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ABSTRACT

Buffers are often employed as electrolytes for their ability to resist to pH changes. Still, they are not just
spectators in the electrocatalytic processes, rather they may take a primary role. Here, we attempt to
understand the mechanism of the hydrogen evolution reaction (HER) in bicarbonate-containing elec-
trolytes on two distinct materials, Au and Pt. Keeping the bulk pH constant, voltammetric measurements
reveal a promotional effect on the HER rate in the presence of bicarbonate buffer, as well as a substantial
change in the reaction mechanism with a Tafel Slope in bicarbonate resembling the one in acidic media
(ca. 100 and 40 mVdec™! on Au and Pt, respectively). Nevertheless, because of the increase in surface pH
due to the concomitant water reduction (2H,O + 2e”— H, + 2 OH™), bicarbonate is consumed by acid-
base reactions and the bicarbonate branch of HER becomes significant only in the presence of large bulk
buffer concentrations. Bicarbonate and water reduction appear intrinsically different, as they exhibit
opposite dependence on the cation identity and scale differently with the specific area of the electrode.
Through microkinetic modelling, we exclude that HER in bicarbonate can be explained via the generation
of a proton by solution acid-base reactions. Rather, we suggest a direct bicarbonate reduction pathway,

which, due to the negatively charged reactant, is strongly dependent on the cation concentration.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The electrochemical production of hydrogen from water holds
the promise to be a commercially competitive way to synthesize
renewable fuel. On the other hand, when optimizing a different
electroreduction pathway, the hydrogen evolution reaction (HER)
becomes an unwanted process, which limits the energy output of
the desired reaction. A representative case for the latter is the
CO, electrochemical reduction (CO2RR), where the competitive
HER co-determines the Faradaic Efficiency (FE) to CO2RR [1,2]. To
identify strategies to limit the HER, it is crucial to determine the
proton source leading to HER. Traditionally, HER has been exten-
sively studied in acidic solutions, where the hydronium ion is the
proton source. Hydronium (most commonly referred as proton)
reduction is characterized by a fast kinetics, and is mainly con-
strained by mass transport [3]. By contrast, for increasing pH,
where water is the main proton donor for HER (Eq. 1), the reaction
rate is hindered by more sluggish kinetics [4].

2H,0 + 2e~=H, + 20H" (1)

Water dissociation to release hydrogen is generally considered to
have a higher barrier than hydrogen evolution in acidic media.
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While HER from hydronium is roughly independent of the elec-
trolyte nature, HER from water exhibits a strong dependence on
the composition of the electrified interface. The surface cation con-
centration [4], as well as the nature of the cation [5], determines the
rate of water reduction by interacting with the transition state of
the water dissociation step. Still, hydronium and water are not
the only proton sources. In general, every weak acid contained in
the electrolyte may be considered as a viable proton donor. Specif-
ically, buffering electrolytes species may be regarded not only as pH
regulators, but also as possible proton donors, once the surface pH
equals the pK, of the buffering couple [3,6]. This is the case of the
widely employed bicarbonate electrolytes for CO2RR studies, which
act as proton donor (PD) for HER (Eq. 2), limiting the FE of CO2RR to
CO [2].

2HCO; + 2e =H, +2C03" (2)

The phosphate buffer H,PO, /HPO3", having a neutral pK, of 7.1, is
also widely employed in electrochemistry, as well as in biological
systems. Studying HER in phosphate electrolytes (pH ca. 7) on plat-
inum, Obata et al. proposed that the mechanism of HER involves a
solution acid-base reaction between phosphate and water to release
an hydronium ion, followed by hydronium reduction to generate H,
[3]. Assuming faster kinetics of the solution homogeneous reactions
compared to the experimental ones, digital simulations based on
the proposed mechanism could reproduce with good agreement
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the experimental HER currents. On the other hand, studying the
HER in phosphate buffers on gold, Jackson et al. suggested that
the phosphate species forms a surface complex prior to hydrogen
discharge [6]. This hypothesis was supported by a previous study
indicating that in acetonitrile the steric hindrance of the electrolyte
conjugated acid also plays a role in dictating the kinetics of the HER
process [7]. Nonetheless, switching to an aqueous medium, the
steric hindrance of the PD was not a crucial factor in determining
HER activity [7].

Motivated by our recent results on electrolyte effects during
CO, reduction [2], we investigated in more detail the mechanism
of HER in bicarbonate electrolytes. We probed whether the bicar-
bonate provides the proton donor I) through its solution acid-
base reaction liberating an hydronium ion, which undergoes
reduction or II) through the formation of a (cation)-anion surface
complex at the electrified interface resulting in the hydrogen dis-
charge, as drawn in Fig. 1. We combined voltammetry measure-
ments under forced-convection on a gold and on a platinum
rotating disk electrodes (RDE) as a function of the pH and buffer
nature, bicarbonate buffer concentration, cation identity, cation
concentration and electrode roughness. We rationalized the
dependence of the total HER current on the electrolytes parame-
ters, in terms of the separate contributions of bicarbonate-
mediated-reduction and water reduction. Finally, with the help
of a microkinetic model, we discuss the mechanism that better
describes bicarbonate reduction.

2. Experimental
2.1. Chemicals and Materials

Electrolytes were prepared from H,SO4 (96 %, Merck Supra-
pur™), HCIO4 (70 %, Merck Suprapur™), KHCO; (Emsure™ACS Mer-
ck), K,CO3 (99.995 % trace metals basis, Sigma-Aldrich), KClO4
(Emsure™ACS Merck), NaHCOs; (Emsure™ACS Merck), Na,CO;
(99.999 %, Merck Suprapur™), NaClO4 (Emsure™ACS Merck), NaH,-
PO, (Emsure™ACS Merck), Na,HPO,4 (99.99 %, Merck Suprapur™),
Li,CO3 (99.999 % trace metals basis, Acros organics), LiOHeH,0
(99.995 % trace metals basis, Alfa Aesar), NaOH (30 % Suprapure,
Merck), KClI (Emsure, Merck) and Milli-Q water (resistivity
>18.2 MQ cm). Before experiments, the electrolytes were purged
for ca. 20 min with Ar (6.0 purity, Linde) to remove any dissolved
oxygen. After Ar purging, the pH of the given electrolyte was deter-
mined with a pH meter (SI Analytics Lab 855 Benchtop Meter). The
measurements were performed using a Bio-Logic VSP300 poten-
tiostat and a Modulated Speed Rotator (Pine Research Instrumen-
tation). The glassware was stored overnight in a 1 g L' KMnO,4
solution. Then, KMnO,4 was removed by adding a dilute H,0, solu-
tion, acidified with a few drops of H,SO,4 and the glassware was
boiled 5 times in MilliQ water.
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o~
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2.2. Experimental Procedure

The electrochemical experiments were performed at room tem-
perature in two three-electrode configuration cells. Both cells con-
tained a home-made reversible hydrogen electrode (RHE) as
reference electrode and a gold wire (99.99 % purity) as counter
electrode. Unless otherwise stated, all the potentials are reported
on the RHE scale. The working electrode, a gold disk (¢ = 5.0 mm,
Pine Research Instrumentation), was mechanically polished with
diamond suspension of decreasing particle size (3, 1, 0.25 um).
Next, the Au disk was sonicated in a mixture of MilliQ water and
acetone for ca. 10 min. In the first cell containing 0.1 M H,SOy,,
we performed the electrochemical characterization of the gold disk
by cyclic voltammetry (CV) from 0.1 to 1.75 V at 50 mVs ! (see Fig-
ure S1 in the Supporting Information). Then, in the second cell the
catalytic activity for HER was measured by CVs between 0.1 and
—1.2 V vs RHE in the given electrolyte at 10 mVs~' and 2500
RPM. The CVs were compensated for 85% of the Ohmic drop, as
measured by Electrochemical Impedance Spectroscopy (EIS) at
0.1 V. In between each CV in the HER region, we assessed the qual-
ity of the electrode surface by measuring a CV between 0.1 and
1.65 V. The total current measured during the cathodic scan is
attributed to HER, as we did not detect any oxidation charge asso-
ciated with the bicarbonate reduction to C; molecules [8] (see Fig-
ure S3 in the Supporting Information). The electrochemically active
surface area (ECSA) of the Au disk was determined by integrating
the reduction peak of the gold oxide in 0.1 M H,SO,4 and dividing

it by the charge corresponding to a Au monolayer (390 pCcm™2).
Hence, we normalized the current for the ECSA. Each measurement
was repeated three times and the average HER current was used to
calculate the reaction order in bicarbonate and the dependence on
the cation nature.

The measurements performed with a Pt disk (¢ = 5.0 mm, Pine
Research Instrumentation) as the working electrode followed the
same procedure reported above except for a few differences.
Namely, a Pt (99.99 % purity) counter electrode was used, the char-
acterisation CV was measured between 0.05 and 1.5 V (see Fig-
ure S1 in the Supporting Information), the Ohmic drop was
measured at 0.5 V and the HER current was measured between
0.1 and —0.4 V. The ECSA of the Pt disk was determined by calcu-
lating the charge of the hydrogen adsorption region and dividing it
by the charge corresponding to a monolayer of adsorbed hydrogen
(230 puCem™2).

To study the dependence of the HER current on the ECSA, we
roughened the Au RDE by performing several cycles of oxidation
(5 s at 1.2 V vs.AgAgCl) and reduction (20 s at —0.4 V vs.AgAgCl)
in 0.5 M KCI. Then, as previously described, we determined the
ECSA by electrochemical characterization in 0.1 M H,SO,4 (see
Fig. S2 in the Supporting Information). The roughness factor was
calculated dividing the ECSA by the geometrical area
(0.1963 cm™2). The value of the ECSA was stable over the course

1.
+ O\C O
0~ H

3

Fig. 1. Schematics of the two possible mechanisms for HER in bicarbonate electrolytes.
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of the measurement, as established by comparing the area of the
gold oxide reduction peak at the beginning, and at the end of the
measurement.

2.3. Microkinetic Model

To quantify the HER current in bicarbonate solutions following
model I, where bicarbonate acts as a "shuttle” of proton to the sur-
face through solution acid-base reactions, we constructed a
microkinetic model. Model Il would require additional parameters,
such as the thermodynamics and kinetics of the adsorption of the
cation-anion complex, which have not been reported. The simula-
tion consists of a system of partial differential equations (PDEs),
one for each species (i) we want to model, expressing the concen-
tration (¢;) as a function of time (t) and space (x). The PDE models
the mass transport, in terms of diffusion and convection (migration
is reasonably neglected at this electrolyte ionic strength of 3 M),
and the effect of the homogeneous reactions (R;) according to:

2

%: i%—ﬂ%ﬁ—& 3)
where ¢; (mol dm—3) is the concentration, D; (m? s~ 1) is the diffusion
coefficient and »(m s~ ') is the convective velocity. We modelled the
variation in ¢; for OH™, H*, CO~ and HCO;. Given the large concen-
tration of water in aqueous solution, we consider its concentration
to be constant also in the diffusion layer. The diffusion term is
expressed by Fick’s law [9]. The convective velocity (v) is expressed
as a function of the rotation speed across the distance (x) from the
surface (x = 0) as:

v=—-051w"2y"12x%,

(4)

where w (rad s') is the rotation speed frequency, v (m?s~1) is the
kinematic viscosity of the solution and x (m) is the distance from
the electrode surface. The homogeneous reactions included in the
models are the self-ionization of water (Eq. 5) and and the acid-
base reactions of the bicarbonate buffer (Eq. 6 and 7).

H,0=H" 4+ OH", (5)

(6)
7)

To estimate the effect of the solution reactions kinetics on the HER
current, besides using the reported homogeneous reaction rate con-
stants (see Table S1 in the Supporting Information), we also run
simulations with a fictitious rate constant for reaction (7). The sys-
tem of PDEs was solved for given initial conditions (at t = 0, ¢;=C; pui)
and boundary conditions. At the diffusion layer/bulk (right) bound-
ary, we set that ¢; g = Cipui- At the diffusion layer/electrode (left)
boundary, the flux of i is equal to the rate at which i is consumed/
produced by the electrochemical reaction. According to model I,
where only protons are consumed by the electrochemical reaction,
we can write the following boundary conditions:

HCO; + OH =C03 + H,0,

HCO; =C05 +H".

(8)
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The current for HER according to model I is written in a Butler-Vol-
mer form, considering that for Au electrode the rate determining
step is the Volmer step [10], according to:

Ji = nFcyy- sexp {OI%F (E— EO)} , (12)

where n the number of electron transferred is 2, ¢y , is the surface
concentration of H*, k® the reaction rate is 1.0 « 10°° ms~', o the

transfer coefficient is 0.5 and E° the H,/H" standard equilibrium
potential is 0.0 V vs. RHE. The numerical simulations were per-

formed using the kinetics data (k° and «) reported in the literature
for proton reduction on Au [11]. Since on Au HER takes place far
from the standard equilibrium potential, at the operating potentials
we can neglect the contribution of hydrogen oxidation reaction. The
system of PDEs was solved with MATLAB R2020 over a spacemesh x

large enough to contain the diffusion layer (x=10"*"> m at 2500
RPM).

3. Results
3.1. Electrochemical Measurements

In Fig. 2, the voltammograms for HER on (A) Au and (B) Pt are
shown in acidic solution (pH 0.0), in phosphate (pH 7), in bicarbon-
ate (pH 9.7) and in alkaline media (pH 9.7). Throughout the paper,
all the voltammograms are measured at 10 mVs~! and 2500 RPM,
unless otherwise stated. It is well known that HER depends on the
pH, as the proton source switches from hydronium ion in acidic pH
to water in alkaline conditions. The different nature of the proton
donor explains the shift in the onset potential of HER observed
even on a RHE scale at pH 0.0 (-0.1 V for Au and 0.08 V for Pt) com-
pared to pH 9.7 (-0.9 V for Au and —0.02 V for Pt) for both electrode
surfaces in a solution of NaClO4. Addition of a buffer at neutral
(phosphate) and mildly alkaline (bicarbonate) pH results in an
intermediate onset potential for HER [-0.25 (0.05) V phosphate
and —0.4 (0.03) V bicarbonate on Au (Pt)], between the onsets for
proton and water reduction. On Pt, the onset potential in phos-
phate and bicarbonate is almost the same, while on Au a more neg-
ative applied potential is required for HER in bicarbonate than in
phosphate. For the same pH (9.7) and cation concentration
(1.5 M Na*), we clearly measure a higher HER current and a less
negative onset potential in the presence of bicarbonate buffer com-
pared to the solution containing NaClO4. The latter observation is
in agreement with our previous claim that bicarbonate acts as a
proton donor in the HER [2]. We expect that as the nature of the
proton donor changes, the mechanism and the kinetics of the reac-
tion change as well. Fig. 2 displays the derived Tafel slope (TS) for
HER for (C) Au and (D) Pt in the various solutions. In agreement
with previously reported values, in acidic media we measured a
values for the TS of 100 mVdec™' on Au [10] and 40 mVdec™! on
Pt [12]. These TS values have been ascribed to a reaction mecha-
nism involving as the rate determining step (RDS) the hydrogen
adsorption (Volmer step) and the hydrogen surface recombination
(Heyrovsky step) for Au and Pt, respectively [13]. On the other
hand, we measured a TS of 240 mVdec~! (on Au) and 120 mVdec ™'
(on Pt) for water reduction, as this reaction is more kinetically hin-
dered compared to proton reduction. Our values match the ones
reported in the literature for water reduction with the RDS being
the first electron transfer (Volmer step) [4,14], even if the interpre-
tation of TS values on Au is still under debate [4]. In the presence of
buffering species (phosphate and/or bicarbonate), we measured an
initial TS of 100 and 40 mVdec !, for Au and Pt respectively. Inter-
estingly, we measure faster HER kinetics in the presence of the
buffering species, resembling the one measured for hydronium
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1.5 M NaCIO, +0.5 M HCIO, (pH 0.0)
1 M NaHCO,/Na,CO, (pH 9.7)

1 M NaH,PO,/Na,PO, (pH 7.0)
1.5 M NaCIO, + 0.1 mM NaOH (pH 9.7)

OFA B 0
Au Pt
—-10F {10 —
' 3
g 20 20 >
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T30t 1-30
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S0k Au |2 Pt 1% &
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E (V vs. RHE) E (V vs. RHE)

Fig. 2. Voltammetry of (A) Au and (B) Pt RDE electrode in Ar-saturated 0.5 M HClO4 + 1.5 MNaClOy, 1.0 M equimolar NaH,PO,4/Na,HPO,4, 1.0 M equimolar NaHCO3/Na,CO3 and
0.1 mM NaOH + 1.5 M NaClO4 at 10 mVs~" and 2500 RPM. In all the electrolytes the Na* concentration is constant and equal to 1.5 M. Tafel slopes for HER in the different
electrolytes for (C) Au and (D) Pt, obtained from the differentiation of voltammetry in (A) and (B), respectively.

reduction. With more negative applied potentials, on gold we
noticed that in phosphate- and bicarbonate-containing elec-
trolytes, the TS levels off around 140 mVdec™!, after an initial
increase (at —0.4 V in phosphate and at —0.55 V in bicarbonate).
The reason for the potential dependence of the TS is unclear, but
we may postulate that is due to the effect of the buffer in suppress-
ing the concentration gradient developing at the electrode surface
and/or to the onset of water reduction pathway promoted by the
increase in surface pH.

To deepen the understanding of the HER mechanism in bicar-
bonate electrolytes, we studied the dependence of HER activity
on the bicarbonate concentration. Importantly, the measurements
were performed in equimolar solutions of bicarbonate/carbonate
(as initially prepared by weight), and as a consequence the elec-
trolyte pH corresponds to the buffer pK,. Since no other changes
in pH and/or in temperature were made, we can reasonably
assume that the concentration of the species at equilibrium is com-
parable to the ones of the as-prepared solutions. Investigating the
role of buffering species, we want to stress the importance of per-
forming experiments in equimolar solutions of the weak acid (AH)/
conjugated base (A™) to minimize the concentration gradients gen-
erated during the electrocatalytic process. As recently reported
[2,4], the cation concentration is also crucial in determining the
HER activity. To assess the reaction order in AH, hence, it is funda-
mental to keep the cation concentration constant. Indeed, varying
the concentration of AH along with the concentration of the cation
leads to convolution of the effect of AH and cation concentration on
the HER activity (see Fig. S4 in the Supporting Information). Fig. 3

shows the voltammograms for (A) Au and (B) Pt for different con-

centrations of equimolar HCO; /CO2~ (at constant 1.5 M concentra-
tion of Na*), from which the reaction order for HER in bicarbonate
is extracted for (C) Au and (D) Pt. From the voltammograms, we
observe that increasing the concentration of HCO; /CO;  has in
general a promoting effect on the HER current. However, the reac-
tion order gives better insights into the bicarbonate concentration
dependence of HER. For both electrode surfaces, we observed two
different reaction order regimes depending on the buffer concen-
tration. For low buffer concentrations, we observe a slightly nega-
tive reaction order (-0.1) for Au and a slightly positive reaction
order for Pt, i.e. 0.3 at —0.1 V decreasing to 0.1 at more negative
potentials. Importantly, the concentration range for this latter
regime expands to higher buffer concentrations, as the applied
potential becomes more negative. On Au at less negative potential
(up to —1 V), the low buffer concentration regime includes 0.002
and 0.006 M solution, while at —1.2 V the concentration range
up to (and including) 0.2 M is involved. On Pt, the low buffer con-
centration regimes goes from 0.002 to 0.02 M, expanding to
0.066 M at the most negative applied potential (-0.4 V). In the sec-
ond regime (the high buffer concentration regime), the reaction
order in bicarbonate is positive for both surfaces and is slightly
potential dependent. On Au, the reaction order is ca. 0.8 at less neg-
ative potential, decreasing to ca. 0.4 at more negative potential. On
Pt, the reaction order is ca. 0.5 in all the studied potential range.
The reaction order in bicarbonate decreases as the potential
becomes more negative and water reduction starts, resulting in
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Fig. 3. Voltammetry of the (A) Au and (B) Pt RDE electrode in Ar-saturated equimolar HCO;/CO%’ solution of different concentrations (0.002, 0.006, 0.02, 0.066, 0.1, 0.2, 0.5
and 1.0 M) and constant (1.5 M) concentration of Na* (by addition of NaClO4) at 10 mVs~! and 2500 RPM. Reaction order in bicarbonate for HER on (C) Au and (D) Pt as

extracted from (A) and (B), respectively.

the consumption of AH to buffer the increase in the local pH. We
ascribe the presence of two different regimes depending on the
bicarbonate concentration, independently from the metallic sur-
face, to the convoluted effect of bicarbonate concentration on
bicarbonate and water reduction. First of all, at low buffer capacity,
a large concentration gradient in bicarbonate is generated because
of the increasing surface alkalinity with the current density. This
increase in the surface pH leads to a depletion of bicarbonate at
the surface, thus leading to a suppression of the bicarbonate
branch of HER. Indeed, the low concentration buffer regime
expands to higher concentrations for increasingly negative poten-
tial, as a higher buffer capacity is required to minimize pH changes.
Secondly, as the changing buffer concentration leads to a change in
the buffer capacity, hence in the surface pH, we need to consider
how theses changes affect the water reduction branch of HER.
The effect of pH on water reduction is opposite for Au and Pt. More
accurately, the pH dependence of water reduction has been
recently ascribed to a local cation concentration dependence [4].
While for Au water reduction is promoted by an increase in pH
[1,4], on Pt water reduction is favoured by lower pH [15,14]. In
the light of this opposite pH dependence, we tentatively interpret
the bicarbonate reaction order for low buffer concentrations on
Au and on Pt. Specifically, low buffer concentrations mainly result
in the suppression of the pH gradient and (almost) complete con-
sumption of the bicarbonate concentration at the surface. Accord-
ingly, bicarbonate reduction remains unaffected by the small
increase in bicarbonate concentration, and the total observed

350

HER current is the result of the change in the surface pH on water
reduction activity. Thus, starting from 2 mM, a slight increase in
the bicarbonate concentration results in a lower surface pH, which
inhibits water reduction on Au, but promotes it on Pt. Utilization of
solutions containing high buffer concentrations minimizes the
concentration gradients, hence the reaction order measured in
the second regime better describes the dependence of
kinetically-limited bicarbonate-mediated HER current on the
bicarbonate concentration.

We investigated the effect of the cation nature on the HER in
bicarbonate electrolytes. We measured voltammograms in 0.1 M
LiHCO5/Li,CO3, NaHCO3/Na,CO3 and KHCO3/K,CO5 on Au and Pt,
as shown in Fig. 4 A and B. We reported the HER current as a func-
tion of the cation nature (C) in the less negative potential region (at
—0.9 Von Au and —0.2 V on Pt) and (D) at more negative potential
(-1.2 V on Au and —-0.5 V on Pt). Although the measured current
changes are subtle, they are consistent for three independent sets
of newly prepared solutions and electrodes (see Fig. S5 and
Fig. S6 in the Supporting Information). We analysed the cation
dependence of the total HER measured in bicarbonate solutions,
as the combination of cation effect on the two separate branches
of HER. Knowing how water reduction is affected by the cation
identity [5], we qualitatively subtracted this effect from the total
HER current, and deduced the cation dependence of bicarbonate-
mediated reduction. Considering the cation with their hydration
shell, the size of hydrated alkaline cations increases in the order K
*<Na*<Li*[16]. On Au at —0.9 V, the cathodic current increases in
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Fig. 4. Voltammetry of (A) Au and (B) Pt RDE electrode in Ar-saturated 0.1 M equimolar XHCO5/X,CO5 with X =Li*, Na* and K* at 10 mVs~! and 2500 RPM. Dependence of the
HER current on the nature of the cation at different potentials (C) Au at —0.9 V and Pt at —0.2 V and (D) Au at —1.2 V and Pt at —0.5 V.

the order K*<Na*<Li". In this potential region, we measured a reac-
tion order of ca. 0.7 in (sodium) bicarbonate. At more negative
potentials (-1.2 V), on Au the dependence of the HER current on
the cation identity has changed to Li*>K*>Na®. In this potential
region, the measured reaction order in bicarbonate is lower (0.4),
and water reduction activity impacts to a larger extent the total
HER current. Water reduction on Au electrode is favoured by
decreasing size of the solvated cation, i.e. K">Na*>Li" [5]. Hence,
for Au at potentials at which bicarbonate reduction is dominant,
the reaction rate is promoted by larger hydrated cations (i.e. Li").
As the potential becomes more negative, water reduction starts
and the cation effect on bicarbonate reduction is counterbalanced
by the cation effect on water reduction, leading to an increase in
the HER for K" at —1.2 V. Contrary to Au, the cation effect for
HER in bicarbonate on Pt is not potential dependent. The HER cur-
rent is the lowest in Na* and larger, and comparable, for Li* and K*.
We again rationalize the observed trend, taking into account the
cation dependence of water reduction, which on Pt is favoured
by increasing size of the solvated cation [5]. It appears that on Pt,
bicarbonate-mediated reduction increases in the order Li*<Na*<K".
Therefore, for both electrode surfaces, we conclude that the cation
effect is opposite for bicarbonate reduction vs. water reduction. The
opposite trend of the two branches of HER would explain the min-
imum in the current measured for Na*. The origin of this cation
nature dependence of HER in bicarbonate may be due to the elec-
trostatic effects on direct bicarbonate reduction [6] or to the indi-
rect effect (of the cation dependence of water reduction) on the
bicarbonate concentration gradient.

We proceeded to study the dependence of the HER current on
the cation concentration. Keeping the buffer concentration con-
stant and equal to 0.5 M, we measured voltammograms in solu-
tions containing varying concentration of Na* (see Fig. S7 in the
Supporting Information). Fig. 5 shows the extracted reaction order
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for HER in [Na*] cation for (A) Au and (B) Pt. Increasing the cation
concentration leads to a promotion of HER rate, to a different
extent, on both electrodes. At less negative potentials, the reaction
order in [Na*] measured for Au (1.2) is higher than for Pt (0.5). On
Au electrode the reaction order in [Na*] gradually decreases for
increasingly negative potentials, being 0.0 at the most negative
applied potentials, while on Pt it is potential independent (ca.
0.5). The water reduction branch of HER at this mildly alkaline
pH has been reported to be favoured by an increase in the Na*
cation concentration on Au [4], while on Pt is unaffected (see
Fig. S7 Cin the Supporting Information). On Au the pH dependence
of water reduction is primarily attributed to a dependence on the
near-surface concentration of cation [4], and we have proposed
that a similar interrelated effect between local pH and cation con-
centration exists also for water reduction on Pt [17]. However, for
simplicity, in this work where the surface pH is additionally con-
trolled by the buffering reactions, we refer to the direct depen-
dence of water reduction on the near-surface cation
concentration, in terms of its indirect dependence on the surface
pH. Again, we attributed the potential dependence of the cation
reaction order on Au, which is absent on Pt, to the different pH
dependence of water reduction. Indeed, as shown in Fig. S10 (see
Supporting Information), the hysteresis of the cyclic voltammo-
grams on Au and on Pt surfaces is different. For Au, water reduction
is promoted by an increase in pH, and the current in the backward
scan is higher than the forward scan. Vice versa, for Pt, an increase
in pH is detrimental for water reduction, and the current in the
backward scan is lower than the forward scan. The hysteresis of
the cyclic voltammetry on Au becomes even more pronounced in
solutions containing low buffer concentrations, for which the pH
gradient is steeper (see Fig. S8 Supporting Information). For the
Au electrode, a promotion of water reduction is triggered by the
increase in the local pH generated by bicarbonate reduction
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Fig. 6. (A) Dependence of the geometrical HER current on the Au electrode roughness factor, as measured at —1.1 V in bicarbonate buffer (1.0 M NaHCO3/Na,CO3) and in
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at —1.1 V on a Au RDE with a roughness factor of ca. 14 at 10 mVs~'.

current, which in turns leads to a decrease of the bicarbonate
reduction branch because of the consumption of bicarbonate by
the homogeneous reactions. All together, on Au at significant neg-
ative potentials, there is strong convolution of water and bicarbon-
ate reduction. Evaluation of the electrolyte effects on Au for
bicarbonate reduction should then be carried out close to the
HER onset potential, especially for low buffer concentration.

Recording voltammograms at lower rotation rate, we measured
a limiting current for bicarbonate reduction on Pt, where bicarbon-
ate reduction is less affected by the concentration gradient devel-
oped due to the concomitant promotion of water reduction with
the increase in surface pH. Fig. 5 C shows the voltammograms
measured for increasing Na* cation concentration at 400 RPM on
a Pt electrode. At —0.4 V in 3.0 M Na*, the current plateaus at a
value of ca. 40 mA cm~2, while the theoretical (Levich) diffusion-
limited current for 0.25 M bicarbonate is 183 mA cm™2 [9]. The
experimentally measured limiting current is therefore ca. four
times lower than the one obtained for purely diffusion limitation.
We may argue that this effect is in part explained as consumption
of bicarbonate by the homogeneous reactions. However, this
would not explain why in Fig. 5 C the limiting current also depends
on the bulk concentration of Na*, while water reduction at the
same pH is independent of the cation concentration (see Fig. S7 C
in the Supporting Information).
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Lastly, we examined the dependence of the HER current on the
electrochemically active surface area (ECSA). Generally, a mass
transport-limited process scales with the geometric surface area,
while a surface-limited process scales with the real surface area,
i.e. the ECSA. As shown in Fig. 6 A, we measured the dependence
of the geometrical HER current on the Au electrode roughness fac-
tor at —1.1 V in the presence of a bicarbonate buffer, 1.0 M
NaHCO3/Na,COs3, and in the absence, 1.5 M NaClO4 + 0.1 mM
NaOH, (at the same pH 9.7 and [Na*] 1.5 M). In bicarbonate-
containing electrolytes, the geometrical HER current exhibits
almost no-dependence on the roughness factor. In other words,
increasing the ECSA does not produces an increase in the HER cur-
rent. In contrast, (in pure NaClO,4) water reduction displays a larger
dependence on the roughness factor, with a change in the current
of ca. one order of magnitude. These results suggest that, while
water reduction is a surface-limited process, bicarbonate reduction
is mainly controlled by mass transport. To follow up, we studied
the dependence of the HER current on the rotation rate. Fig. 6 B
shows the Levich plot in 1.0 M NaHCO3/Na,COs3 and in 1.5 M
NaClO4 + 0.1 mM NaOH for the Au RDE with intermediate rough-
ness factor (ca. 14). Corroborating our hypothesis, we evince a
higher dependence of the HER current on the mass transport for
bicarbonate reduction compared to water reduction, which is also
observed for Pt electrode (see Fig. S11 in the Supporting Informa-
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Fig. 7. Simulations of the surface concentration of (A) H*, (B) HCO; and CO3 ", (D) OH™ and (E) of the surface pK, of reaction 7 using model I for three different values of k;;. (C)
Simulated voltammograms for the HER current according to model I. The simulations were run at 10 mVs~' and 2500 RPM in equimolar 1 M bicarbonate buffer at pH 10.33.

tion). Indeed, in the two different electrolytes, the HER current is
similar at low mass transport, but is larger in bicarbonate at high
mass transport rate (2500 RPM).

3.2. Microkinetic Modelling

We built a microkinetic model to establish whether
bicarbonate-mediated reduction can be explained in terms of a
non-electrochemical reaction in solution between water and bicar-
bonate that generates the hydronium ion, which then undergoes
reduction (see model I in Fig. 1). The latter is the commonly
accepted model to describe the role of a buffer in enhancing HER
activity in acidic media [18,3]. The simulation was run using the
kinetics of proton reduction on Au electrode, however as the rate
of supply of the proton to be reduced depends on the kinetics of
solution reactions, we may generalize the obtained conclusions
to other electrode surfaces.

Fig. 7 shows the simulated surface concentrations and the HER
currents according to model I for bicarbonate reduction in 1 M
HCO; /CO% employing different rate constants for reaction 7. The
reported value for the rate at which bicarbonate generates a proton
(k75) has been derived according to kys=k;,*K;=2.34 s~ 1, with the
experimentally known value of k;, and K; corresponding to a
pK, of 10.33 [19]. Simulations using the reported value for k7 ¢ does
not result in any HER current according to model I. As illustrated in
Fig. 7 C, only for ky; >1E6 s™' the current reaches a value in the
order of 10 mA cm2, which is comparable to the one obtained
experimentally. From Fig. 7 A, we observe that a higher kinetics
for the homogeneous reaction results in a greater ability to mini-
mize changes in the surface concentration of proton, which is con-
sumed at the surface following mechanism I. Since the surface
concentration of H* is maintained by the bicarbonate buffer, as
illustrated in Fig. 7B, the surface concentration of CO3~ increases

for increasing values of k;;. Consequently, the pK, of HCO; /CO%",
which is 10.33 in the bulk, gradually increases at the surface for
more negative applied potentials (see Fig. 7E).

4. Discussion

Even if model I may work to describe the HER activity in the
presence of AH in acidic media, sketching the HER activity in alka-
line media in the presence of AH is less obvious. Since the concen-
tration of free H" is low, to explain the experimentally observed
HER current (in the order of ca. 10 mA cm™2), the forward rate con-
stant of the homogeneous reaction (AH — H* + A™) must be higher
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than 107 s~'. This fictitious value of k7 s is seven orders of magni-
tude higher than the one reported experimentally [19]. Previous
studies of HER in phosphate electrolyte postulated that the solu-
tion reactions are always at equilibrium [18,3]. However, this
mechanism cannot explain the shift in onset potential observed
for HER on Au on the RHE scale, for a bulk solution for which the
pH is equal to the pK, (see Fig. 2 A). It also does not explain the dif-
ference in reaction order in HER when changing the nature of the
buffer (e.g. phosphate and borate) [6]. Furthermore, in model [
the reactive species is the proton, and the proton reduction rate
is generally independent of the cation identity and cation concen-
tration (see Fig. S12 in the Supporting Information). Digital simula-
tions together with the experimentally measured dependence on
cation identity and concentration lead us to propose that model I
is not able to explain HER in bicarbonate electrolytes.

Model II, instead, may better capture the strong dependence of
HER on the cation concentration. For a given electrode material,
the cation reaction order is comparable to the reaction order in
bicarbonate (see Fig. 3 and 5). Notably, at less negative potentials
(lower concentration gradient), we found a reaction order in
HCO; and Na® of ca. 1 on Au and ca. 0.5 on Pt. This similarity in
the bicarbonate and cation dependence of HER may suggest that
bicarbonate-mediated reaction mechanism involves the participa-
tion of cation. Because bicarbonate is a negatively charged species,
and the surface at cathodic potential is also negatively charged,
bicarbonate experiences electrostatic repulsion at reductive poten-
tials. Using multi-scale model, Ringe et al. reported a decrease in
the activity of bicarbonate at the reaction plane [20]. Thus, we
expect that for increasing bulk cation concentration, the near-
surface cation concentration increases, reducing the negative elec-
trostatic repulsion experienced by the bicarbonate anion at the
electrified interface. Overall, a higher near-surface cation concen-
tration leads to an increase in the near-surface activity of the bicar-
bonate available for reduction to Hj, in agreement with the results
observed in Fig. 5 C. According to model II, the bicarbonate reduc-
tion rate always benefits from an increase in the cation concentra-
tion, as we observed in Fig. 5. By contrast, the water reduction
branch has two distinct cation concentration regimes: a promo-
tional regime at low pH, and an inhibitive regime at higher pH
[4]. This difference may be due to the different role of the cation
in the mechanism of water and bicarbonate reduction. While in
the first case, the cation interacts with the transition state of water
dissociation step [4], in the second case, the cation may lead to an
increase in the surface activity of the negatively charged reactant.

As shown in Fig. 6, bicarbonate reduction is highly dependent
on mass transport, mostly because of the concentration gradient
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induced by its participation in buffering reactions. Water reduction
rather scales with the number of the surface active sites and exhi-
bits a lower dependence on mass transport (for high cation concen-
tration). Yet the interpretation of mass transport effect on water
reduction branch is more complex, since it cannot be rationalized
straightforward in terms of variations in the reactant concentration
gradient with rotation rate. In aqueous solution, water is extremely
concentrated (55.5 M) and its activity is assumed to be constant in
the diffusion layer. The mass transport dependence of water reduc-
tion may be better rationalized in terms of its dependence on the
near-surface cation concentration. In details, together with the cur-
rent density, the rotation rate determines the local pH, as it affects
the rate at which the product of water reduction, OH™, is trans-
ported away from the surface. Following the electroneutrality prin-
ciple, the change in the local pH determines the near-surface cation
concentration, which may define the trend for mass transport-
water reduction activity [21].

These results have important implications for CO2RR, since CO,
is converted into bicarbonate (and carbonate) at higher pH. To
achieve high selectivity for CO2RR, HER activity, both in terms of
bicarbonate and water reduction, should be suppressed. In order
to minimize the pH gradient, CO2RR is often performed in concen-
trated bicarbonate solution (0.5 M), where the bicarbonate reduc-
tion leads to an additional decrease in the selectivity towards
CO2RR [2]. Various studies reported an increase in the selectivity
of CO2RR for sluggish mass transport conditions, which were
obtained by tuning of the electrode morphology [22,23]. The mea-
sured decrease in HER for suppressed mass transport would then
reasonably be attributed to a decrease in bicarbonate-mediated
reduction.

5. Conclusions

In this work, we have investigated HER in bicarbonate solutions
on Pt and Au electrodes. At constant pH, a substantial improve-
ment in the kinetics is found when bicarbonate is added in the
solution. We attributed this change to an additional branch of
HER, i.e. bicarbonate-mediated reduction, which becomes signifi-
cant for large buffer concentrations. This reaction pathway is
highly dependent on the cation concentration, most likely because
of the electrostatic repulsion experienced by the negatively
charged bicarbonate reactant under reductive potentials. Crucially,
while water reduction has been reported to have two opposite
cation-dependence regimes, bicarbonate reduction is characterized
by only one cation dependence, in which a higher near-surface
cation concentration is always beneficial. As elucidated with
microkinetic modelling, in mildly alkaline media, the bicarbonate
reduction mechanism cannot be interpreted analogously to the
buffer role in acidic media, where the buffer weak acid increases
the local concentration of protons, and thus promotes HER. We
suggest that a more plausible mechanism involves direct bicarbon-
ate reduction. Since bicarbonate also participates in the buffering
reactions sparked by the increase in local alkalinity, an additional
concentration gradient in bicarbonate is generated, justifying
why bicarbonate reduction is highly dependent on mass transport.
Understanding the mechanism of HER in bicarbonate electrolytes
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is particularly important for CO2RR electrocatalysis, since bicar-
bonate is ubiquitously present in CO,-saturated solutions and the
suppression of HER activity is desired.
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