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A B S T R A C T

The effects of seemingly inert alkali metal (AM) cations on the electrocatalytic activity of electrode materials
towards reactions essential for energy provision have become the emphasis of substantial research efforts in
recent years. The hydrogen and oxygen evolution reactions during alkaline water electrolysis and the oxygen
electro-reduction taking place in fuel cells are of particular importance. There is no universal theory explaining all
the details of the AM cation effect in electrocatalysis. For example, it remains unclear how “spectator” AM-cations
can change the kinetics of electrocatalytic reactions often more significantly than the modifications of the elec-
trode structure and composition. This situation originates partly from a lack of systematic experimental and
theoretical studies of this phenomenon. The present work exploits impedance spectroscopy to investigate the
influence of the AM cations on the mechanism of the hydrogen evolution reaction at Pt microelectrodes. The
activity follows the trend: Liþ�Naþ>Kþ>Csþ, where the highest activity corresponds to 0.1 M LiOH electrolytes
at low overpotentials. We demonstrate that the nature of the AM cations also changes the relative contribution of
the Volmer–Heyrovsky and Volmer–Tafel mechanisms to the overall reaction, with the former being more
important for LiOH electrolytes. Our density functional theory-based thermodynamics and molecular dynamics
calculations support these findings.
H O þ M–*H þ e� ⇌ M þ H þ OH� (2)

1. Introduction

The hydrogen evolution reaction (HER) is a key process for sustain-
able provision of renewable energy. In alkaline media, it proceeds ac-
cording to well-accepted mechanisms [1] involving the initial formation
of *H adsorbed intermediates (Volmer step, * designates the adsorbed
species)

H2O þ e� þM ⇌ M–*H þ OH� (1)

followed by either the Heyrovsky step
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or the Tafel step that does not involve the interfacial charge transfer:

2*H ⇌ H2 (3)

Alkali metal (AM) cations drastically influence the critical parameters
at the electrified solid/liquid interfaces, such as the activity [2–7] or the
electric double layer capacitance [8–10]. Our recent study on the HER
activity of Pt, Ir, Au, and Ag electrodes in different alkaline media shows
that weakly hydrated AM cations such as Csþ favor the reaction activity
of Au and Ag but are detrimental to that of Pt and Ir [11]. Considerable
efforts have been devoted to determining the underlying mechanisms of
ich, Ernst-Otto-Fischer-Straße 1, 85748, Garching bei München, Germany.
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Fig. 1. Activity trend of the HER for Pt(pc) electrodes in 0.1 M AMOH elec-
trolytes (AM ¼ Liþ, Naþ, Kþ, Csþ). The inserted figure provides information
about the Tafel slopes for the different electrolytes.
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this AM cation effect. According to the typical HER volcano plot,
hydrogen binding energy modified due to the presence of AM cations has
been proposed [11,12]. However, for alkaline HER, water dissociation is
recognized as the rate-determining step (RDS) correlating with the hy-
droxide binding energy [13,14]. Liu et al. [15] suggested that the
strongly hydrated AM cations such as Liþ boost the driving force for OH
desorption on Pt electrodes, thus leading to the observed HER activity
trend. More recently, our group found that the near-surface concentra-
tion of AM cations is up to 80 times higher than bulk concentration,
leading to a significant AM cation effect [8,9]. It was shown that the
presence of metal cations in increased concentrations at the interface
drastically influences the electrocatalysis of oxygen reduction [16,17]
and hydrogen evolution [11,18,19] reactions on various electrode
surfaces.

Changes to the pH in acidic media affect the mechanism of the HER at
Pt electrodes [20]. Several reports also show that at higher pHs the ki-
netics of the HER is remarkably slower than in the case of acidic media.
There are a few hypotheses about the mechanism of such a strong in-
fluence. For instance, it was proposed that the solvated AM cations tune
the strength of the interaction between the surface-adsorbed *OH species
and the Pt electrode surface, affecting activity as a function of the nature
of the AM cation [16,17]. Goyal et al. [18] demonstrated that the elec-
trolyte pH and AM cation concentration also impact the HER kinetics at
gold electrodes. Besides, Chung et al. reported that the cation can block
active sites and alter the structure of near-surface water, or adsorbed
hydroxide species may be involved in the hydrogen oxidation/evolution
reaction mechanism [21]. It has been proven that raising the cation
concentration enhances HER activity significantly at a moderately alka-
line pH. However, only a few studies systematically investigate how such
metal cations change the mechanism of the reaction of interest. For
example, Durst et al. studied the HER mechanism in acidic and alkaline
electrolytes on Pt-group metal electrodes and determined that the
Volmer reaction was the RDS in both cases [22].

We used Pt-microelectrodes and electrochemical impedance spec-
troscopy (EIS) in this work to elucidate the influence of the nature of the
AM cations on the Volmer–Heyrovsky (VH) or Volmer–Tafel (VT)
mechanisms. As shown previously [20], the use of the microelectrodes
minimizes typical measurement artifacts such as H2 bubble formation
and enables low-noise EIS measurements at high current densities
allowing detailed analysis of reaction mechanisms. It is demonstrated
that the AM cations not only influence the HER kinetics at pH ¼ 13 but
also change the relative contribution of the VH and VTmechanisms to the
overall current.

2. Experimental section

All glassware and Teflon cell parts were cleaned in a piranha solution,
a 1:2 mixture of 30% H2O2 (Suprapur®, Merck, Germany) and 96%
H2SO4 (Suprapur®, Merck, Germany), and treated/washed with boiling
ultrapure Milli-Q® water with a resistivity of 18.2 MΩ cm before the
experiments. Experiments were performed in a double-walled electro-
chemical cell [23]. A Hg/HgSO4 electrode (SI Analytics, Germany) and a
Pt wire/mesh (99.95%, MaTeck, Germany) were used as the reference
(RE) and counter electrodes (CE), respectively. Polycrystalline Pt mi-
croelectrodes (Ch. Instruments, USA) with a diameter of 25 μmwere used
as working electrodes in all impedance experiments. All of the potentials
in this work are referenced to the reversible hydrogen electrode (RHE)
scale. Ar-saturated (Ar 5.0, Air Liquide, Germany) and H2-saturated (H2
5.0, Air Liquide, Germany) 0.1 M LiOH (99.998%, Trace Select, Sigma
Aldrich), 0.1 M NaOH (99.99%, Semiconductor Grade, Sigma Aldrich),
0.1 M KOH (99.99%, Trace Metal Basis, Sigma Aldrich), and 0.1 M CsOH
(99.9%, 50 wt-% Solution, Sigma Aldrich) electrolytes were freshly
prepared using ultrapure water. The microelectrodes were electro-
chemically cleaned by potential cycling in Ar-saturated 0.1 M HClO4
(extra pure, Acros Organics, Belgium) solutions at a scan rate of 50 mV
s�1 until stable characteristic voltammograms were obtained. The
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activity data were collected using a 5 mm Pt-polycrystalline disc elec-
trode (Mateck, Germany) at a hanging meniscus configuration using a
scan rate of 10 mV s�1 in a Pine RDE 710 (USA) rotator with a rotating
speed of 1600 rpm.

A VSP-300 (Bio-Logic, France) potentiostat was used in all experi-
ments. EIS spectra were recorded within the potential range between 0.0
V and �0.05 V probing frequencies between 100 kHz and 0.1 Hz (10 mV
amplitude). A shunt capacitor was connected between the reference and
a dummy electrode to suppress possible potentiostat- and reference
electrode-related artifacts. The dummy electrode was placed close to the
Luggin capillary. For the EIS data analysis, the “EIS Spectrum Analyzer
1.300 software was used [24,25]. The quality of the recorded spectra was
checked by a Kramers–Kronig relation.

Density Functional Theory (DFT) calculations were carried out uti-
lizing the revised Perdew-Burke-Ernzerhof (revPBE) exchange-
correlation functional [26,27] within the Vienna Ab Initio Simulation
Package (VASP) [28,29]. The projector-augmented wave (PAW) poten-
tials from the VASP library were employed (Pt, O, H, Li_sv, Na_sv, K_sv,
Cs_sv). The D3 approach using the Grimme formalism [30,31] was
employed to account for van der Waals interactions. Dipole corrections
were included in all surface calculations in the surface normal direction
using the VASP tags LDIPOL ¼ TRUE and IDIPOL ¼ 3. All DFT calcula-
tions were performed with a cutoff energy of 400 eV, and the conver-
gence criteria for total energies and atomic forces were set to 10�4 eV and
0.02 eV Å�1, respectively.

The Pt(111) surface was modeled using a periodic slab model with
three layers of the Pt metal, with lateral dimensions of 16.64 � 19.22 Å2

and at least 15 Å of the vacuum region. Atomic structures were prepared
using the VESTA software [32]. Similar slab models with smaller surface
cells were recently employed to simulate the HER and OER over Pt(111)
without alkali metal cations [33,34]. Owing to the large cell dimensions,
all slab calculations were performed at the Γ point. In this study, we
considered both bare and solvated cations; both sets of calculations led to
the same conclusions. To find the cation complexes with the first aqueous
shell, we ran a series of ab initio molecular dynamics (AIMD) simulations
for a slab model with a twice smaller surface cell in which the vacuum
region was fully filled with explicit water molecules. At least 6 ps AIMD
trajectory was generated for each cation system at room temperature.
The atomic configurations of cations with their first water shell were then
extracted from the AIMD trajectories for subsequent static DFT optimi-
zations. The inner and outer-sphere complexes were tested, and the latter
appeared to be unstable during structural DFT optimization for all cat-
ions. This is in agreement with previous DFT studies showing that cations
can be specifically adsorbed on metal surfaces [35,36].

The computational hydrogen electrode (CHE) approach [37,38] was



Fig. 2. Typical cyclic voltammograms of Pt-microelectrodes obtained at the
scan rate of 50 mV s�1 in Ar-saturated 0.1 M AMOH electrolytes (AM ¼ Liþ,
Naþ, Kþ, Csþ).

Fig. 3. The equivalent electric circuit describing the impedance response of the
Pt-microelectrodes in H2-saturated 0.1 M AMOH electrolytes (AM ¼ Liþ, Naþ,
Kþ, Csþ).

Fig. 4. Typical examples of fitting of the EIS data to the model shown in Fig. 3
for the: (A) LiOH, (B) NaOH, (C) KOH, and (D) CsOH at �0.05 V vs RHE. Solid
lines represent the fitting, while the points represent the raw data.
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employed to evaluate the HER thermodynamics. The HER was analyzed
using clean metal surfaces to simplify our model. The free energies for all
systems were computed, including zero-point energy (ZPE) and vibra-
tional entropy Svib contributions taken at 300 K as ΔG ¼ EDFT þ ZPE -
TSvib. All other computational details and supporting data are provided in
the supporting information (SI).

3. Results and discussion

Fig. 1 shows the HER activity data for the polycrystalline Pt (Pt(pc))
disc electrodes measured in the H2 saturated 0.1 M AMOH (AM ¼ Liþ,
Naþ, Kþ, Csþ) electrolytes at low overpotentials. Curves recorded in
different electrolytes are very similar in shape but shifted. The Tafel
slopes vary only slightly (between ca 79 and ca 93 mVdec�1), indicating
that the RDS is the same in all cases. Nevertheless, the exchange current
density was observed to decrease in the following order: LiOH � NaOH
> KOH > CsOH, from ca 0.84 to ca 0.21 mA cm�2 (Fig. 1). These cation-
dependent phenomena indicate a change in the interfacial water struc-
ture and the binding energy of adsorbed hydrogen species caused by the
high concentration of cations on the Pt surface [4,11]. Considering that
the Tafel slope (Fig. 1) is not constant till �0.05 V, it is of particular
interest to use EIS and elucidate the contribution of each mechanism in
this potential region. For this purpose, Pt microelectrodes with a diam-
eter of 25 μmwere used. The application of the microelectrode allows for
suppressing mass transfer limitations and ohmic drop issues due to its
3

small dimension, which is undesirable for kinetics measurements.
Typical cyclic voltammograms of Pt-microelectrodes recorded in the

Ar-saturated 0.1 M LiOH, NaOH, KOH, and CsOH electrolytes are shown



Fig. 5. Charge transfer resistances associated with the VH, Rct,1, and VT, Rct,2, mechanisms for (A) 0.1 M LiOH, (B) 0.1 M NaOH, (C) 0.1 M KOH and (D) 0.1 M CsOH
electrolytes at low overpotentials.

Fig. 6. The relative contribution of the currents for the VH and VT mechanisms
for 0.1 M LiOH, NaOH, KOH, and CsOH electrolytes at �0.05 V vs. RHE on Pt-
microelectrodes. As one can see, the VH mechanism dominates more profoundly
in the LiOH electrolyte.
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in Fig. 2. Shapes of the voltammograms in the hydrogen adsorption/
desorption regions are clearly different in the presence of various AM
cations. As adsorbed hydrogen species are also intermediates in the HER,
AM cations likely affect the surface's adsorption properties during the
hydrogen evolution.

We assume in our impedance analysis that the physical model
developed in our previous work [20] for the HER in acidic media is also
valid at higher pH values (Fig. 3). The model consists of the uncom-
pensated resistance, RU, the impedance of the double layer, ZDL, and two
parallel branches consisting of elements associated with the VH and VT
pathways. The charge transfer resistance, Rct,1, adsorption pseudocapa-
citance, Ca, and adsorption resistance, Ra, are associated with the Heyr-
ovsky mechanism. Consequently, the VT pathway manifests itself by two
elements, the charge transfer resistance, Rct,2, and the semi-infinite linear
diffusionalWarburg impedance, ZDiff. For the derivation of the model and
detailed explanation, we refer to Ref. [20].

The ratio of the charge transfer resistances, Rct,2/Rct,1, provides an
estimate for the relative contribution of the VH and VT mechanisms to
the total measured current in the absence of significant diffusion limi-
tations [20].

Fig. 4 shows that the model described in Fig. 3 can provide good
fitting results with relatively small root-mean-squared deviations for all
electrolyte compositions investigated in this work. Estimated individual
parameter uncertainties confirm that each element contributes to the
4



Fig. 7. Reaction free energies computed for the Volmer, Tafel, and Heyrovsky steps of the HER on the pristine Pt(111) surface and in the presence of alkali metal
cations. The results for bare and solvated cations are presented on the left (a) and right (b) side, respectively, with the exemplary atomic-structure snapshots for the Liþ

case. Only the most energetically favorable reaction pathways found for each step (see Figure S7) are shown for clarity, while all the data are provided in Section
“Details on the DFT calculations” of SI.
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overall description of the EIS response (see Figures S1-S4 and Tables S1-
S4 in the SI).

Fig. 5 illustrates that the relative contribution of the VH and VT steps
differs for the explored cations and changes with the overpotential. The
contribution of the VH mechanism dominates with increasing over-
potential for all investigated electrolytes. Remarkably, the HER mecha-
nism depends on the overpotential for 0.1 M NaOH (Fig. 5B) with the
major contribution of VT being observed at lower overpotentials and VH
being the dominating mechanism at higher overpotentials. In 0.1 M
CsOH, VH is the dominating mechanism independent of the applied
overpotential (Fig. 5D). The ratio Rct,2/Rct,1 ¼ iVH/iVT, where iVH and iVT
are the partial currents due to the VH and VT mechanisms, respectively,
gives the relative contribution of the VT and VH mechanisms to the
observed current (Fig. 6). As shown in Fig. 6, the VH mechanism domi-
nates in the presence of Liþ at higher overpotentials.

DFT simulations are employed to analyze the role of AM on the HER
mechanism for the reference Pt(111) surface by evaluating the binding
energies of *H and *OH (HBE and OHBE, respectively). Our calculations
reveal that HBE is almost unaffected by the presence of the cations on the
surface. This is, however, different in the case of OH-adsorption as a
significant effect of the cations on the energetics of OH-adsorption and
water dissociation is determined (see Tables S6 and S10 in the SI).
Figure S6 shows a clear correlation between OHBE and the hydration
energy of the corresponding AM cation revealing the strongest driving
force for OH-binding to the Pt surface with Liþ. This is because alkali
metal cations energetically prefer to form direct chemical bonds with the
adsorbed OH species. Specifically, in addition to considering bare cations
at the surfaces, we include cations with their first water shell in the
analysis. In this case, we find that the outer-sphere aqueous cation
complexes always converge to more stable inner-sphere complexes with
direct M � OH bonds at the interface during DFT optimization calcula-
tions. The stability of such complexes at the metal surfaces is confirmed
by additional AIMD simulations at room temperature (see SI for further
details).

Next, we proceed with investigating the HER pathways for the
Pt(111) surface in the presence of AM cations. Although the presence of
adsorbed H-species is necessary for the reaction to proceed via either the
Tafel or Heyrovsky step, in practice, different reaction pathways at the
interface are conceivable. We systematically examine various reaction
scenarios that are schematically displayed in Figure S7. Specifically for
the Volmer step, we can identify three different reaction pathways: 1) Hþ

is adsorbed on the surface, while OH� goes to the solution (denoted as V1
in Figure S7), 2) both Hþ and OH� are adsorbed on the surface (V2), and
5

3) OH� is adsorbed, while Hþ goes to the solution (V3). The Heyrovsky
step can be analogously classified, resulting in five possibilities denoted
as the H1–H5 pathways in Figure S7.

Fig. 7 shows the results for the most energetically favorable pathways
of the HER over Pt(111) identified in our calculations. It can be seen that
AM cations systematically decrease the energetics of the Volmer and
Heyrovsky reaction steps in the sequence Csþ < Kþ < Naþ < Liþ, while
the Tafel step remains almost unaffected. It is also seen from Fig. 7b that
the cation trend is preserved when the first aqueous shell is included in
calculations. Overall, our computational results appear to agree with the
electrochemical measurements discussed above. Specifically, simulations
demonstrate that AM cations should change the relative contribution of
the VT and VH mechanisms to the overall HER process, with Liþ pro-
moting the VH mechanism more than other cations.

The Bader charge analysis agrees well with the computed HER ther-
modynamics. Figure S5 shows the computed Bader charges on Pt centers
directly underneath the OH adsorbates. It can be seen that the atomic
charges systematically decrease when going from the pure metal cases to
the Liþ system. As expected from the HER energetics, the weakest effect is
observed for Csþ and the strongest one for Liþ.

4. Conclusions

The found enhancement of the HER activity on Pt electrodes at 0.1 M
concentration of AM cations follows the trend: Liþ�Naþ>Kþ>Csþ,
where the highest activity results from LiOH electrolytes at low over-
potentials. We show that the nature of AM cations and overpotential can
influence the contribution of VH and VT mechanisms in the HER. The
presence of Liþ ions, in general, promotes the VH mechanism at the
overpotential close to �0.05 V vs RHE. Experimental results are sup-
ported by DFT calculations revealing that the Volmer and Heyrovsky
reaction steps become more favorable when progressing from Csþ to Liþ,
while the Tafel step is not sensitive to the nature of AM. In summary, the
presence of “spectator” AM cations impacts the reaction energetics and
allows steering the process along a specific reaction pathway.
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