the resulting
electrocatalytic activity of investigated systems depends on the

Figure 2. Schematic depiction of the LICT technique. WE, RE and CE
correspond to working electrode, reference electrode and counter electrode,
respectively.
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electrochemical interface order. In the investigated solutions,
the influence of the electrolyte species (their nature and
concentration) on the interface behavior can be predictable. Let
us attempt to describe the observed effect quantitatively. The
degree of order at the electrode/electrolyte interface is
associated with the “collective” polarizability of the electrolyte
which, in turn, can be quantified by the relative dielectric
constant, ɛr.[2c,16] This parameter depends on the concentration

and the nature of the electrolyte species. In solutions charac-
terized by a concentration lower than 2 M, ɛr demonstrates
changes with the electrolyte concentration,[16] as described by
the following general equation:

er ¼ epure H2O � aðCionÞ (1)

Figure 3. The positions of the potential of maximum entropy (PME) and activities towards hydrogen evolution and oxygen reduction reactions. (A) An
example of the relaxation peaks obtained for Au-electrode by the laser-induced current transient technique used to find the PME. (B to D) The values of the
current spikes maxima (iXtrm) as a function of pH for the Pt-electrodes in different electrolytes as indicated in the figures. These plots enable to identify the
location of the PME. Splined lines serve as guidance for the eye. (E) The PME of Ptpc electrodes shifts towards more positive values as a result of the pH
increase. Consequently, within the presented model, (F) the activity of Ptpc microelectrode (depicted as Ptpc ME) decreases towards the hydrogen evolution
reaction and (G) increases towards the oxygen reduction reaction (The obtained currents have been normalized to the limiting current density (jlim) for easier
comparison) upon the pH increase (traced with arrows). (H) The PME of the Aupc electrode as a function of the electrolyte pH. One can observe an analogous
increase in the PME as a consequence of the pH rise. Note that, as in the previous case, increase in the pH results in (I) the loss in the electrode activity
towards hydrogen evolution and (J) the enhancement of its activity towards oxygen reduction (Note that, for better visibility, only the ORR kinetics dominated
region is shown). Details of the activity measurements can be found in the Supporting Information. Error bars represent SD.
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where epure H2O stands for the dielectric constant of pure water
ðepure H2O ~82 at room temperature), the function a describes
the relative ion contribution, and Cion is the ion concentration.

[16]

It should be noted that in most systems at higher concen-
trations, ɛr demonstrates a quasi-linear behavior. As shown in
Figure 3, E and H, as well as in previous reports,[17] within a
narrow concentration range, a linear trend is observed for the
PME. Thus, one can assume the following general formal
expression for the potential of maximum entropy, EPME:

EPME ¼ Eat e¼epure H2O
PME � bðCionÞ (2)

where Eat e¼epure H2O
PME stands for the EPME value assumed for a

hypothetical system containing only pure water, while the
function b describes the relative contribution of the ion
concentration.

Since the activity towards certain reactions within the
investigated concentration regimes changes linearly with the
PME value, also in this case, the electrode activity can be
described with the general formula of the linear function.

Figure 4. Hydrogen evolution and oxygen reduction activities of the polycrystalline Pt and Au electrodes correlated with the corresponding PMEs measured in
electrolytes containing alkali metal cations. (A to D) Determination of the PME for Ptpc electrodes in electrolytes containing alkali metal cations. The PME
largely depends on the nature of the alkali-metal cations, which can be further confirmed by (E) the correlation between the PME and the hydration energies
of the alkali metal cations (AM=Li+, Na+, K+, Cs+). The change in the PME influences the rate of the electrochemical processes. Hence, (F) the Ptpc activity
towards hydrogen evolution is higher in the presence of Li+, whereas (G) the oxygen reduction activity is higher in the presence of Cs+ (The obtained
currents have been normalized to the limiting current density (jlim) for easier comparison). As shown in ref. [14], the negative current offset shift in (F) results
from the alteration in the pH near the electrode surface. (H) Analogous plot showing the PME values of the Aupc electrode in solutions of sodium and
potassium salts. As for Ptpc, (I) the rate of hydrogen evolution on Aupc is higher in the Na

+-containing electrolyte, while (J) the oxygen reduction rate is higher
in the presence of K+ cations.
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Furthermore, by rearranging eq. 1 in terms of Cion and
combining it with eq. 2, one can express the PME value as a
function of the dielectric constant. Thus, taking the electrode
activity in pure water, AH2O, as the reference, the formula for the
electrode activity, A, can be expressed as follows:

A / AH2O � �f epure H2O � eelectrolyter

� �
(3)

where �f is a function, which is most likely dependent on the
nature of the reaction.

In summary, a systematic study of the influence of the
interfacial properties on the electrode activity was presented. A
unique LICT technique was used to successfully measure the

Figure 5. Correlations between the electrocatalytic activity and the corresponding PMEs. (A) Ptpc microelectrode (depicted as Ptpc ME) activities towards the
hydrogen evolution expressed as the exchange current density, j0 and (B) the oxygen reduction activity expressed as the half-wave potential, E1/2, in the HClO4

solutions of various pHs as a function of the PME. (C) Ptpc activities towards the hydrogen evolution expressed as the potential (vs RHE) required for a current
density of � 5 mAcm� 2 and (D) the oxygen reduction activity expressed as E1/2 in the electrolytes containing 0.5 M (AM)2SO4 (AM=Li+, Na+, K+, Cs+) as a
function of the PME. (E) Hydrogen evolution activities of Aupc electrode expressed as the exchange current density j0 in solutions of various pHs as a function
of the PME. Although, the obtained trends for the hydrogen evolution and oxygen reduction reactions are opposite to each other, the electrocatalytic
activities change linearly with the PME values. (F) Comparison of the E1/2 vs PME dependencies obtained for the Ptpc electrode, both in the HClO4 solutions and
0.5 M (AM)2SO4 (AM=Li+, Na+, K+, Cs+). Note the similar slopes of the activity trend lines in both groups of electrolytes.
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PME of the electrodes in contact with various complex
solutions. Observations herein disclose the critical importance
of the electrolyte composition for the performance of electro-
catalytic systems. The presented qualitative and quantitative
explanations of the observed effects clarify their origins and
systematize new and existing knowledge about the role of
electrolyte species. The presented approaches can be promptly
applied to describe the activity of other mono- and polymetallic
electrodes submerged in aqueous electrolytes. Hence, these
studies open up a new avenue in heterogeneous catalysis
enabling to model and understand the electrocatalytic behavior
of various systems.
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