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ABSTRACT: The electrochemical reduction of CO2 aims to be a
central technology to store excess electricity generated by wind and
solar energy. However, the reaction is hindered by the competition
with the hydrogen evolution reaction. In this paper, we present a
detailed quantitative study of the Faradaic efficiency (FE) to CO
on a gold electrode under well-defined mass-transport conditions
using rotating ring-disk electrode voltammetry. Varying the
concentration of the bicarbonate and the electrolyte cation
employing different rotation rates, we map out how these
parameters affect the FE(CO). We identify two different potential
regimes for the electrolyte effects, characterized by a different
dependence on the cation and bicarbonate concentrations. For
hydrogen evolution, we analyze the nature of the proton donor for an increasingly negative potential, showing how it changes from
carbonic acid to bicarbonate and to water. Our study gives detailed insights into the role of electrolyte composition and mass
transport, and helps defining optimized electrolyte conditions for a high FE(CO).
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■ INTRODUCTION
The ambition of reaching net-zero or even negative CO2
emissions drives the transition from a fossil fuel-based
economy to a renewable-energy-based economy. A corner-
stone in this energy transition is the storage of renewable
energy into chemical bonds by means of electrochemical
processes.1−4 An attractive option for the storage of excess
renewable electricity is the production of simple carbon-
containing molecules derived from the electrochemical
reduction of CO2. Among heterogeneous electrocatalysts,
gold is the metal exhibiting the highest activity for CO2
reduction to carbon monoxide (CO) (CO2RR) (eq 1) at
low overpotential.5−9

+ + +− −FCO 2H O 2e CO 2OH2 2 (1)

However, in aqueous electrolytes, CO2RR occurs simulta-
neously with the hydrogen evolution reaction (HER), limiting
the Faradaic efficiency (FE) for the CO2RR reaction
[FE(CO)]. CO2RR is commonly carried out in bicarbonate
electrolytes, given the desired near-neutral bulk pH (ca. 7) and
its buffering ability.10 Considering the available proton donors
(PDs) in bicarbonate electrolytes, we write the following
possible electrochemical reactions leading to HER:

+ +− −F2H CO 2e H 2HCO2 3 2 3 (2)

+ +− − −F2HCO 2e H 2CO3 2 3
2

(3)

+ +− −F2H O 2e H 2OH2 2 (4)

(the contribution of proton reduction at neutral pH is
excluded here). Knowledge on the dominant pathway for HER
between (2), (3), and (4) as a function of the applied potential
is scarce. To design an optimal system, an understanding of the
experimental conditions (e.g., concentration of the electrolyte
species, pH, and mass transport) governing the competition
between CO2RR and HER is essential to increase the
FE(CO). Wuttig et al. investigated thoroughly the electro-
catalytic activity of gold in bicarbonate electrolytes reporting
that, while CO2RR is largely independent of the electrolyte
environment, HER is strongly affected by the bicarbonate
concentration, the pH, and the mass-transport conditions.11,12

In contrast to the results by Wuttig et al., who measured a 0th

reaction order in bicarbonate for CO2RR,12 Dunwell et al.
reported a reaction order of 1 and proposed that bicarbonate
sustains the surface concentration of CO2 through homoge-
neous equilibria.13 Studies on the role of bicarbonate as PD for
HER pointed to the importance of the pKa of the PD in
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relation to the electrolyte pH when evaluating the ability of a
species to act as a PD.14,15 Previous estimates of the reaction
order of HER in bicarbonates, which has been measured to
increase from 0.05 to 0.5 with the overpotential, did not take
into consideration the necessity of keeping the concentration
of the cation constant over the examined bicarbonate
concentration range.11 This may have led to a convolution of
the bicarbonate effect with the cation effect. Cations are well-
known to have an impact both on HER16,17 and on
CO2RR18−23 rates. The cation effect on CO2RR has been
hypothesized to highlight the relevance of the double-layer
composition in screening the interfacial electric field.13,20,24 To
the best of our knowledge, no study has focused on how the
cation concentration influences the rates of both CO2RR and
HER, in particular in relation to bicarbonate concentration and
mass-transport conditions.
Complicating the understanding of the catalytic activity is

the interplay of homogeneous reactions related to the
bicarbonate equilibria25 together with the mass-transport
characteristics of the electrochemical cell.26 The intricate
relationship between the concentration of different species
(CO2, HCO3

−, and OH−) at the electrode surface couples with
the current-induced build-up in alkalinity near the electrode
surface.12,27 Elucidating mass-transport effects is essential when
comparing the activity of different porous catalysts, where
transport of species to the electroactive surface may be
decisive.25,28−30 Multiple studies have examined the effect of
mass transport, either qualitatively by magnetic stirring of the
solution31 and more quantitatively by coupling rotating cone
electrode measurements with online gas chromatogra-
phy11,12,32 or by varying the flow rate of CO2.

24,26 Generally,
CO2RR is not mass transport limited at low cathodic currents,
while it is at higher current densities.24−26,30−32 Due to the
currently incomplete picture of possible PDs, the effect of mass
transport on HER has remained unresolved.11,24,26,32

The rotating ring-disk electrode (RRDE) is a quantitative in
situ technique to determine the product formed at the disk
electrode while changing the mass transport conditions.
Previous researchers adopted a RRDE setup with a Pt
ring33,34 or a Au ring35 to probe qualitatively or semi-
quantitatively, respectively, the CO2RR products evolved at
the disk. Owing to the outstanding activity of gold as an
electrocatalyst for CO electro-oxidation,36,37 we recently
demonstrated that a RRDE with a gold ring can be used to
quantitatively measure CO by carefully choosing the electro-
lyte conditions.38

Herein, we give a comprehensive study on the effect of
bicarbonate (HCO3

−) concentration, cation (Na+) concen-
tration, and mass transport rate on CO2RR and HER, and thus
on the FE(CO), by exploiting the previously described RRDE
system.38 Notably, in a RRDE system, the diffusion layer
thickness is in the range of 1 μm,39 which is at least 1-2 orders
of magnitude smaller than that obtained by the stirring of the
solution or by imposing flow rate.24 Hence, the RRDE greatly
improved the mass-transport conditions allowing more
confident measurements of the intrinsic catalytic activity of
the electrochemical processes. Through the systematic study of
gold activity by RRDE, we propose that the nature of the main
PD for HER depends on the potential applied and on the
current density, which in turn determines the surface pH. By
elucidating the nature of the PD as a function of the potential,
we can explain the universally observed bell-shaped curve for
the FE(CO) as a function of potential in relation to the effect

of PD, cation concentration, and mass transport on the rate of
the competing HER.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Electrolytes were prepared

from H2SO4 (98 %, EMSURE, Merck), NaClO4(H2O)x
(≥99.99 % trace metal basis, Sigma-Aldrich), and NaHCO3
anhydrous (≥99.7 % trace metal basis, Honeywell Fluka) using
MilliQ water (resistivity > 18.2 MΩ cm). Prior to use,
NaClO4(H2O)x was dried under vacuum to remove the water.
Electrolytes were prepared using NaHCO3 and dehydrated
NaClO4 by varying the bicarbonate concentration (see Table
1) and by varying the cation concentration (see Table 2).

The electrolytes were purged for 20 min before electro-
chemical experiments with Ar (6.0 purity, Linde) or CO2 (4.5
purity, Linde).
For the coating of the RRDE tip (E6/E5 ChangeDisk, Pine

Research Instrumentation), dopamine hydrochloride (Sigma-
Aldrich) was used to suppress bubble attachment at the spacer
between the disk and ring.40

Three electrochemical cells in a three-electrode config-
uration were used to perform the experiments at room
temperature (see Figure S3 in the Supporting Information).
The first cell (cell 1) was used to remove the dopamine coating
from the gold electrode and for electrode characterization, the
second cell (cell 2) to study the electrocatalytic activity of gold
in bicarbonate electrolytes, and the third cell (cell 3) served to
determine the RRDE collection efficiency factor. All three cells
featured a gold counter electrode (99.99% purity). In cell 2,
the counter electrode was separated by a glass frit from the
main compartment. For the reference electrode, in cell 1, a
home-made reversible hydrogen electrode (RHE) was
adopted, while in cells 2 and 3, a Ag/AgCl reference electrode
(KCl-saturated, Pine Research Instrumentation) was em-
ployed. In all cases, the reference electrode was located in a
Luggin capillary. All measurements were performed using an
IviumStat bipotentiostat (Ivium Technologies) and a Modu-
lated Speed Rotator (Pine Research Instrumentation).

Experimental Procedure. The glassware was stored
overnight in a 1 g L−1 KMnO4 solution to assure the removal
of organic contaminants. Before experiments, the KMnO4 and
the as-formed MnO2 were removed by adding acidified H2O2.
The glassware was then thoroughly rinsed with MilliQ water

Table 1. Electrolytes Used for Studying the Bicarbonate
Dependence

[NaHCO3]/M [NaClO4]/M [Na+]/M pH (CO2 sat.)

0.01 0.49 0.5 5.7
0.05 0.45 0.5 6.2
0.1 0.4 0.5 6.7
0.25 0.25 0.5 7.0
0.5 0.5 7.4

Table 2. Electrolytes Used for Studying the Cation
Dependence

[NaHCO3]/M [NaClO4]/M [Na+]/M pH (CO2 sat.)

0.1 0.1 6.7
0.1 0.1 0.2 6.7
0.1 0.2 0.3 6.7
0.1 0.4 0.5 6.7
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and boiled a total of five times. The RRDE tip was assembled
by inserting an interchangeable gold disk (⌀ = 5.0 mm, Pine
Research Instrumentation) in a tip with a fixed gold ring
embedded in a PEEK shroud. The as-assembled tip was
polished with diamond suspensions of decreasing particle sizes
(3, 1, 0.25, and 0.05 μm).41 In order to remove the residual
diamond particles, the tip was placed in an ultrasonication bath
in a mixture of MilliQ water and acetone for 15 min.
Afterward, the tip was mounted on the shaft of the rotator and
immersed in a solution of 0.002 g/mL dopamine hydro-
chloride in 0.1 M NaHCO3 heated at ca. 50 °C (to speed up
the polymerization process). To obtain a homogeneous
dopamine coating, the RRDE tip was rotated at 800 rpm for
ca. 1 h. The coating by this hydrophilic polymer (dopamine)
makes the PEEK parts of the RRDE less hydrophobic,
preventing the attachment of bubbles.40 Bubbles may lead to
an irreproducible collection efficiency (see Figures S4 and S5
in the Supporting Information).
The dopamine stripping from the electroactive surfaces was

performed by electrooxidation. In brief, we short-circuited the
disk and the ring, and we performed cyclic voltammetry (CV)
in Ar-saturated 0.1 M H2SO4 at 1 Vs−1 between 0.08 and 1.75
V vs RHE (cell 1) until complete removal of the dopamine.
Then, in the same potential range, we characterized the disk
and the ring, separately, by CV at 20 mVs−1 (see Figure S1 in
the Supporting Information).
The electrocatalytic activity of gold in CO2-saturated

bicarbonate solutions was tested in cell 2. The electrolyte
pH was checked after 20 min of CO2-purging with a pH-meter
(SI Analytics Lab 855 Benchtop Meter). First, the Ohmic
resistance was measured by electrochemical impedance
spectroscopy, and CVs were then corrected for 85% of the
measured Ohmic drop. Second, the disk and ring were short-
circuited and scanned at 1 Vs−1 between 0.08 and 1.75 V vs
RHE to assure a pristine electrode surface after the transfer of
the RRDE tip from cell 1 to cell 2. Next, the activity of the gold
disk was measured by CV at 20 mVs−1 between 0.0 and −0.8 V
vs RHE starting at 0.08 V, while the ring potential was set to
1.0 V vs RHE. Since a low CV scan rate leads to more bubble
accumulation and a decrease in the ring collection efficiency,
we choose a scan rate of 20 mV s−1. For our experimental

setup rotating at 2500 rpm, we did not detect major differences
in currents upon changing the scan rate (see Figures S6 and S7
in the Supporting Information), hence we can assume that the
measured currents approach the steady state. The CVs were
taken at 400 and 2500 rpm, and the ring and the disk were re-
activated in between each rotation by fast scanning in the
double-layer and oxide region (0.08−1.75 V vs RHE).
Finally, the RRDE tip was transferred to cell 3 to determine

the experimental collection efficiency factor in Ar-saturated 0.1
MKNO3/0.01 M K3Fe(CN)6. Starting from 0.6 V vs Ag/AgCl,
the gold disk was scanned to −0.2 V vs Ag/AgCl keeping the
ring at an oxidation potential of 0.6 V vs Ag/AgCl. The
measurement was performed for both rotation rates, that is,
400 and 2500 rpm.
The first scan of the voltammetry was used, and the

reproducibility of the system was confirmed after re-electro-
activation of the disk. Each measurement to determine the
reaction order in HCO3

− and in Na+ was repeated three times.
Data points give the average of these measurements.

Processing of the RRDE Data. The disk currents were
normalized by the electrochemically active surface area
(ECSAdisk) to obtain jdisk. The ECSAdisk was determined by
integrating the reduction peak from the characterization CV of
the gold disk between 0.93 and 1.35 V vs RHE divided by the
charge corresponding to a gold monolayer (390 μC cm−2).42 A
detailed study on the selectivity of the gold ring to CO electro-
oxidation over hydrogen oxidation, and Koutecky−Levich
analysis of CO electro-oxidation in a bicarbonate electrolyte
can be found in our previous work.38 Having determined the
experimental collection efficiency N (see eq S1 in the
Supporting Information), we calculated the current density
for CO2RR to CO as

=
−

×
j

i

N ECSACO
ring

disk (5)

where iring (mA) is the oxidation current measured at the ring.
We corrected jCO for the experimental time delay, which is the
time that a species takes to transfer from the ring to the disk.39

The time delay is rotation dependent: it is negligible at 2500
rpm, while at 400 rpm it is ca. 0.45 s (i.e., 9 mV at 20
mVs−1).39 Additionally, the initial background-capacitive

Figure 1. (A) CO2RR and (B) HER currents and (C) FE(CO) in CO2-saturated bicarbonate electrolytes with different concentrations of
NaHCO3 and a constant concentration of Na+ (0.5 M), as measured by RRDE voltammetry at 20 mVs−1 and 2500 rpm. (D) FE(CO) for different
bicarbonate concentrations at 400 and 2500 rpm.
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current of the ring was set to zero. In this way, only the
Faradaic ring current corresponding to the CO oxidation
process was taken into account. Hence, we extracted the
current density for HER as

= − ·j j jH disk CO2 (6)

The FE(CO) can be simply calculated from

= ×
j

j
FE(CO) 100CO

disk (7)

considering that at the potentials studied in our work, the
majority of the investigations of CO2RR on gold surfaces
reported CO as the only product.11,20,25 Throughout the paper,
the data are reported on the RHE scale. For comparison to the
literature, in the Supporting Information, the data are also
reported on the SHE scale. The experimental potentials
measured on the Ag/AgCl scale have been converted
according to

= +E E 0.199SHE AgAgCl (8)

= + + ×E E 0.199 (0.059 pH)RHE AgAgCl (9)

where the pH corresponds to the bulk pH as reported in Table
1 and in Table 2.

■ RESULTS AND DISCUSSION
Bicarbonate Concentration Dependence. Using the

ring of the RRDE to probe the amount of CO evolved at the
disk electrode, we measured the bicarbonate dependence of
CO2RR current (jCO) and of the HER current (jH2

). Figure
1A,B displays the CO2RR and HER currents, respectively, for
different bicarbonate concentrations as measured by RRDE at
2500 rpm with the Na+ concentration fixed at 0.5 M.
Comparison of Figure 1A,B shows that both CO2RR and
HER are favored, to a different extent, by an increase in
bicarbonate concentration. From jCO, we calculated the
FE(CO) at 2500 rpm between 0.0 and −0.8 V vs RHE, as
depicted in Figure 1C. Figure 1D displays the effect of rotation
rate (400 and 2500 rpm) on the FE(CO) for a given
electrolyte.
The FE(CO)-potential curve exhibits a distinct bell shape

independent of the bicarbonate concentration. In the potential
window examined, we can distinguish two opposite regimes for
the bicarbonate dependence of the FE(CO), separated by a
potential region (−0.35/−0.45 V vs RHE) where the FE(CO)
is maximum. In the first regime (E > −0.4 V vs RHE), the
FE(CO) is promoted by an increase in the bicarbonate
concentration. In the second regime (E < −0.5 V vs RHE), the
FE(CO) is suppressed by an increase in the bicarbonate
concentration. The trend gained in the second regime agrees
with the reported dependence of FE(CO) on the bicarbonate
concentration as determined by steady-state measurements at a
few selected potentials, even though in these previous studies
the bicarbonate effect was convoluted with the cation
effect.11,43,44

To understand the trend observed for the FE(CO), we
analyzed the dependence of CO2RR and HER on bicarbonate
concentration. From the experimental data, we calculated the
reaction order in bicarbonate (mHCO3

−) for CO2RR and HER,
which is defined as

=
[ ]−−m

jdLog

dLog HCO
x
HCO

x

3 E
3

i
k
jjjjj

y
{
zzzzz

(10)

where x = H2 and CO, and E(V) is the electrode potential. The
reaction order is calculated on a constant potential on the RHE
scale for both CO2RR and HER.
Figure 2A shows the experimentally measured reaction order

in bicarbonate for CO2RR at 2500 rpm, which is positive ca.
0.7 at −0.4 V vs RHE and it approaches zero for increasingly
negative potential. The high positive reaction order measured
for CO2RR close to the onset potential may be rationalized by
a reaction mechanism consisting of a coupled proton−electron
transfer.45 For more negative applied potential, the decrease in
the bicarbonate reaction order for CO2RR may be attributed
to the build-up of a pH and concentration gradient for
increasing total current density, which scales with the
bicarbonate concentration (see Figure S17 in the Supporting
Information). Previous studies measured a reaction order of 0
in bicarbonate for CO2RR on the SHE scale under stagnant
conditions.11,12 Extracting the reaction order in bicarbonate for
CO2RR on the SHE scale, we also obtained a similar value
(see Figure S11 in the Supporting Information).
As shown in Figure 2B, HER has a positive reaction order in

bicarbonate, which increases from 0.3 to 0.5 with more

negative applied potential. The positive effect of the
bicarbonate concentration on the HER currents is still
observed when plotting the results on a pH-independent
scale (see Figure S10B in the Supporting Information). Besides
the difference in the experimental conditions, a similar reaction
order of ca. 0.5 at −1.0 V vs SHE for HER in bicarbonate was
previously reported.11

To summarize, the two different potential regimes observed
for the FE(CO) dependence on bicarbonate are resolved in
terms of the overall beneficial role of bicarbonate for CO2RR

Figure 2. Reaction order in bicarbonate for (A) CO2RR and (B)
HER, as extracted from RRDE measurements in CO2-saturated
electrolytes at 20 mV s−1 and 2500 rpm, as reported in Figure 1.
Rotation dependence expressed as the ratio of the current at 2500
rpm to the current at 400 rpm for (C) CO2RR and (D) HER as a
function of bicarbonate concentration.
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in the first regime ( −m CO
HCO3

= 0.7 and −mHCO
H

3
2 = 0.3) and for

HER in the second regime ( −mHCO
CO

3
= 0.1 and −mHCO

H
3

2 = 0.5).
Considering the effect of mass transport at constant

bicarbonate concentration, the FE(CO) is independent of
the rotation speed in the first regime and decreases with the
rotation speed in the second regime (Figure 1D). Figure 2C,D
shows the mass-transport dependence for CO2RR and HER,
respectively, expressed as the current at 2500 rpm divided by
the current at 400 rpm for the respective electrochemical
processes. CO2RR shows a negligible rotation dependence, as
the value for jCO (2500 rpm)/jCO (400 rpm) is ca. 1
independently of the applied potential and bicarbonate
concentration.11,28 Previous reports observed an increase in
CO2RR currents with mass transport. This effect may be
ascribed to the larger CO2RR currents measured (jCO > 3 mA
cm−2) combined with a larger diffusion layer thickness (>40
μm) compared to our experimental conditions.24,26,30 Analo-
gously, in our study for jCO > 2 mA cm−2, we observe an
improvement of CO2RR currents with mass transport (see
Figures S4 and S5 in the Supporting Information). On the
other hand, HER exhibits a positive rotation dependence
which intensifies at larger overpotentials.11,28 Essentially, at
these current densities and diffusion layer thicknesses, in the
second regime the improved mass transport favors HER over
CO2RR and, hence, the FE(CO) drops. We note that, in
comparison to the literature, our current densities are
normalized by the real surface area, whereas practical current
densities relate to high surface area catalysts normalized by
geometrical area. For higher current density, we suggest that
improved mass transport is needed to sustain CO2RR (see
Figures S4 and S5 in the Supporting Information). To operate
CO2RR at a high current density, the gas diffusion electrode
(GDE) is widely used, which circumvents the issue of mass-
transport limitation in CO2RR.46 The GDE allows to
selectively improve the mass transport of the feeding gas
(CO2) but not that of the electrolyte species (e.g., HCO3

−).
Still, finding the right concentration of HCO3

− is crucial to
suppress the increase in pH at the electrode surface through its
fast buffering ability, without leading to an increase in HER. In
this way, bicarbonate would help to minimize the issue of mass

balance in GDE cells,47 which may lead to CO2 consumption
by its homogeneous reaction.

Cation Concentration Dependence. In this section, we
will discuss the effect of the Na+ cation concentration on the
CO2RR, HER, and FE(CO) at constant bicarbonate
concentration. Figure 3A shows jCO and Figure 3B shows jH2
for increasing Na+ concentration at 2500 rpm. For increasing
cation concentration, both jCO and jH2 increase to a different
extent. The resulting FE(CO) at 2500 rpm is shown in Figure
3C, and the effect of the rotation speed (400 and 2500 rpm)
on the FE(CO) in a given electrolyte is shown in Figure 3D.
Two different regimes for the effect of Na+ concentration on

the FE(CO) are distinguishable. In the first regime (E > −0.4
V vs RHE), the FE(CO) slightly increases with the increasing
cation concentration. Inversely, in the second regime (E <
−0.4 V vs RHE), the FE(CO) decreases with the increasing
cation concentration. The maximum FE(CO) is ca. 85% in 0.1
M NaHCO3 at ca. −0.5 V vs RHE. Similarly to the bicarbonate
dependence, we evaluated the reaction order in sodium cation
(mNa+

x ) for CO2RR and HER, which is defined as

=
[ ]++m

jdLog

dLog NaNa
x x

E

i
k
jjjjj

y
{
zzzzz

(11)

Figure 4A,B displays the reaction order in the cation for
CO2RR and HER, respectively. For CO2RR, the reaction
order in cation decreases from a positive value of 0.3 to 0.1 as
the potential becomes more negative. By contrast, the cation
dependence of HER becomes more pronounced for more
negative potential, being 0.2 at −0.4 V and 0.5 at −0.8 V vs
RHE. Close to the CO2RR onset potential (−0.2/−0.4 V vs
RHE), the cation promotes CO2RR ( +mNa

CO = 0.3) in agreement
with the positive effect of the cation on the CO2RR kinetics
reported by Liu et al.19 At more cathodic potential, however,
the beneficial effect of the cation on CO2RR may be
counterbalanced by the larger promotion of HER. This
promotion of HER by the cation suggests a compelling
dependence of the PD activity on the composition of the
electrode double layer.15 We exclude that the large differences
observed for reaction rates upon changing in the cation
concentration can mainly be ascribed to migration effects.

Figure 3. (A) CO2RR and (B) HER currents and (C) FE(CO) in CO2-saturated bicarbonate electrolytes with different concentrations of Na+ and
a constant concentration of NaHCO3 (0.1 M), as measured by RRDE voltammetry at 20 mV s−1 and 2500 rpm. (D) FE(CO) for different cation
concentrations at 400 and 2500 rpm.
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Differences in electrolyte conductivity are corrected by Ohmic
drop compensation. Furthermore, as most of the current arises
due to concentration gradients in the thin diffusion layer of the
RRDE, we expect a negligible contribution of migration
compared to the diffusion component to the current.39 Metals
impurities have been reported to adsorb on the electrode
surface at cathodic potentials, enhancing the HER activity at
the expense of CO2RR rates.24,48 Hence, to exclude that the
observed cation concentration dependence is an effect of a
higher concentration of metal impurities in the electrolyte, we
performed the RRDE measurements in electrolytes prepurified
by means of a chelating agent (see Figure S20 in the
Supporting Information). The results obtained in the
prepurified electrolyte agree with the cation concentration
dependence observed in Figure 3.
Considering the mass-transport effect, we observe a switch

in the FE(CO)-rotation dependence trend for increasing
cation concentration. At low Na+ concentration (0.1 M), the
FE(CO) is larger for a higher rotation rate, but for
concentrations of 0.5 M Na+, the opposite is true. Figure
4C,D shows the effect of the rotation rate on CO2RR and
HER separately. At these applied potentials, CO2RR is
independent of mass transport. On the other hand, HER
exhibits a rotation dependence which depends on the cation
concentration. The ratio jH2 (2500 rpm)/jH2 (400 rpm) is
lower than 1 in 0.1 M Na+, while it increases to a value of ca.
1.2 in 0.5 M Na+. This intricate rotation dependence points to
the sensitivity of the HER to the electrode−electrolyte
environment, whose compositional changes may lead to a
variation in the branching of the HER. In conclusion, the
observed FE(CO)-rotation rate dependence as a function of
Na+ concentration is predominantly a reflection of the effect of
rotation on the jH2.
Nature of the PD. As recently reported by Zhang et al.,25

we can distinguish three regimes in the FE(CO)-potential plot.
The first regime is observed at low overpotential E ≥ −0.4 V vs

RHE, in which the FE(CO) increases from 0 to maximum. In
the second regime, between −0.4 and −0.5 V vs RHE, the
FE(CO) is maximum. In the third regime, by further polarizing
the cathodic potential to E ≤ −0.5 V vs RHE, the FE(CO)
drops proportionally with the bicarbonate concentration. In
this section, we will discuss the nature of the PD for HER in
these three regimes of the FE(CO), considering that the total
HER current is given by

= + +− ·j j j jH H CO HCO H O2 2 3 3 2 (12)

The hydronium ion is not considered as a viable PD under
these experimental conditions, as its concentration is too low,
that is ≤10−6M.
Notably, in the first regime, the onset potential for HER

(i.e., increase in jH2
) is less negative in CO2-saturated

electrolytes than in Ar-saturated. In Figure 5A the HER

current at low overpotential in Ar and in CO2-saturated
electrolytes are compared. This low HER onset potential
cannot be explained in terms of H2O reduction. Various
previous papers have indicated that H2O reduction on gold
electrodes is favored by increased alkalinity.24,38,51−53 Hence,
in bicarbonate electrolytes, H2O reduction rates should be
higher at pH ca. 9 (Ar-saturated) than at pH 5.7−7.4 (CO2-
saturated).
Consequently, at a low overpotential, the PD must be

H2CO3 or HCO3
−. To compare the ability of these two species

to act as a PD, we consider the pKa, the bulk concentration,
and the mass transport-limiting currents (Table 3). The pKa of
a PD has been proposed to be related to the thermodynamic
driving force for HER.14,15,25,54 Given that the pKa of H2CO3

Figure 4. Reaction order in the Na+ cation for (A) CO2RR and (B)
HER, as extracted from RRDE measurements in CO2-saturated
electrolytes at 20 mV s−1 and 2500 rpm. Rotation dependence
expressed as the ratio of the current at 2500 rpm to the current at 400
rpm for (C) CO2RR and (D) HER.

Figure 5. (A) HER currents in Ar and in CO2-saturated electrolytes
with varying bicarbonate concentrations and a constant sodium
concentration of 0.5 M at 20 mV s−1 and 2500 rpm. (B) Tafel slope
for HER in CO2-saturated (empty) and Ar-saturated (solid) 0.5 M
NaHCO3 derived from CV.

Table 3. PDs in CO2-Saturated Bicarbonate Electrolytes

H2CO3 HCO3
− H2O

pKa 6.3 10.3 14
[PD]/Ma (5−9) × 10−5 0.1−0.5 55
jlim/mA cm−2b 0.11−0.17 17−1068

aThe concentrations were calculated by employing the method
described in Ref 49 for bicarbonate concentrations in the range 0.01−
0.5 M (with [CO2]aq = 33 mM)50 using the measured experimental
pH. bLimiting currents39 at 2500 rpm for the calculated bulk species
concentrations. Details of the calculations can be found in the
Supporting Information.
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is 6.3 and that of HCO3
− is 10.3, we would expect that in CO2-

saturated electrolytes, H2CO3 reduction to H2 will be
thermodynamically more favorable than HCO3

− reduction. In
CO2-saturated bicarbonate electrolytes, the concentration of
H2CO3 is several orders of magnitude lower than the
concentration of HCO3

−, while in Ar-saturated electrolytes,
due to the higher pH, the concentration of H2CO3 is
insignificant and H2CO3 is not a viable PD. In CO2-purged
electrolytes, the low concentration of H2CO3 leads to low
limiting currents, in the order of 0.11−0.17 mA cm−2, while
the HCO3

− limiting currents are much higher than the
experimentally measured currents. Figure 5B shows the Tafel
slope (TS) for HER in CO2 and Ar-saturated 0.5 M NaHCO3
(a similar potential trend for the TS is obtained from
chronoamperometry measurements as seen in Figure S21).
Clearly, the HER onset potential is lower in CO2-saturated
bicarbonate electrolyte (ca. −0.3 V vs RHE), and the TS is ca.
120 mV dec−1 in accordance with a first electron-transfer step
being rate-determining. We suggest that the PD for HER in
this low cathodic potential range is H2CO3 (eq 2), explaining
the shift in the onset potential between CO2 and Ar-saturated
solutions. As the overpotential increases, the TS increases to a
value larger than 120 mV dec−1 probably because the H2CO3
reduction becomes limited by mass transport. Interestingly, in
CO2-saturated 0.01 M HCO3

−, the HER current results in a
plateau at ca. −0.35 V. The HER current plateau increases with
rotation rate and scan rate (see Figure S22 in the Supporting
Information), pointing to a mass transport-limiting process.
Comparison of the experimentally observed plateau current for
HER and the theoretically limiting currents for different PD
(Table 3) supports the hypothesis of H2CO3 being the PD at
these potentials. The plateau current for HER disappears when
increasing the bicarbonate concentration. Because of the slow
kinetics of CO2 hydration,12 we suggest that the surface
concentration of H2CO3 is sustained by the faster equilibrium
with bicarbonate, explaining the larger HER current for
increasing bicarbonate concentration. Furthermore, the low
reduction potential of H2CO3 to H2 would explain the
universally observed bell-shaped FE(CO) in bicarbonate
electrolytes, and particularly, why at low current density,
initially the FE(CO) is close to zero [and FE(H2) is close to
100%]. We propose that the competition between CO2RR and
HER from H2CO3 reduction results in the FE(CO) increasing
from 0 to the maximum in the first regime, as shown in Figures
1C and 3C.
Interestingly, the onset of the second regime (E ≤ −0.43 V

vs RHE) coincides with the onset potential of HER in Ar-
saturated electrolytes. The TS of ca. 120 mV dec−1 in an Ar-
saturated electrolyte again suggests a first electron-transfer step
being rate-determining. We propose that at potentials more
negative than ca. −0.43 V, HCO3

− becomes the dominant PD
for HER (eq 3). In the range −0.4/−0.5 V vs RHE, the TS
remains ca. 120 mV dec−1 in an Ar-purged bicarbonate
solution where HCO3

− is the only PD, while in a CO2-
containing solution, a larger TS is observed because of the
mixed reduction of H2CO3 and HCO3

−. The hypothesis of
HCO3

− being a PD agrees with the observed reaction order of
ca. 0.4−0.5 in bicarbonate for HER. As a larger HCO3

−

concentration corresponds to higher buffer capacity, thus
lower surface pH, the increase in HER current cannot be
explained in terms of alkalinity-driven H2O reduction. In a
survey of the effect of different electrolyte anions on HER,
Resasco et al. highlighted that HCO3

− may outcompete H2O as

PD for HER because in spite of the higher H2O concentration,
the pKa of HCO3

− is almost 4 orders of magnitude lower than
that of H2O (Table 3).14 Additionally, the positive reaction
order in Na+ concentration (ca. 0.5) points to a HER
mechanism which benefits from a large cation surface
concentration. As suggested by Jackson et al., the formation
of a PD complex in the double layer may profit from the
presence of surface cations, especially in the case of a
negatively charged PD (e.g., HCO3

−).15

Ultimately, in the third potential window, the TS reaches a
value of ca. 210 mV dec−1 in both electrolytes (Ar and CO2-
saturated) in accordance with a previous report.11 At potentials
more cathodic than −0.5 V vs RHE, the TS increases in Ar and
stops decreasing in CO2-saturated electrolytes, which may be
explained by the onset of H2O reduction leading to a larger
surface pH gradient according to eq 4. This onset potential for
H2O reduction agrees with the suppression of HER currents
upon increased mass transport, attributed to the apparently
pH-dependent H2O reduction branch of HER in 0.1 M
NaHCO3.

38

In conclusion, at a more negative potential, the dominant
branch of HER between HCO3

− and H2O reduction appears to
be related to the Na+ cation concentration, as shown by the
switch in the rotation dependence for different concentrations
of Na+ and on the concentration of HCO3

−. In an electrolyte
concentration of 0.1 M Na+, H2O reduction may be
preponderant, while for a concentration of 0.5 M Na+,
HCO3

− reduction is the dominant branch of HER. In the
latter case, an increasing rotation rate favors HER, indicating
that the PD surface concentration is affected by the enhanced
mass transport. This rotation dependence further corroborates
the hypothesis that for concentrations of 0.5 M Na+, the main
branch of HER is attributed to HCO3

− reduction. However, the
main difference is observed once the concentration of Na+ goes
from 0.1 to 0.2 M, suggesting that the dominant branch of
HER switches from H2O to HCO3

− reduction for [Na+] >
[HCO3

−]. As the cathodic polarization induces an increase in
the surface pH, HCO3

− conversion into CO3
2− (eq 13) becomes

relevant.

+ +− − − ·FHCO OH CO 2H O3 3
2

2 (13)

Larger rotation rates (smaller diffusion layer thickness)
suppress the surface pH.27 Hence, the surface concentration of
HCO3

− will be higher than that at a lower rotation rate,
resulting in larger HCO3

− reduction current, that is, larger HER
currents for larger rotation rates. As explained in our previous
paper, for H2O reduction, the rotation dependence is the
opposite.38 H2O reduction on gold prefers high (local) pH,
which is suppressed by enhanced mass transport. The change
in the nature of the PD for HER as a function of the Na+

concentration indicates a distinct role of the cation in the
mechanism of H2O and HCO3

− reduction. In the first case, the
cation may be involved in the stabilization of the reaction
product (OH−), while in the second case, the cation may assist
the formation of an anion−cation complex prior to the
electrochemical reduction.15 Indeed, a different dependence on
the nature of the alkali cation was reported for HER from H2O
and from the buffering anion. For the increasing cation size on
the gold electrode, H2O reduction is promoted,17 while the
reaction order of HER in phosphate decreases going from Na+

to K+.15 Hence, increasing the concentration of Na+ results in a
larger promotion of HCO3

− over H2O reduction.
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Alternatively, we could also consider that bicarbonate may
not be a direct PD for HER but a promoter of water reduction.
In other words, as water reduction is extremely sensitive to the
electrolyte composition,55 we may consider that not only the
cation concentration but also the anion concentration may
define water reactivity.
Influence of CO2RR and HER Kinetics on the FE(CO).

As previously discussed, we identified two different potential
regimes for the effect of the electrolyte on the FE(CO). In the
first regime, we observe an increase in FE(CO) by increasing
both bicarbonate and cation concentrations, while in the
second regime, the dependence is reserved. This opposite
dependence of the FE(CO) may be illustrated in terms of the
kinetics for CO2RR and HER in the different electrolytes. The
following kinetics analyses are not meant to give mechanistic
insights but rather to highlight the presence of different
kinetics regimes. Hence, we discuss the potential dependence
of the TS and not the TS absolute value. Figure 6 shows the
TS for CO2RR and HER superimposed on the FE(CO) in
electrolytes of different bicarbonate concentrations (0.5, 0.1,
and 0.1 M HCO3

−).

In the first regime, the TS for CO2RR is lower than that for
HER. Hence, after the onset of CO2RR, the FE(CO) increases
as the kinetics of CO2RR is more strongly potential-dependent
than the one of HER. At these potential values, we proposed
that the PD is H2CO3. Due to the low concentration of
H2CO3, the HER current becomes mass transport-limited
leading to an increase in the TS, which scales with the buffer
capacity. As the potential becomes more negative, the TS of
CO2RR keeps increasing and reaches a similar value to the one
of HER. The FE(CO) is maximum at this potential value,
which is more negative for lower bicarbonate concentration. In
the second regime, the FE(CO) drops as the kinetics of HER
is more strongly potential-dependent than the one of CO2RR.
Moreover, a lower TS for HER is measured for increasing
bicarbonate concentration resulting in a lower FE(CO). In
0.01 M HCO3

− in the second regime, the kinetics for CO2RR
and HER are comparable; as a consequence, the FE(CO)

remains more or less constant. We would like to remark that
for CO2RR, the practice of extracting TS value to gain
mechanistic insights, even from chronoamperometry measure-
ments, is complicated. Besides the TS being strongly
dependent on the chosen potential interval, CO2RR kinetics
is convoluted by the role of CO2 in the suppression of the pH
gradient at the electrode surface.

■ CONCLUSIONS
In this paper, we have used RRDE voltammetry to quantify the
effect of bicarbonate and cation concentrations on the CO2RR
and HER currents, and thus on the FE(CO), on a gold disk.
This systematic study allowed us to extend and complete the
discussion on the nature of the PD for HER in bicarbonate
electrolytes stated in our previous paper,38 as illustrated
schematically in Figure 7. The sensitivity of the RRDE

measurements revealed for the first time an early onset
potential for HER in CO2-saturated vs Ar-saturated bicar-
bonate electrolytes propounding for H2CO3 being the PD for
HER at a low overpotential and explaining the initially low
FE(CO). At more negative potential, HCO3

− is the dominant
PD for HER. The reaction order in HCO3

− for HER was
measured to be ca. 0.4; hence, increasing the concentration of
HCO3

− results in a larger current for HER and a decrease in the
FE(CO). Only at a potential more negative than ca. −0.5 V
RHE, H2O reduction initiates and the FE(CO) declines. At
this large negative potential, HCO3

− and H2O are both
available PDs for HER and the dominant branch for HER is
related to both local bicarbonate concentration and (local)
cation concentration, and both concentrations can be varied
independently. Notably, the rotation dependence of HER
depends on the concentration of the electrolyte cation. At a
low cation concentration (Na+ ≤ 0.1 M), the HER rate
decreases for an increasing rotation rate. Oppositely, for a
larger cation concentration (Na+ ≥0.2 M), HER current
increases with the rotation rate. Thus, our study suggests that
increasing the cation concentration favors the HCO3

−

reduction branch of HER over the H2O reduction branch.
Concerning the nature of the PD for CO2RR, little is

known, as the rate-limiting step for CO2RR is believed to be
pH-independent.11,12,14,45 Still, valuable considerations about
the nature of the PD for CO2RR as a function of the applied

Figure 6. TS for CO2RR (solid symbols) and HER (open symbols)
and FE(CO) in CO2-saturated NaHCO3 at (A) 0.5, (B) 0.1, and (C)
0.01 M concentrations and at a constant 0.5 M Na+ concentration
derived from CVs.

Figure 7. Schematic of the bell-shaped FE(CO) as a function of the
applied potential illustrating the different PDs for HER in bicarbonate
electrolytes and how FE(CO) shifts with electrolyte parameters.
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potential can be derived from the discussion for HER in
bicarbonate electrolytes.
In a broader sense, our findings may help to explain the

differences in the HER rates for porous electrodes28,29 in
relation to variations in the local properties, for example, local
concentration of the cation, as well as differences in the mass-
transport effect in different electrode geometries and different
electrolytes.11,24,26 Our results will also provide an ideal
platform for kinetic modeling because mass transport and
electrolyte parameters in our study are very well-defined.
Finally, our investigation of factors governing the kinetics of

HER and CO2RR gives guidelines for the choice of optimized
reaction conditions to enhance the FE(CO). We identified two
different regimes, characterized by an opposite interplay of
CO2RR and HER kinetics, for the electrolyte effect on the
FE(CO). For low negative potential (first regime), larger
HCO3

− and Na+ concentration is beneficial for FE(CO). By
contrast, at more negative potential (second regime), a low
concentration of HCO3

−, as well as a low concentration of Na+,
is preferred to hinder HER. An ideal electrocatalyst for
CO2RR should work at a potential less negative than −0.5 V
vs RHE, where the kinetics of CO2RR surpasses HER and
before the onset of H2O reduction. In this way, building up
high surface alkalinity would be greatly suppressed, leading to
higher FE(CO).
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