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ABSTRACT
In this work, we present an in-depth study of the role of mass transport conditions in tuning the hydrogen evolution kinetics on gold by means
of rotation rate control. Interestingly, we find that the hydrogen evolution reaction (HER) activity decreases with the increasing rotation rate
of the electrode. As we increase the rotation (mass transport) rate, the locally generated hydroxyl ions (2H2O +2e− → H2 + 2OH−) are
transported away from the electrode surface at an accelerated rate. This results in decreasing local pH and, because of the need to satisfy
local electroneutrality, decreasing near-surface cation concentration. This decrease in the near-surface cation concentration results in the
suppression of HER. This is because the cations near the surface play a central role in stabilizing the transition state for the rate determining
Volmer step (∗H–OHδ−–cat+). Furthermore, we present a detailed analytical model that qualitatively captures the observed mass transport
dependence of HER solely based on the principle of electroneutrality. Finally, we also correlate the cation identity dependence of HER on
gold (Li+ < Na+ < K+) to the changes in the effective concentration of the cations in the double layer with the changes in their solvation
energy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064330

I. INTRODUCTION

Research on the hydrogen evolution reaction (HER) in alka-
line media (2H2O + 2e− → H2 + 2OH−) continues to be of utmost
importance for the generation of green hydrogen via alkaline water
electrolysis.1,2 Moreover, understanding the activity trends for HER
is also crucial for the development of other renewable energy tech-
nologies, such as CO2 electroreduction and electrochemical biomass
upconversion, where HER can bring down the Faradaic efficiency
of the process by acting as a parasitic side reaction.3–7 Addition-
ally, understanding the kinetic trends for this reaction is also central
to our fundamental understanding of electrochemistry, since HER
has long served as a model reaction for the theories and laws of
electrocatalysis. In this regard, the slow kinetics of HER in alkaline
media remains an active area of research, since the traditional activ-
ity descriptors fail to capture/predict the experimentally observed
trends under alkaline conditions.

Traditionally, the hydrogen binding energy (HBE) on the elec-
trocatalyst surface has been used to describe the HER kinetics in

acidic electrolytes, where it successfully captures the changes in the
HER activity on different metal surfaces.8–11 However, this descrip-
tor suffers from certain shortcomings as it not only fails to capture
the experimental trends on different catalysts in alkaline media, but
it also fails to explain the non-Nernstian pH dependence of HER
kinetics.12 It is now widely accepted that in order to describe the
HER kinetics completely, especially under alkaline conditions, there
is a need to move beyond HBE as the main descriptor and instead
focus on the influence of the electrochemical environment at the
metal–electrolyte interface. In fact, various groups have successfully
identified different interfacial parameters, such as the interfacial
field strength, the oxophilicity of the surface sites, and the cation
solvation energy, to name a few, as important descriptors for the
kinetics of hydrogen evolution in alkaline media.13–16 It has been
shown that these interfacial parameters can affect the HER kinetics
by means of favorable/unfavorable interactions with the dissociat-
ing water molecule at the interface (H2O + e− + ∗ →H—∗ +OH−).
Hence, it appears that in addition to the HBE, the interaction of the
reacting water molecules and the resulting hydroxyl ions also needs
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to be considered in order to describe the electrochemical water dis-
sociation (Volmer step) in alkaline media completely. Eventually, a
combination of different parameters may be required to accurately
predict the overall HER rate.

In this light, alkali metal cations are one of the most crucial elec-
trolyte parameters used in describing the HER kinetics in alkaline
media as they can have a strong interaction with the metal sur-
face as well as the reactants (H2Oads) and products (OHads, OH−)
of HER. Markovic and co-workers have shown that on transition
metal hydroxide modified Pt electrodes, HER kinetics improves in
Li+ ion containing electrolytes, which they attribute to the stabiliz-
ing effect of Li+ ions on the adsorbed hydroxyl (∗OH–cat+) species
at the interface.17,18 However, more recently, our group as well as
Tang and co-workers have shown that a direct involvement of the
adsorbed hydroxyl species is not always viable under the conditions
of HER (very negative overpotentials).15,19 Instead, it is expected that
cations affect the reacting water molecule at the surface by changing
the barrier height for the rate determining Volmer step. In addition
to the debated role of the cations in stabilizing H2Oads/OHads at the
surface, it has also been shown that cations can directly adsorb at
the interface (by partially losing their hydration shell), thus disrupt-
ing the H2O–OHads network and weakening the binding of OHads
at the surface.20,21 However, the exact mechanism behind the cation
assisted HER in alkaline media remains disputed, as inconsistencies
exist in the activity trends with cation identity on HER kinetics. It
has been shown by Bandarenka and co-workers that while on Pt
and Ir electrodes, the HER kinetics improves in going from CsOH
< KOH < NaOH < LiOH, on Au and Ag electrodes, the opposite
trend is observed.22 Recently, we have shown that in addition to the
inconsistencies in the alkali metal cation identity effects, pH affects
the HER rate on Pt(111) and Au(111) electrodes differently.23 While
it was shown previously that on the Pt(111) surface, the HER activ-
ity increases in going from pH 13 to pH 11, in the case of Au(111),
the opposite trend is observed. We have shown that there is a direct
correlation between pH effects and cation effects for HER kinetics on
gold, showing that as the electrolyte pH is increased, the near-surface
cation concentration also increases due to the increasing negative
charge density at the electrode. This work demonstrated the cen-
tral role of cations on the kinetics of HER in alkaline media and
explained, in part, the anomalous pH dependence of this reaction.
Moreover, we showed that at high cation concentrations, the promo-
tional effect of cations plateaus and eventually becomes inhibitive,
which we ascribed to the blockage/crowding of the reactive surface
by the near-surface cations.24

In this work, we study the role of mass transport in tuning the
HER kinetics on polycrystalline Au electrodes by means of control-
ling the local pH gradients. We exploit the fact that as the mass
transport conditions are enhanced, the local alkalinity at the sur-
face is suppressed due to the accelerated transport of OH− ions away
from the electrode. Rather than a direct pH effect, we attribute the
effect of mass transport on HER kinetics to a corresponding decrease
in the near-surface cation concentration due to the need to satisfy the
conservation of local electroneutrality. Hence, the increasing rota-
tion rate lowers the HER activity on Au by indirectly controlling the
local cation concentration at the interface, which is a central parame-
ter in tuning HER kinetics. Moreover, we show that the rotation rate
of HER is dependent on both bulk pH and cation identity. These
trends underscore the lower effective concentration of Li+ cations in

the near-surface region due to their larger hydration shells. In sum-
mary, this work provides rational guidelines for selectively tuning
the HER kinetics in alkaline media by carefully manipulating the
near-surface electrolyte environment by means of bulk pH, cation
identity, and mass transport.

II. EXPERIMENTAL METHODS
A. Chemicals

The electrolytes were prepared from H2SO4 (98% by wt. solu-
tion, EMSURE, Merck), LiClO4 (99%, anhydrous, Alfa Aesar),
NaClO4 (99.99%, trace metals basis, Sigma-Aldrich), KClO4
(≥99.99%, trace metals basis, Sigma-Aldrich), LiOH (99.995%, Alfa
Aesar), NaOH (32% by wt. solution, analysis grade, Merck), KOH
(≥99.995%, Suprapur, Merck), and ultrapure water (Milli-Q gradi-
ent, ≥18.2 MΩ cm, TOC <5 ppb). Ar (6.0 purity, Linde) and H2 (5.0
purity, Linde) were used for purging the electrolytes.

B. General electrochemical methods
The electrochemical measurements at pH 10 to pH 12 were car-

ried out in home-made borosilicate glass cells, and measurements
at pH 13 (and higher) were carried out in a home-made PTFE cell.
The reference electrode was separated from the working compart-
ment with the help of a Luggin capillary, and the counter electrode
was a Au wire (99.99% purity), unless otherwise stated. The glass-
ware was cleaned prior to each experiment by boiling it five times in
ultrapure water. When not in use, the glassware was stored in 1 g/l
solution of KMnO4 (acidified). Before boiling, any traces of KMnO4
and MnO2 were removed from the glassware by submerging it in
a diluted solution of acidified H2O2 (few drops of conc. H2SO4 and
10–15 ml H2O2 in excess water) for half an hour. Before every exper-
iment, the electrolytes were purged for ∼20 min with Ar to remove
any dissolved oxygen from the electrolyte. Moreover, during the
measurement, Ar was also bubbled over the headspace of the elec-
trochemical cell in order to eliminate any interference from ambi-
ent oxygen. A home-made reversible hydrogen electrode (RHE)
was used as the reference electrode in all experiments. All elec-
trochemical measurements were carried out using an Ivium Tech-
nologies (CompactStat.h standard) potentiostat and a modulated
speed rotator (Pine Research). For all the CVs taken, 85% Ohmic
drop compensation was performed. The Ohmic drop of the elec-
trolyte was determined by carrying out electrochemical impedance
spectroscopy (EIS) at 0.05 V (vs RHE, double-layer region). In all
measurements, the working electrode was a Au polycrystalline disk
in E6/E5 ChangeDisk tips embedded with a PEEK shroud (Pine
Research).

TABLE I. Compositions of the electrolytes employed for the pH dependence studies
of HER.

Bulk [CatOH] (M) [CatClO4] (M) Total ion
pH Cat+ = Li+, Na+, K+ Cat+ = Li+, Na+, K+ concentration (M)

10 10–4 9.99 × 10−2 2 × 10−1

11 10–3 9.9 × 10−2 2 × 10−1

12 10–2 9 × 10−2 2 × 10−1

13 10–1 ⋅ ⋅ ⋅ 2 × 10−1
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TABLE II. Compositions of the electrolytes employed for the cation concentration dependence studies of HER.

[CatOH] (M)
Bulk pH Cat+ = Li+, Na+, K+ [CatClO4] (M) Total ion concentration (M)

LiClO4/NaClO4

5 × 10−3 1.2 × 10−2

5 × 10−2 1.02 × 10−1

2.5 × 10−1 5.02 × 10−1

5 × 10−1 ≈100

100 2 × 100

11 10–3

KClO4

5 × 10−3 1.2 × 10−2

2.5 × 10−2 5.2 × 10−2

5 × 10−2 1.02 × 10−1

10–1 2.02 × 10−1

LiClO4/NaClO4

5 × 10−3 2.1 × 10−1

5 × 10−2 3 × 10−1

2.5 × 10−1 7 × 10−1

5 × 10−1 1.2 × 100

100 2.2 × 100

13 10–1

KClO4

5 × 10−3 2.1 × 10−1

2.5 × 10−2 2.5 × 10−1

5 × 10−2 3 × 10−1

10–1 4 × 10−1

Before each experiment, the Au polycrystalline disk (diam-
eter = 5 mm, Pine Instruments) was mechanically polished
on Buehler micro-polishing cloth (8 in.) with decreasing sizes
of diamond polishing suspension, namely, 3, 1, and 0.25 μm.
Next, the disk was sonicated in ultrapure water and acetone for
10 min to remove any organic/inorganic impurities and mounted
on the rotating disk electrode (RDE) tip. Thereafter, the Au poly-
crystalline disk was electrochemically polished in 0.1M H2SO4
(0.05–1.75 V vs RHE, 200 cycles at a scan rate of 1 V s−1) by
going to the Au oxide formation and reduction region.25 Prior
to each experiment, a characterization cyclic voltammogram (CV)
of the disk was obtained in the same potential window where
the electrochemical polishing was performed (at a scan rate of
50 mV s−1), as shown in Fig. S5 (supplementary material). For
calculating the current densities for the HER activity, the electro-
chemically active surface area (ECSA) of the disk was determined
by calculating the charge from the reduction peak for Au oxide in
the characterization CV and dividing it by the specific charge of one
monolayer of Au (390 μC cm−2).25 The working electrode was then
used for the electrochemical measurements.

C. Electrochemical measurements for HER activity
The studies for the pH dependence and the disk rotation rate

dependence of HER were done in Ar sat. 0.1M electrolytes, as shown
in Table I. Additionally, studies were done in 1 and 2M KOH con-
taining electrolytes in a PTFE cell. The CVs were taken in the poten-
tial window of 0 to −0.65 V vs RHE at a scan rate of 25 mV s−1, and
the working electrode was rotated at different rotation rates (2500,
2100, 1800, 1600, 1400, and 1200 rpm) in every measurement. The

rotation rate was always changed from the highest to the lowest rate
to make sure that any changes in the local pH from the previous
measurement do not interfere with the current measurement. More-
over, in between different measurements, the electrode was rotated
at a given rotation rate for two minutes to make sure that the system
had enough time to reach steady-state conditions.

All the studies on the bulk cation concentration dependence
of HER were done at pH 11 (10−3M CatOH) and pH 13 (0.1M
CatOH) where the cation concentration was varied in the electrolyte
by adjusting the concentration of CatClO4, as shown in Table II. The
CVs were taken in the potential window of 0 to −0.65 V vs RHE at
a scan rate of 25 mV s−1, and the working electrode was rotated at
2500 rpm in every measurement.

III. RESULTS AND DISCUSSION
In Fig. 1, we show that on the polycrystalline Au surface, the

HER activity improves as we go from a lower rotation rate to a higher
rotation rate in different alkali metal ion containing electrolytes.
These results are counter-intuitive since HER under alkaline con-
ditions proceeds via the water reduction reaction (2H2O +2e− →H2
+ 2OH−) and, in principle, it should be mass transport independent.
However, in addition to the enhanced mass transport of the reac-
tants to the electrode surface, the rotation rate of the electrode also
tunes the local pH gradients. It is well known that during HER, the
local pH in the diffusion layer is higher compared to the bulk, both
under acidic conditions (proton reduction) and under alkaline con-
ditions (water reduction) due to proton consumption and hydroxyl
ion generation, respectively.26–28 Here, the rotating rate of the elec-
trode tunes these gradients via the control of the diffusion layer
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FIG. 1. Negative-going scan of the cyclic voltammograms obtained for HER on the Au polycrystalline surface in 0.1M Li+ ion containing electrolytes at (a) pH 11 and (b) pH
13, in 0.1M Na+ ion containing electrolytes at (c) pH 11 and (d) pH 13, and in 0.1 M K+ ion containing electrolytes at (e) pH 11 and (f) pH 13 at a fixed cation concentration
in the bulk (0.1M) at different rotation rates (2500, 2100, 1800, 1600, 1400, and 1200 rpm) at a scan rate of 25 mV s−1.

thickness.3,29 Briefly, an increasing rotation rate results in an acceler-
ated transport of OH− ions away from the electrode surface, thereby
leading to a lower local alkalinity. Hence, the observed rotation rate
dependence, as shown in Fig. 1, suggests a local pH dependence for
HER on Au.

In Fig. 2, we probe this further and we find that the HER activ-
ity is indeed pH dependent. We see that it improves with increasing
pH (pH 10 to pH 13) in electrolytes containing different alkali metal
cations. Moreover, the Tafel slope analysis also confirms that the
HER kinetics improves with the increasing bulk pH. Here, the pH
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FIG. 2. Negative-going scan of the cyclic voltammograms obtained for HER on the Au polycrystalline surface in (a) Li+, (b) Na+, and (c) K+ containing electrolytes at a fixed
cation concentration in the bulk (0.1 M) at different electrolyte pH (pH 10, pH 11, pH 12, and pH 13) at 2500 rpm and a scan rate of 25 mV s−1. The Tafel slope analysis for
HER on the Au polycrystalline surface in (a) Li+, (b) Na+, and (c) K+ containing electrolytes at pH 11 and pH 13, obtained from the data shown in (a)–(c).

dependence of HER kinetics agrees with our recent work where we
have argued that since the potential of zero charge shifts positively
(on the RHE scale) with the increasing pH (Epzc = Eo

pzc + 0.059 pH),
the interfacial electric field becomes more negative with the increas-
ing pH at the same applied potential on the RHE scale.30,31 Con-
sequently, the near-surface cation concentration also increases with
the electrolyte pH to counter the increasingly negative charge den-
sity at the surface (at a constant ERHE/V).23 In our recent work, we
proposed that cations near the surface can enhance the HER activ-
ity on Au electrodes by favorably interacting with the transition
state of the rate determining Volmer step (H2O + e− + ∗ + cat+

→ ∗H–OHδ−–cat+ + (1 − δ)e− → ∗H + OH− + cat+).23

This shows that the bulk pH dependence of the HER kinet-
ics expresses, at least in part, a dependence on the near-surface
cation concentration. This can be expressed as an empirical rate law
expression for HER as follows:

v1 = ke f f 0
1 exp(−αFE

RT
)[Cat+]γ

s
, (1)

where ke f f 0
1 is the standard rate constant, α is the transfer coefficient,

F is Faraday’s constant (96 485 C mol−1), E is the applied potential
with respect to the standard potential of the reaction, R is the uni-
versal gas constant (8.314 J K−1 mol−1), T is the temperature (K),
[Cat+]s is the surface concentration of cations (in mol cm−3), and γ
is the (empirical) reaction order in the (local) cation concentration.

We note here that while the results shown in Fig. 2 capture the
dependence of HER kinetics on near-surface cation concentration
as a function of the bulk pH, these results still do not elucidate the

local pH dependence of HER, as shown in Fig. 1. This is because
the bulk pH and, hence, the interfacial electric field strength at a
given potential (vs RHE) remains constant in all the measurements
in Fig. 1, regardless of the rotation rate. However, in accordance
with the conservation of local electroneutrality, we would expect
the near-surface cation concentration to also vary with the local
pH gradients even at a constant field strength. In principle, local
electroneutrality will lead to a lower local cation concentration in
response to a decrease in the local concentration of hydroxyl ions.
Hence, increasing rotation rate will result in a corresponding lower
local cation concentration due to the changes in the local pH, such
that [Cat+]s = [Cat+]b + β([OH−]s − [OH−]

b
) (where β is a kind

of a local transference number; see Sec. S1 in the supplementary
material for more details). This explains the observed suppression
of HER with increasing rotation rate (as shown in Fig. 1). We can
express this analytically in a simple model by assuming that under
steady-state conditions, the OH− generation rate (HER rate) must
be equal to its diffusion rate,

ke f f 0
1 exp(−αFE

RT
)([Cat+]

b
+ β([OH−]

s
− [OH−]

b
))γ

= DOH−

δOH−
([OH−]

s
− [OH−]

b
), (2)

where [OH−]s is the surface concentration of hydroxyl ions
(in mol cm−3), [OH−]

b
is the bulk concentration of hydroxyl ions

(in mol cm−3), δOH− is the diffusion layer thickness (δOH− = 1.61

×D
1
3
OH− × ν

1
6 × ω−

1
2 ), DOH− is the diffusion coefficient of OH−
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(5.273 × 10−5 cm2/s), ν is the kinematic viscosity of water (8.9 × 10−3

cm2/s), and ω is the angular frequency of rotation (in rad/s), and
the rest of the symbols have the same meaning as before. Hence, the
rotation rate/mass transport rate dependence of the diffusion layer
thickness (δ; calculated from the Levich equation) indirectly affects
the near-surface cation concentration by controlling the local pH at
the surface.

Moreover, we note here that Eqs. (1) and (2) could be rewrit-
ten to show more explicitly that the activation energy of the reac-
tion is lowered by a factor γRTln (Γcat,s/Γmax) due to the presence
of cations near the interface, with Γcat,s being the surface concentra-
tion of cations in the double layer (in mol cm−2) and Γmax being the
maximum (saturated) surface concentration of cations in the double
layer.23 It is important to distinguish between the surface concentra-
tion, which is the cation concentration just outside the double layer,
and the cation concentration in the double layer, which includes
the effect of cation interaction with the surface. For instance, for
the same surface concentration, we expect Cs+ to have a higher
double-layer concentration than Li+ due to its weaker hydration and
stronger tendency for specific adsorption. Therefore, Γcat,s is related
to [Cat+]s by an isotherm expression including the interaction
energy between the ion and the surface.

We further studied the role of these cation interaction effects
by varying the cation identity in the electrolyte. In Fig. 3 we see that
the HER activity on Au electrodes increases in the order: Li+< Na+

< K+ under alkaline conditions (pH 11 and pH 13). Here, the cation
identity trend for HER kinetics agrees well with the expected inter-
action strength of cations with the metal interface and the reacting
water molecule. Among the different alkali metal cations, Li+ ions
tend to have the weakest interaction with the electrified interface,
owing to their higher degree of solvation.20,21,32 Moreover, Xue and
co-workers have also shown previously that on the Au(111) inter-
face, the experimentally obtained double-layer capacitance increases
in going from Li+ to Cs+ at a fixed bulk cation concentration, sug-
gesting that the effective double-layer concentration of the cations
increases (Li+ < Na+ < K+ < Cs+) with the decreasing solvation
energy of the cations.33,34 Based on these results, we propose that the
enhancement in the HER activity on Au electrodes in going from Li+

to K+ is associated with the increase in effective concentration of the
cations near the surface (Γcat,s) with a lower degree of solvation.

Moreover, in Fig. 4, we plot the reaction order for HER in
bulk cation concentration for different alkali metal cations at pH
11 and pH 13. At pH 11, the positive reaction order in cation con-
centration increases in going from Li+ < Na+ < K+. This agrees
with our hypothesis that the effective near-surface concentration
of the cations depends on their hydration energy, and hence, the
increase in the reaction order can be attributed to the corresponding
increase in the near-surface “double-layer” cation concentration in
going from Li+ to K+. Interestingly, we see that the reaction orders
for all cations are less than 1, which indicates that the inner-layer
cation concentration is approaching saturation already at interme-
diate pH values. Furthermore, at pH 13, we see that while in Li+

ion containing electrolytes the reaction order in cation concentra-
tion (≈0.3) is similar to the reaction order observed at pH 11, in Na+

and K+ containing electrolytes, the reaction orders become negative.
Moreover, the reaction order is more negative for K+ than it is for
Na+. In fact, a closer look at the Na+ ion containing electrolyte at
pH 13 [Fig. 3(e)] shows that while an initial increase in the cation
concentration shows a near-zero reaction order for HER, only at
higher cation concentrations, the reaction order becomes negative
[also shown in Fig. S2(b) in the supplementary material]; while in
the case of K+ ion containing electrolyte, a purely negative reaction
order [Fig. 3(f)] is obtained. These results show that as the bulk elec-
trolyte pH and thus the near-surface cation concentration increase
above a threshold (saturation) concentration, the promotional effect
of the cations on the HER kinetics vanishes and effectively becomes
inhibitive at very high cation concentrations. Traditionally, negative
reaction orders above a threshold concentration are attributed to
the blocking of the reactive sites at the surface. However, it remains
an active area of debate in the field whether the cations chemically
adsorb at the surface or simply accumulate in the outer-Helmholtz
plane in the double layer.12,24,35 In either case, it would be expected
that the accumulated cations near the surface can result in detri-
mental effects for HER if the cation–metal interactions are boosted
at the expense of water–metal interactions. This hypothesis also
explains the stronger “blocking” effect at pH 13 in K+ ion containing

FIG. 3. Negative-going scan of the cyclic voltammograms obtained for HER on the Au polycrystalline surface for a fixed cation concentration in the bulk (0.1 M) at (a) pH 11
and (b) pH 13 at 2500 rpm and a scan rate of 25 mV s−1 in electrolytes containing different alkali metal cations: Li+, Na+, and K+.
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FIG. 4. Reaction order plots obtained for HER on the Au polycrystalline surface at pH 11 in (a) Li+, (b) Na+, and (c) K+ ion containing electrolytes and at pH 13 in (d)
Li+, (e) Na+, and (f) K+ ion containing electrolytes with varying cation concentration in the bulk at 2500 rpm at a scan rate of 25 mV s−1 where the slope indicates the
corresponding reaction order at a fixed potential (vs RHE).

electrolytes compared to Li+ and Na+ ion containing electrolytes,
since Li+ cations have the weakest interaction with the metal surface
due to their higher degree of solvation.20,21,24 Hence, these results
suggest that intermediate electrolyte pH is optimal for the cation
assisted HER mechanism in alkaline media, and more extreme near-
surface cation concentrations at very high pH can lead to a dimin-
ishing HER activity as the strong cation–metal interactions render
the metal surface less active for HER.

Since at extremely high pH values, K+ ions show a negative
reaction order for HER [Fig. 3(f)], we also looked at the rotation
rate dependence of HER in 1 and 2M KOH containing electrolytes
(Fig. 5). Interestingly, in contrast with the results obtained at lower
pH values, we observe that under these conditions, an increas-
ing rotation rate results in increasing HER activity in 1 and 2M
KOH containing electrolytes. Here, the reversed rotation rate depen-
dence confirms that at extremely high bulk pH/cation concentration

FIG. 5. Negative-going scan of the cyclic voltammograms obtained for HER on the Au polycrystalline surface in (a) 1 M KOH (pH 14) and (b) 2 M KOH at different rotation
rates at a scan rate of 25 mV s−1. In contrast to Figs. 4 and S3, under these conditions we find that the HER increases with increasing rotation rate, in agreement with the
idea that we are in the concentration regime where the cation inhibits the HER.
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FIG. 6. (a) Simulated linear sweep voltammogram for HER on Au electrodes as obtained from Eq. (S12) (supplementary material) at different rotation rates (2500, 1200,
and 800 rpm). (b) The as-calculated surface pH [Eq. (S11)] as a function of the applied overpotential (vs RHE) at different rotation rates, where the bulk pH is 11 in all the
calculations. (c) The as-calculated surface cation concentration [Eq. (S7)] as a function of the applied overpotential (vs RHE) at different rotation rates, where the bulk cation
concentration is 0.1 M in all the calculations.

values, an increasing near-surface cation concentration ([Cat+]s)
indeed inhibits HER, and hence, lowering the local pH and thereby
the local cation concentration enhances the HER rate. In the current
model equations (1) and (2), this effect can be modeled by assuming
a negative γ, i.e., a negative reaction order in local cation concentra-
tion.23 However, we also note here that the reversed rotation depen-
dence (Fig. 5) is not as prominent as the inhibitive effect of cations
obtained with increasing bulk cation concentration [Figs. 3(e) and
3(f)], and we believe that this is because while the mass transport
changes can regulate the local cation concentration at the inter-
face, in order to obtain the reversed rotation dependence, we have
to employ very high bulk pH/cation concentration (pH 14, 1M) to
begin with. Hence, even at the highest rotation rate (2500 rpm) the
local pH/cation concentration is close to pH 14/1M, and therefore, a
drastic improvement in the HER activity would not be expected.

IV. SIMULATIONS FROM THE ANALYTICAL MODEL
FOR HER ON Au ELECTRODES

In this section, we present the simulated J–E curves as well as
the calculated surface pH and surface cation concentration, thus
obtained from the equations written above, and compare them to
the experimentally observed trends (see Sec. S1 in the supplemen-
tary material for more details). The model is based on the idea that
the rate of HER depends on the local (interfacial) concentration
of cations, since the cations interact favorably with the transition
state because a (partially) negatively charged hydroxide is being split
off from the reacting water molecule, which is written analytically
in the form of Eq. (1) above. Moreover, the conservation of elec-
troneutrality within the diffusion layer dictates that an increase in
the concentration of OH− at the surface must be accompanied by a
corresponding increase in the concentration of cations. Hence, the
rotation rate/mass transport rate dependence of the diffusion layer
thickness (δ; calculated from the Levich equation) indirectly affects
the near-surface cation concentration by controlling the local pH at
the surface. We note here that we make certain simplifying approx-
imations in the model (see Sec. S1 in the supplementary material
for more details), and the aim here is not to reproduce our experi-
mental results quantitatively but rather to capture the mass transport

dependence of HER qualitatively. Figure 6(a) illustrates that, in
agreement with our experimental results, the simulated curves
indeed show an increase in the HER current densities with the
decreasing rotation rate. Here, the increase in the local pH with
the decreasing rotation rate [Fig. 6(b)] results in a corresponding
increase in the local cation concentration [Fig. 6(c)], which in turn
leads to the increase in Jcalculated with decreasing rotation. Hence,
the simplified equations written on the basis of electroneutrality
are able to qualitatively capture our experimental results in the low
pH/cation concentration regime (pH = 11).

V. CONCLUSIONS
This work has explored the nature of mass transport effects

in tuning the kinetics of HER on polycrystalline Au electrodes. We
show that the HER kinetics can be selectively steered by tuning the
mass transport rate for achieving the optimal near-surface electro-
chemical environment for HER. It is shown that with the decreasing
rotation speed of the electrode (increasing diffusion layer thickness),
the HER activity can be selectively enhanced on polycrystalline Au
electrodes. This enhancement arises from the associated changes in
the cation concentration near the interface, which is responding to
local changes in OH− concentration to conserve electroneutrality,
as the rotation rate (local pH) is changed. This is because near-
surface cation concentration is a central parameter in tuning the
HER kinetics in alkaline media, and we propose that cations assist in
the HER mechanism by stabilizing the dissociating water molecule
at the surface (∗H–OHδ−–cat+). Moreover, we also developed an
analytical model based on electroneutrality that qualitatively cap-
tures the observed mass transport dependence of HER as an implicit
function of its near-surface cation concentration dependence.

Finally, we show that the HER kinetics also improves as the bulk
electrolyte pH is increased (pH 10 to pH 13) as well as with a change
in the alkali metal cation identity in the electrolyte (Li+<Na+< K+).
We show that both of these trends are also correlated with the
increase in the near-surface cation concentration, which results in
the enhancement of HER. In agreement with our previous work,
we show that as the electrolyte pH increases, the near-surface cation
concentration also increases due to the changing interfacial electric
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field. Moreover, as we go from Li+ to K+, the double-layer cation
concentration increases due to the changing solvation energy of the
cations.

Interestingly, the promotional effect of cations saturates above
a threshold concentration and even becomes inhibitive at extreme
conditions (high bulk cation concentration and low rotation at high
bulk pH). We attribute this inhibitive effect to the crowding of
the double layer with extremely high near-surface cation concen-
trations, which can, in turn, lead to the crowding/blocking of the
reactive sites for HER. This has interesting implications for the alka-
line water electrolyzers, as it suggests that superior HER activity
can be obtained at intermediate pH values with high ionic strength
electrolytes instead of using the highly corrosive extremely alkaline
conditions. Moreover, our results also suggest that depending on
the strength of metal–water interactions vs metal–cation interac-
tions, divergent HER activity trends can be obtained for the same
electrolyte parameters. Hence, it is important to probe the different
electrode–electrolyte combinations independently in order to assess
the optimal reaction conditions for HER in alkaline media on a given
catalyst.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed analytical
model and additional experimental data.
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