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ABSTRACT: Understanding reaction pathways and mechanisms for electrocatalytic
transformation of small molecules (e.g., H2O, CO2, and N2) to value-added chemicals
is critical to enabling the rational design of high-performing catalytic systems. Tafel
analysis is widely used to gain mechanistic insights, and in some cases, has been used to
determine the reaction mechanism. In this Perspective, we discuss the mechanistic
insights that can be gained from Tafel analysis and its limitations using the simplest
two-electron CO2 reduction reaction to CO on Au and Ag surfaces as an example. By
comparing and analyzing existing as well as additional kinetic data, we show that the
Tafel slopes obtained on Au and Ag surfaces in the kinetically controlled region (low
overpotential) are consistently ∼59 mV dec−1, regardless of whether catalysts are
polycrystalline or nanostructured in nature, suggesting that the initial electron transfer
(CO2 + e− → CO2

−) is unlikely to be the rate-limiting step. In addition, we
demonstrate how initial mechanistic assumptions can dictate experimental design, the
result of which could in turn bias mechanistic interpretations. Therefore, as informative
as Tafel analysis is, independent experimental and computational techniques are necessary to support a proposed mechanism of
multielectron electrocatalytic reactions, such as CO2 reduction.
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■ INTRODUCTION

The surface-mediated electrochemical conversion of small
molecules such as H2O, CO2, and N2 to value-added chemicals
using renewable energy is a promising strategy for growing
sustainable chemical production and energy storage infra-
structure.1−3 Upgrading these small molecules typically
involves multiple electron and proton transfers and can
produce many products each with a number of possible
reaction intermediates. This complexity presents challenges in
the elucidation of molecular-level reaction mechanisms, which
are critical to the design of efficient, selective, and stable
electrocatalysts.4

A variety of experimental techniques have been used to
investigate the reaction pathways and mechanisms of surface-
mediated electrochemical reactions, from feeding suspected
intermediate species as reactants5−7 to utilizing spectroscopic
techniques to probe reaction intermediates,8,9 each with their
own advantages and disadvantages. One of the most common
methods in electrocatalysis is Tafel analysis, in which the
quantitative dependence of the partial current density toward a
specific product (the electrochemical reaction rate) on the
applied potential (Tafel slope) is determined.10 The
experimentally observed Tafel slopes can then be compared
to theoretically derived slopes by assuming different rate-
limiting steps (RLS) and quasi-equilibrated steps in a proposed
reaction mechanism. By comparing the experimentally
measured Tafel slope with those derived on the basis of a
proposed mechanism and RLS, researchers are able to either

reject or support proposed mechanistic pathways. However,
Tafel analysis does have significant limitations. For example, it
cannot differentiate two mechanisms that share the same
expected Tafel slope, which is frequently the case for complex
reactions involving multiple electron and proton transfers.
Furthermore, initial mechanistic assumptions can influence
experimental design, which could in turn bias mechanistic
interpretations.
In this Perspective, we use the simplest two-electron CO2

reduction reaction (CO2RR), the catalytic conversion of CO2

to CO on Au and Ag surfaces, as an example to demonstrate
the complexity and challenges associated with commonly used
electrochemical techniques for elucidating the reaction path-
ways and mechanisms. Through a detailed comparison and
analysis of both existing and new electrokinetic data, we show
that the results of these mechanistic studies strongly depend on
experimental design, which is dictated by the assumed reaction
mechanism. The Perspective will discuss the mechanistic
insights gained from Tafel analysis, as well as considerations in
choosing experimental parameters when conducting Tafel
analysis to ensure measured rates are dictated by electro-
kinetics rather than being convoluted by mass transport
limitations. Particular emphasis is placed on how these
variations in Tafel analysis within the existing literature result
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in different conclusions about the possible reaction pathways
and the RLS. Further, the Perspective will demonstrate how
the assumed reaction mechanism and the RLS can dictate
experimental design, including which variables must be
controlled to obtain meaningful kinetic data. For example, in
the case of CO2RR to CO, the choice of reference scale
between the standard hydrogen electrode (SHE) and
reversible hydrogen electrode (RHE), which should be
equivalent in principle, can each produce seemingly conclusive
results that reinforce differing initial mechanistic assumptions.
As such, we hope to convey the challenges associated with
these experimental methods and emphasize the necessity of
developing advanced operando spectroscopic techniques and
computational methods to help further elucidate the reaction
pathways and mechanisms for the CO2RR specifically, as well
as for the electrochemical upgrading of other small molecules.

■ MECHANISTIC INSIGHTS THROUGH TAFEL
ANALYSIS

Derivations and Limitations of Tafel Analysis.
Although Tafel analysis has been used to propose and verify
reaction mechanisms (e.g., hydrogen evolution reaction
(HER),10−12 hydrogen oxidation reaction (HOR),10,13,14

oxygen reduction reaction,10,15−18 oxygen evolution reac-
tion,10,19,20 and ethanol oxidation reaction),21 it is imperative
to note that Tafel analysis has limitations. Most notably, Tafel
analysis is only appropriate within a specific overpotential
range. For an electrochemical reaction of the form given in eq
1, the full Butler−Volmer equation (eq 2) can be simplified to
the Tafel equation (eq 3) only if the overpotential is
sufficiently high so that the rate of the reverse reaction is
negligible comparing to that of the forward reaction, that is,
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In eqs 2 and 3, η = E − Eequilibrium, and β is the symmetry
factor. To clarify, η is negative for reduction reactions such as
CO2RR, and the term overpotential in this Perspective refers
to the magnitude of η, i.e., |η|. Thus, a higher overpotential
corresponds to a lower (or more negative) electrode potential.
The overpotential must be kept sufficiently low so that the
reaction rate is kinetically controlled in determining Tafel
slopes. Otherwise the observed Tafel slope will be convoluted
by mass transport limitations. For example, owing to very fast
kinetics, Tafel analysis of the HOR/HER on Pt using the
rotating disk electrode method were plagued by transport
limitations which caused an apparent Tafel slope of ∼30 mV
dec−1, suggesting a rate-limiting Tafel step (i.e., H2 ↔ 2Had).

14

However, more recent work using a H2 pump configuration to
improve mass transport has shown a Tafel slope of ∼118 mV
dec−1, consistent with either a Volmer (Had ↔ H+ + e−) or
Heyrovsky (H2 ↔ Had + H+ + e−) RLS.14,23 Moreover, Tafel
slopes, even when measured properly, in many cases do not
correspond to a unique mechanism as several proposed
mechanisms could lead to the same expected Tafel slope.
This is due to two primary reasons: (1) measured Tafel slopes

are only impacted on the RLS and steps before RLS, and (2)
mechanisms with different RLS and/or the steps before RLS
could result in the same expected Tafel slope. This case is also
illustrated in the mechanistic investigation of the HOR/HER,
where a Tafel slope of 118 mV dec−1 indicates that either the
Volmer or Heyrovsky step is limiting, but does not distinguish
between the two. Thus, as informative as Tafel analysis is,
additional characterization is often needed to unequivocally
prove a proposed mechanism.

Experimentally Determined Tafel Slopes for the
CO2RR on Au and Ag Surfaces. For the simplest two-
electron CO2RR to CO on Au, different Tafel slope values
(56−140 mV dec−1) have been reported,24−30 leading to many
different mechanistic proposals. Figure 1 summarizes previous

Tafel analyses and illustrates how the experimentally derived
Tafel slope is highly dependent on the region of applied
potentials employed. While most of literature reported a Tafel
slope near 118 mV dec−1, studies of CO2RR to CO at low
overpotentials (less negative than −0.4 V vs RHE) have
consistently exhibited slopes near 59 mV dec−1 (Figure 1, black
solid circles and open purple traces). Kanan et al. have
previously ascribed the lower Tafel slope observed on oxide-
derived Au electrodes to a change in the RLS due to
stabilization of the proposed *CO2

− intermediate.24 Mean-
while, our previous work showed that even bulk, polycrystalline
Au electrodes also exhibited a Tafel slope near 59 mV dec−1 at
sufficiently low overpotentials.25 We therefore propose that the
previously observed Tafel slopes near 118 mV dec−1 are a
result of those experiments being conducted at high over-
potentials, at which measured CO production rates are not
strictly determined by electrokinetics. Indeed, for each of the
polycrystalline Au experiments conducted at higher over-
potentials (Figure 1, solid red, purple, and gold symbols), the
Tafel slope exhibits a noticeable residual curvature when
approaching lower overpotentials (less-negative potentials),
indicating that measured rates in these experiments are likely
impacted by nonkinetic factors, such as mass transport
limitations.24,29,31 For example, although Kanan et al. reported

Figure 1. Representative Tafel plots for polycrystalline Au from Xu et
al. (black circles, ref 25), Hori et al. (gold triangles, ref 26),
Surendranath et al. (red squares, ref 29), and Kanan et al. (solid
purple diamonds, ref 24) and oxide derived Au (open purple
diamonds, ref 24). Solid lines represent linear fits between points with
slopes of the indicated value.
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a slope of 114 mV dec−1 for polycrystalline Au, the slope using
data points at the lowest measured overpotentials (−0.4 and
−0.45 V vs RHE), decreases to 83 mV dec−1.24 A similar trend
holds in a recent report by Surendranath et al. where Tafel
slopes of 125, 140, and 167 mV dec−1 can be calculated using
the two, three, and four lowest overpotential points,
respectively.29 Moreover, in our previous work with Au foil
electrodes, Tafel slopes of 134 and 167 mV dec−1 were
observed using data from −0.4 to −0.425 V and −0.4 to −0.45
V (vs RHE), respectively.25

There is a strong parallel in measured Tafel slopes on Au
and Ag surfaces, both exhibiting high CO selectivity.31 Despite
the majority of existing work suggesting a Tafel slope of ∼118
mV dec−1 on bulk Ag, Tafel slope values close to 59 mV dec−1

(64 and 58 mV dec−1) were measured on nanoparticle and
nanoporous Ag electrodes at low overpotentials (less negative
than −0.5 V vs RHE, Figure 2).32,33 Like Kanan et al., Jiao et

al. initially attributed the shift in Tafel slope to a change in the
RLS of the reaction, owing to an increase in step-site density
for the nanostructured electrodes.33 However, measurements
on bulk polycrystalline Ag foils at low overpotentials (less
negative than −0.5 V vs RHE) in this work show a similar
slope (67 mV dec−1) to that of nanostructured Ag. Like Au, Ag
most likely has a transport-free Tafel slope of ∼59 mV dec−1,
and previous measurements showing slopes near 118 mV dec−1

are due to transport limitations caused by the range of current
density and potential employed. Therefore, it is critical to
ensure Tafel slopes are measured under conditions controlled
only by electrokinetics. In addition to current density,
electrode potential could also play a decisive role in
determining whether the measured rate is dictated by
electrokinetics, as will be discussed in detail in the following
section.
Impact of Electrode Potential on Measured Rates.

Mass transport limitations in electrode-surface-mediated
reactions are caused by the slow rate of transport of reactants
to, or products from, the electrode relative to the rate of the
electrode reaction (current density).14,22 In addition, the

reorganization of ions in the electrical double layer in response
to the electrode potential could also have an impact on the
mass transport. Cationic species tend to crowd the outer
Helmholtz plane (OHP) of the electrical double layer at lower
electrode potential due to electrostatic attraction.22,34 These
electrostatically bound cations have been shown to interact or
even displace adsorbed species.25,35 It is likely that these
cations could to a certain extent limit the access of reactant to
the surface and cause a mass transport limitation. This effect
will be more pronounced at lower electrode potentials, as the
OHP will be increasingly crowded by cations drawn by
negatively charged electrode surface and the electrostatic
interaction between the cations and the surface will be
stronger. This phenomenon was illustrated using attenuated
total reflectance surface enhanced infrared spectroscopy (ATR-
SEIRAS) with CO as a probe molecule. The potential was
cycled between 1.0 and −0.8 V vs SHE in CO-saturated 0.1 M
KClO4 electrolyte on an Au film electrode (Figure 3). At high
potentials (>0.8 V), the adsorbed CO band (∼2100 cm−1)
disappears due to CO oxidation to CO2.

36−39 Interestingly, the
adsorbed CO coverage also decreases below 0.2 V vs SHE and
desorbs completely below −0.4 V vs SHE. As detailed in our
previous work, the desorption of CO below 0.4 V vs SHE is
due to displacement of the weakly bound CO by K+ in the
OHP drawn to the negatively charged electrode.25,35 In the
case of CO2 reduction, as the electrode potential is decreased,
the electrostatic attraction between electrolyte cations and the
electrode increases, forming a potentially site-blocking layer of
cations in the OHP in addition to displacing produced CO.
Although the observed Tafel slopes on polycrystalline Au
(∼118 mV dec−1) and oxide-derived Au (∼56 mV dec−1) were
measured in the same current density region, mass transport
limitations have a more pronounced impact on the measured
Tafel slope on polycrystalline Au due to the lower electrode
potential needed to achieve the same current density (∼0.15 V
lower as compared to that on oxide-derived Au) due to its
lower activity. The dependence of the composition of the
electrochemical interface on electrode potential (accumulation
of cationic and anionic species at low and high potentials,
respectively) makes the electrode potential a defining
parameter, along with the current density, for determining
the kinetically controlled potential region and therefore a key
parameter in the design of electrokinetic experiments. As a
result, Tafel slopes measured at low current densities and
electrode potentials without significant electrolyte/electrode
interactions are more reliable (i.e., the Tafel slope for the
CO2RR on Ag and Au is 59 mV dec−1). Although it is
frequently not practical to conduct electrokinetic investigations
at or close to the potential of zero charge (PZC), where the
interaction between ions in the electrolyte and the electrode
surface is minimal, as in the case of CO2RR, the closer the
potential range investigated is to PZC, the less likely that the
measured kinetic parameters are impacted by the ion/electrode
interaction.

Expected Tafel Slopes Based on Common CO2RR
Mechanisms. As previously alluded to, measured Tafel slopes
could provide valuable, but often not definitive, insights into
reaction mechanisms. To facilitate the discussion, we
summarize three proposed reaction pathways that are most
commonly invoked in the literature (Table 1) and the expected
Tafel slope assuming each step as the RLS and low surface
coverage of any adsorbed intermediate (i.e., coverage of
unoccupied surface sites (θ*) approaches unity). The

Figure 2. Representative Tafel plots for polycrystalline Ag from this
work (black circles), Jaramillo et al. (red squares, ref 32), and Jiao et
al. (solid purple diamonds, ref 33). Open purple diamonds and
triangles represent Tafel data on nanoporous and nanoparticles,
respectively (ref 33). Solid lines represent linear fits between points
with slopes of the indicated value.
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assumption of low surface coverage of adsorbed intermediates
is justified by our recent spectroscopic investigation demon-
strating that no vibrational band corresponding to adsorbed
intermediate, including CO(ad), is present at typical electrode
potentials applied in the CO2RR.

25 Additionally, adsorbed

hydrogen coverage is assumed to be negligible as no band
related to atop-bound hydrogen is observed spectroscopically,
and computational work shows that the hydrogen binding
energy is significantly weaker than CO binding energy on Au,
so that CO coverage should be higher than that of

Figure 3. (a) ATR-SEIRA spectra (4 cm−1 resolution, 8 co-added scans) a linear potential sweep at 5 mV s−1 from −0.8 to 1.0 V vs SHE on
chemically deposited Au film electrode in 0.1 M KClO4 under continuous CO purge. Reference spectrum collected at 1.0 V. (b) Schematic
representation of CO and electrolyte ions in the double layer between 0.8 and −0.4 V vs SHE and (c) below −0.4 V vs SHE.

Table 1. Proposed Rate Expressions and Corresponding Tafel Slopes

step rate expressionb,d typea Tafel slope [H+] orderc

A.1 CO2 + e−+ ∗ ↔ (CO2
−)ad θ β= *

−i
k
jjjj

y
{
zzzzj Fk a

E F
RT

exp
( 1)

CO
0

CO2 ET 118 0

A.2 (CO2
−)ads + H2O ↔ COOHad + OH− = −i

k
jjj y

{
zzzj Fk K a EF

RT
expACO

0
.1 CO2 PT 59 0

A.3 COOHads + H2O + e− ↔ COad + OH− β= −
+ i

k
jjj y

{
zzzj Fk

K K a a

K
EF
RT

exp ( 2)A A

W
CO

0 .1 .2 CO H2 PCET 39 1

A.4 COad ↔ CO + ∗ = −
+ i

k
jjj y

{
zzzj Fk

K K K a a

K
EF
RT

exp
2A A A

W
CO

0 .1 .2 .3 CO H
2

2
2 D 30 2

B.1 CO2 + H2O + e−+ ∗ ↔ COOHad + OH− θ β= *
−i

k
jjjj

y
{
zzzzj Fk a

E F
RT

exp
( 1)

CO
0

CO2 PCET 118 0

B.2 COOHad + H2O ↔ COOHad···H+ + OH− = −
+ i

k
jjj y

{
zzzj Fk

K a a

K
EF
RT

expB

W
CO

0 .1 CO H2 PT 59 1

B.3 COOHad···H+ + e− ↔ COad + H2O β= −
+ i

k
jjj y

{
zzzj Fk

K K a a

K
EF
RT

exp ( 2)
B B

W
CO

0 .1 .2 CO H
2

2
2 ET 39 2

B.4 COad ↔ CO + ∗ = −
+ i

k
jjj y

{
zzzj Fk

K K K a a

K
EF
RT

exp
2B B B

W
CO

0 .1 .2 .3 CO H
2

2
2 D 30 2

C.1 CO2 + H2O + e− + ∗ ↔COOHad + OH− θ β= *
−i

k
jjjj

y
{
zzzzj Fk a

E F
RT

exp
( 1)

CO
0

CO2 PCET 118 0

C.2 COOHad + H2O + e− ↔ COad + H2O + OH− β= −
+ i

k
jjjj

y
{
zzzj Fk

K a a

K
EF
RT

exp ( 2)C

W
CO

0 .1 CO H2 PCET 39 1

C.3 COad ↔ CO + ∗ = −
+ i

k
jjj y

{
zzzj Fk

K K a a

K
EF
RT

exp
2C C

W
CO

0 .1 .2 CO H
2

2
2 D 30 2

aAssuming a β value of 0.5. bReduction currents are negative based on the convention in eq 2; for clarity, negative signs have been removed for
current density in Table 1. cET: electron transfer, PT: proton transfer, PCET: proton-coupled electron transfer, D: desorption dAssuming water,
rather than bicarbonate or hydronium ions, as the proton donor.
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hydrogen.25,40 Finally, although electrostatically bound cations
may act to prevent transport to the surface, effectively
decreasing θ*, as suggested at high overpotentials, our
mechanistic hypothesis is based on the behavior at the low
overpotentials (<0.4 V) only, so that cations effects should be
minimized. As a result, we assume that cations have a
negligible impact on available active sites for the purpose of
kinetic derivations. The most commonly proposed mechanism
(pathway A) involves an initial electron transfer (ET) to CO2
to form an adsorbed, negatively charged CO2 intermediate
(*CO2

−), which is then reduced to CO via a proton transfer
(PT) step followed by a final proton-coupled electron transfer
(PCET) before desorption, as in steps A.1−A.3 (referred to as
the ET pathway, or pathway A in Table 1).24,26−29

Alternatively, it has been proposed that the reaction proceeded
through an initial PCET to form an adsorbed carboxyl species
(*COOH), followed by a second PT, and a final ET to
produce CO (referred to as the PCET pathway, or pathway
B).32,33 Finally, Xu et al. proposed a simplified version of the
PCET pathway where the initial PCET is followed by a second
PCET to form CO (pathway C).25 In all three cases, if the
initial step is rate limiting, regardless whether it is an ET or a
PCET step, the expected Tafel slope is 118 mV dec−1. If the
PT following the initial ET (pathway A) or the initial PCET
(pathway B) is rate limiting, both ET and PCET pathways are
expected to show Tafel slopes of 59 mV dec−1. A Tafel slope of
39 mV dec−1 is expected in each case if the second ET
(pathway B) or PCET (pathway A) is rate limiting (assuming a
symmetry factor, β, of 0.5), and a slope of 30 mV dec−1 is
expected if CO desorption is the rate limiting step. It is
possible that either the second electron transfer (steps A.3, B.3,
or C.2) or CO desorption steps (steps A.4, B.3, or C.3) are
rate-limiting and transport limitations caused by site blocking
(by electrolyte cations) are inflating the observed Tafel slope.
However, both alternatives are unlikely based on our
spectroscopic observations. No band associated with the
COOHad intermediate, which would be expected to accumu-
late if the second electron transfer is rate-determining, is
observed spectroscopically on polycrystalline Au electro-
des.25,41 CO desorption is unlikely to be rate limiting due to
the low binding energy of CO on Au.40 Moreover, cations have
been shown to aid rather than inhibit CO desorption,35 so that
cation adsorption would not be expected to increase the
observed Tafel slope in the case of CO desorption as the RLS.
Therefore, based on the ∼59 mV dec−1 Tafel slope measured
on both Au and Ag surfaces in the kinetic regime as discussed
in the previous section, we conclude that regardless whether
catalysts are polycrystalline or nanostructured in nature, the
reaction is limited by a PT step preceded by an initial ET or
PCET at low overpotentials.
Although Tafel analysis alone cannot distinguish exactly

which pathway CO2RR proceeds, several meaningful con-
clusions can still be drawn. First, a Tafel slope of ∼59 mV
dec−1 is not expected for any step in pathway C, which
indicates that it is unlikely for the CO2RR on Au or Ag
electrodes at low overpotentials. Meanwhile, ET and PCET
pathways could both be consistent with the measured
transport-limitation-free Tafel slope with the second PT step
in each mechanism (steps A.2 and B.2) as the RLS. Although
the stabilization of the *CO2

− intermediate via interaction with
the electrode surface could make its formation potentially
feasible when a suitable molecular catalyst is used, the
formation of free CO2

•‑ is energetically unfavorable (E0 =

−1.85 ± 0.06 V vs SHE).42−44 One potential way to
distinguish between the ET pathway and the PECT pathway
is to study the rate dependency on the pH of the electrolyte. If
step A.2 is the RLS, no pH dependence is expected (reaction
order of [H+] is zero), as no PT occurs in step A.1. If step B.2
is the RLS, a first-order dependence on pH is expected
(reaction order of [H+] is 1), owing to the PT in the
equilibrated step B.1. As will be discussed in the next section,
these seemingly straightforward studies can be complicated by
the experimental difficulty in varying on parameter at a time
due to multiple aqueous phase equilibria in the electrolyte.

■ INTERPLAY BETWEEN PROPOSED MECHANISM
AND EXPERIMENTAL DESIGN

Standard Hydrogen Electrode versus Reversible
Hydrogen Electrode Scale. In probing the rate dependence
on pH, it is important to note that different mechanistic
proposals could lead to different experimental designs and in
turn seemingly inconsistent measured parameters (e.g.,
reaction orders of different species) even when experiments
are conducted rigorously. Electrochemical potentials of all
electrochemical transformations are defined on an absolute
scale relative to that of the reaction of H+ + e− → 1/2H2 under
standard conditions, or the SHE scale.22 Meanwhile, for
reactions that produce or consume protons (or hydroxides) in
or preceding the RLS, the proton dependence can be
accounted for either by correcting for this dependence when
analyzing experimental results or by conducting experiments
on a RHE scale. Experimentally, it is often more convenient to
adopt the RHE scale, because the impact of the proton
concentration (pH of the electrolyte) is explicitly taken into
account such that the study of reaction order of other species is
free from the convolution of proton dependence. Therefore,
the assumed reaction mechanism and RLS dictate whether the
SHE or the RHE scale is more suitable for a specific system. It
must be emphasized that when all variables are properly
accounted for, the two approaches, namely whether to conduct
experiments on the SHE or the RHE scale, produce the same
results. In the case of CO2RR on Au, the ET pathway with
either the first ET (step A.1) or first PT (step A.2) as the RLS,
and the PCET pathway with first PT (step B.2) as the RLS
suggest that the SHE and the RHE scale is more convenient,
respectively. This discrepancy is due to the fact that the activity
of proton (aH+) does not appear in the rate expression of the
former mechanism, but does in the latter (Table 1). Here, we
show that this difference in assumed reaction mechanisms
leads to different designs of experiments, which in turn causes
conflicting reported values for the reaction order of
bicarbonate.
The assumption of the ET pathway with either step A.1 or

A.2 as the RLS in the CO2RR on Au dictates that the CO
production rate is pH independent. It follows naturally that all
electrokinetic experiments, including those aiming at determin-
ing the reaction order of bicarbonate in the CO2RR, should be,
and indeed have been, conducted using the SHE scale.28,29 CO
production rate was found to have a zeroth-order dependence
on bicarbonate concentration when bicarbonate concentration
was varied, holding the cathode potential constant on the SHE
scale.28,29 This finding was interpreted as evidence confirming
that the initial ET step (step A.1) was rate limiting.
In contrast, if step B.2 is the RLS as indicated by a Tafel

slope of 59 mV dec−1 in the previous section, then the pH of
the electrolyte must be accounted for since the RLS is
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proceeded by an equilibrated PCET step. It follows that rates
should either be determined at a constant potential on the
RHE scale, as it is the case in our previous study, or the
dependence on aH+ should be accounted for when analyzing
data collected at a constant SHE potential.25 This consid-
eration is particularly important in the determination of
dependence of the CO production rate on bicarbonate
concentration, as the pH of the CO2-saturated solution
increases with bicarbonate concentration. When the electrode
potential for the CO2RR was kept constant with respect to
RHE, a roughly first-order dependence on bicarbonate was
observed. Although a bicarbonate dependence is not explicitly
predicted by the rate expressions unless bicarbonate, rather
than water, is assumed to be the proton donor, the bicarbonate
dependence arises through the enhancement of CO
production rates via an increase in the effective [CO2(aq)]
through the equilibrium between bicarbonate and CO2(aq) as
detailed in our previous work.25

Despite seemingly contradicting results of bicarbonate
dependence, the apparent discrepancies are largely caused by
the assumed dependence on aH+. For example, in the work by
Surendranath et al., where bicarbonate exhibits a zeroth-order
dependence, the pH of the electrolyte changes from 6.2 to 7.2
as the bicarbonate concentration is increased from 0.03 to 0.3
M.29 In turn, aH+ decreases by an order of magnitude and the
potential on the RHE scale (assuming step B.2 is rate limiting)
decreases by 59 mV across the range of bicarbonate
concentrations studied based on the Nernst equation (eq 4).22

Δ = Δ − +E E
RT
F

a
2.3

log( )RHE SHE H (4)

A dependence on bicarbonate concentration can be clearly
observed (Figure 4) if each current density taken from Figure
3c of the work by Surendranath et al. is adjusted to account for
a first-order dependence on aH+ using Tafel slopes of 59 or 118
mV dec−1. If the Tafel slope is assumed to be 118 mV dec−1 at
−0.9 V vs SHE, the rate exhibits a ∼0.5-order dependence on
bicarbonate. If a Tafel slope of 59 mV dec−1 is assumed, the
rate shows an approximate first-order dependence on

bicarbonate concentration. This first-order dependence is
consistent with our previous work conducted on the RHE
scale.25 This analysis demonstrates that the design of
experiments, including on whether to control and account
for changes in aH+ based on the proposed mechanism, can
produce seemly contradictory results and consequentially
different mechanistic conclusions even when experiments
were done rigorously. This example underscores the
importance of employing an independent method to verify
mechanistic conclusions drawn solely from electrokinetic
investigations.

Complications in Kinetic Isotope Effect Studies for
CO2RR. In addition to the concentration-dependence studies,
kinetic isotope effect (KIE) studies could, in principle, provide
useful information to elucidate if the RLS in CO2RR involves a
PT step. To effectively conduct and interpret KIE studies, one
must study the relatively small changes in CO2RR reaction
rates when isotopically labeled proton donors, e.g., DCO3

− or
D2O, are used in place of their nonlabeled counterparts while
keeping all other variables constant (e.g., CO2 solubility,
temperature, solvation affects). However, in KIE studies of the
CO2RR, keeping all other variables constant while changing
the proton donor is difficult. Changing the solvent (e.g., H2O
to D2O) can lead to a variety of complicating factors such as
differences in solvation of the electrolyte, changes in CO2
solubility ([CO2(aq)] = 33.8 mM in H2O, 38.1 mM in D2O),

45

or differences in hydrogen bonding so that kinetic changes due
solely to proton donation cannot be easily extracted. Kenis et
al. conducted KIE studies in a flow cell, in which the catholyte
is 2.0 M NaOD and the anolyte is 2.0 M NaOH to prevent
changes in cell performance due to the KIE on the oxygen
evolution reaction and the anode.46 In addition to the possible
change in mechanism due to reaction of CO2 with NaOD to
form NaDCO3 at the cathode, the catholyte and anolyte are
separated by an anion exchange membrane such that
electrolyte crossover between the two compartments,
especially at membrane on which catalysts are loaded, is likely
if not inevitable. Any presence of NaOH and H2O on the
surface of cathodic catalyst could impact the measured KIE
because H-containing species may preferentially react over D-
containing species. In another work, batch experiments by
Surendranath et al. were conducted in NaHCO3 electrolytes
with H/D ratios between 0.1 and 0.9.28 Because relatively
small changes in reaction rates are expected (typical KIE values
are 1−2),47 pure labeled and nonlabeled chemicals should be
used as stated above. To further illustrate the complex nature
of using KIE studies to elucidate the CO2RR, the current
density toward CO was measured on Au foil electrodes at a
kinetically controlled potential (−0.4 V vs RHE) in both CO2-
saturated 0.5 M NaHCO3 (in H2O) and 0.5 M NaDCO3 (in
D2O). Surprisingly, the current density toward CO is −0.070
± 0.005 mA cm−2 in NaHCO3 and −0.162 ± 0.011 mA cm−2

in NaDCO3. Importantly, the rate of HER decreased in the
deuterated electrolyte with current densities toward H2 and D2
of −0.077 ± 0.002 mA cm−2 and −0.039 ± 0.014 mA cm−2,
respectively. The inverse relationship between CO and H2/D2
rates suggests that the improved CO selectivity in the
deuterated electrolyte may be due in large part to the
decreased rate of the competing HER. The increased activity
in deuterated electrolyte is likely a result of various convoluting
factors mentioned above that cannot be easily decoupled,
rather than indicating that the D-containing species accelerates
the RLS compared to the H-containing counterpart (KIE < 1).

Figure 4. Bicarbonate order dependence data at −0.9 V vs SHE
(black circles) and at −0.5 V vs RHE corrected for the pH changes
with bicarbonate concentration assuming a Tafel slope of 59 mV
dec−1 (red squares) and 118 mV dec−1 (purple diamonds). All data
taken from ref 28.
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Another recent example of unexpected KIE is that the rate of
CO oxidation on Au/TiO2 in aqueous solution is retarded by
replacing H2O with D2O, while water is not expected to
participate based on the overall reaction.48 It is only through
sophisticated first-principles computational studies is the role
of water in the reaction mechanism elucidated. In light of the
complexities in swapping all H-donors to D-donors, gaining
mechanistic insights based on KIE experiments is nontrivial.
Thus, accurate interpretation of the measured KIE regarding
the role of proton donors in the CO2RR in aqueous
electrolytes is challenging.

■ OUTLOOK

Although electrokinetic studies can be informative in under-
standing reaction mechanisms of electrochemical processes,
the relatively simple case of the two-electron CO2RR to CO
illustrates the inherent limitations of these techniques and
underscores the necessity for the development of supporting
spectroscopic and computational methods. Rigorous Tafel
analysis can only be conducted in a full-kinetically controlled
potential and current region to avoid transport limitations,
which is often well outside of typical reaction conditions. As a
result, reliable mechanistic insights can only be obtained at low
overpotential and current densities, and possible changes in
mechanistic pathway or RLS that occur at higher over-
potentials and current densities cannot be directly investigated
by Tafel analysis. Moreover, kinetic studies probing the
dependence on different species can be heavily influenced by
the proposed/assumed mechanism and experimental design. In
the specific case of CO2RR to CO on Au, it appears that the
experimental design based on a specific proposed mechanism
tends to reinforce the assumed mechanism. In order to
effectively investigate CO2RR to CO, along with more
complicated electrochemical systems such as CO2RR to C2+
products or N2 reduction for ammonia production, it is
necessary to leverage in situ/operando and time-resolved
spectroscopic techniques such as ATR-SEIRAS and differential
electrochemical mass spectroscopy to fill the gaps in
mechanistic understanding left by traditional kinetics. More-
over, the continued development and improvement of
computational methods for investigating the electrochemical
processes, including the solvation and other electrolyte effects,
is necessary for elucidating electrochemical reaction mecha-
nisms. In the relatively simple two-electron process of CO2RR
to CO on Au and Ag, combined spectroscopic and
electrokinetic studies have narrowed reaction pathways down
to either an initial ET to *CO2

− or a PCET to *COOH. First-
principles calculations of the stability of the possible
intermediates (e.g., *CO2

−), and the activation barriers for
proposed RLS could help differentiate these two potential
mechanisms. Without a doubt, intimate interplay between
experimental and computational investigations will be
indispensable in gaining molecular level understanding of
more complex heterogeneous electrocatalytic reactions.

■ EXPERIMENTAL SECTION

Materials. To prepare Ag electrode for electrochemical
kinetic experiments, bulk Ag foil was purchased from Alfa
Aesar (99.998%). Five 15 mm × 7 mm Ag foil pieces were cut
and then spot-welded together at one end to construct a fan-
type structure in order to increase the total exposed surface
area. Finally, a Ag wire was connected to one end of the

electrode via spot-welding. The as-prepared electrode was
etched in piranha solution (3:1 volumetric ratio of 98% H2SO4
(Sigma-Aldrich) and 30% H2O2 (Sigma-Aldrich)) for 20 s and
then rinsed/sonicated using doubled deionized-stilled water
(Barnstead Mega-Pure Water Purification System) for
subsequent electrochemical studies. Purified 0.5 M NaHCO3
electrolyte was prepared by purging a solution made from
Na2CO3 (Fluka, ≥ 99.999%) with CO2 gas (Keengas, grade 5)
until the solution reached a pH value of 7.2. The electrolyte
was then purified using a solid-supported iminodiacetate resin
(Chelex 100, Sigma-Aldrich).49

To prepare electrodes for kinetic isotope experiments, bulk
Au foil was purchased from Alfa Aesar (99.999%) and cut into
planar electrode with dimensions of 14 mm × 6 mm. Finally,
an Au wire connected to one end of the planar electrode via
spot-welding. The electrode was then etched in cleaned in
piranha etch for >5 min and rinsed using double deionized−
distilled water (Barnstead Mega-Pure Water Purification
System) prior to each electrolysis. NaHCO3 electrolyte was
prepared as detailed for electrolysis experiments using Ag
electrodes. NaDCO3 electrolyte was prepared by purging a
solution made from Na2CO3 (Fluka, > 99.9999%) in D2O
(Arcos Organics, > 99.8%) overnight with high purity CO2 gas
(Keengas, grade 5). The electrolyte was then purified using a
solid-supported iminodiacetate resin (Chelex 100, Sigma-
Aldrich) which had been exchanged by soaking in D2O for
>24 h prior to use. The anion exchange membrane (Fumasep,
FAA-3-PK-130) was also soaked for >24 h in D2O before
electrolysis to prevent additional H2O from entering the
deuterated electrolyte.

Electrochemical Kinetics Experiments. A Princeton
Applied Research VersaSTAT 3 potentiostat was used for
electrolysis experiments. Electrolysis experiments were con-
ducted under room temperature in a gastight two compart-
ment electrochemical cell using an anion exchange membrane
(Fumasep, FAA-3-PK-130) as the separator. The working
electrode compartment contained 13 mL of electrolyte and 9
mL of headspace. A high purity graphite rod was used as the
counter electrode in all experiments to avoid any potential
contamination issues. All potentials were measured against a
Ag/AgCl reference electrode (3.0 M KCl, BASi) and converted
to the RHE reference scale. Before electrolysis, the electrolyte
and headspace were purged with CO2 gas and then sealed.
During electrolysis, the electrolyte in both compartments was
stirred at a rate of 800 rpm using a magnetic stirrer. A gas
chromatograph (Agilent, 7890B) was used for quantification.
Constant potential experiments were conducted for 1 h or 30
min on Ag and Au electrodes, respectively. Gas-phase products
were collected and injected into the gas chromatograph using a
gastight syringe (Hamilton) for quantification of CO and H2.

ATR-SEIRAS Experiments. ATR-SEIRAS experiments
were conducted in a two-compartment spectroelectrochemical
cell as described in our previous work.25 The working electrode
was an Au film chemically deposited on a Si ATR crystal with a
60 degree incident angle. A detailed procedure for preparation
of the Au film electrode is given in our previous work. A
graphite rod, rather than a Pt wire was used as the counter
electrode to prevent contamination of the Au working
electrode by Pt deposition from the counter electrode. A
Ag/AgCl (3.0 M KCl, BASi) reference electrode was used in
the working electrode compartment for all experiments. The
working and counter electrode compartments were separated
using a Nafion proton exchange membrane. Spectra were
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collected during cyclic voltammetry in 0.1 M KClO4 (>99.99%
metals basis, Sigma-Aldrich), under continuous CO purge
(Matheson). All spectroscopic data was collected using an
Agilent Technologies Cary 660 FTIR spectrometer equipped
with a liquid nitrogen-cooled MCT detector and a Pike
Technologies VeeMAX II ATR accessory coupled with a
Solartron SI 1260/1287 system for electrochemical measure-
ments.
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