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Temperature Effect of CO2

Reduction Electrocatalysis on
Copper: Potential Dependency
of Activation Energy
The electrochemical CO2 reduction reaction (CO2RR) has gathered widespread attention
in the past decade as an enabling component to energy and fuel sustainability. Copper
(Cu) is one of the few electrocatalysts that can convert CO2 to higher-order hydrocarbons.
We report the CO2RR on polycrystalline Cu from 5 °C to 45 °C as a function of electrochem-
ical potential. Our result shows that selectivity shifts toward CH4 at low temperature and H2

at high temperature at the potential values between −0.95 V and −1.25 V versus reversible
hydrogen electrode (RHE). We analyze the activation energy for each product and discuss
the possible underlying mechanism based on their potential dependence. The activation
barrier of CH4 empirically obeys the Butler–Volmer equation, while C2H4 and CO show
a non-trivial trend. Our result suggests that the CH4 production proceeds via a classical
electrochemical pathway, likely the proton-coupled electron transfer of surface-saturated
COad, while C2H4 is limited by a more complex process, likely involving surface adsorbates.
Our measurement is consistent with the view that the adsorbate–adsorbate interaction
dictates the C2+ selectivity. [DOI: 10.1115/1.4046552]

Keywords: electrocatalysis, electrochemical energy storage, electrokinetics, electrofuels,
electrolyzers

1 Introduction
The mitigation of atmospheric carbon dioxide (CO2) via carbon

capture and storage is an essential component of the global effort
to combat climate changes [1,2]. Several CO2 capture and storage
strategies have been discussed and reported to date, for example,
by using minerals or an underground geological formation as a
storage facility [3,4]. While these approaches could lead to a
carbon storage option, an alternative is to use renewable electricity
to electrochemically convert captured CO2 to high-valued mole-
cules such as CO and hydrocarbons [5–9]. Intrigued by this possi-
bility, there has been an intense search for an electrocatalyst that can
facilitate the CO2 reduction reaction (CO2RR) selectively and effi-
ciently [10–15]. Cu is one of the few electrocatalysts that can
electro-convert CO2 to C2+ hydrocarbons [16–18]. However, Cu
requires high overpotential (>1.0 V) and suffers from poor selectiv-
ity due to the concurrent occurrence of the hydrogen evolution reac-
tion (HER).
To improve the CO2RR activity and selectivity, researchers have

investigated the CO2RR mechanism to find the rate-limiting
process. Based on the studies of model electrocatalysts [19], electro-
chemical potential [20–22], reaction condition, e.g., electrolyte
[23–25], pressure [26,27], temperature [28–30]), and electrode–
electrolyte configuration [31–33], the current view is that the
active species (H2O for HER and CO2 for CO2RR) compete for
surface adsorption, where the adsorbate–adsorbate interactions
(e.g., CO–CO and CO2–H) control selectivity [34–37]. With
regards to the competition between CH4 and C2H4, Schouten
et al. suggest that CH4 forms via the concerted proton–electron
transfer mechanism, while C2H4 occurs via the protonation of the
CO dimer [38,39]. In this picture, the CH4 rate is governed by an
electrochemical step that is coupled to proton transfer (i.e.,
pH-invariant at constant overpotential versus reversible hydrogen
electrode, RHE), while C2H4 is governed by an electrochemical

step that is proton-independent (i.e., pH-invariant at constant over-
potential versus vacuum-based reference).
As part of an effort to provide references for the studies

of CO2RR and factors controlling selectivity, we present our tem-
perature-dependent measurement of the CO2RR on Cu from 5 °C
to 45 °C. From the perspective of temperature, Hori et al. have
reported reduced Faradaic efficiencies (FE) for H2, C2H4, and
CO and increased FE for CH4 with decreasing temperature (from
40 °C to 0 °C) [29]. However, because the selectivity was reported
only at one fixed current (at 5 mA/cm2), it is not straightforward
to extract the activation energy for each CO2RR product. Recently,
Ahn et al. reported the CO2RR on Cu from 2 °C to 42 °C at a fixed
potential (−1.6 V versus Ag/AgCl) [30]. Similar to Hori et al., Ahn
et al. found that lower temperatures increased CH4 and lowered
HER, a notable finding given that Hori et al. and Ahn et al. used dif-
ferent CO2RR conditions (0.5M KHCO3 in the former and 0.1M
KHCO3 in the latter). However, there is not yet an effort to
measure the temperature dependence of the CO2RR as a function
of electrochemical potential to obtain the activation energy (Ea)
and its dependence on overpotential.
In this work, we investigate the activation energy in the CO2RR

and how they depend on overpotential to reveal insights into the
nature of the rate-limiting process in the CO2RR. Because the
CO2RR results are a complex function of intrinsic electrochemical
kinetics and transport, we emphasize that the activation energy
reported is an “apparent” value. We do not intend to suggest that
the obtained activation energy represents a specific molecular mech-
anism. Rather, our aim is to provide results that could be useful for
future CO2RR studies focusing on separating the influence of intrin-
sic kinetics versus mass transport. Lobaccaro et al. had recently dis-
covered that high surface-area-to-electrolyte-volume ratios can
indirectly influence the temperature of the CO2RR device [40].
Directly measuring the role of temperature on the CO2RR can there-
fore offer an additional resource to understand how the CO2RR
device functions in the limit where the operating condition cannot
keep the system temperature constant.
Our measurement of the CO2RR on Cu and its temperature

dependency spans a range of electrochemical potential. In addition
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to studying selectivity, we analyze partial current densities and use
their temperature dependence to obtain Ea for each gaseous product:
CH4, C2H4, CO, and H2. Our measurement reveals that CH4 has the
lowest Ea and that its potential dependence obeys the Butler–
Volmer form with the transfer coefficient α of −0.3, i.e., the over-
potential application reduces the activation barrier. Surprisingly,
HER, despite being the major product, has the highest Ea with a
non-trivial potential dependence. We assess these results within
the context of the current CO2RR mechanistic hypothesis and
discuss a possible route to improve future performance.

2 Experimental Methods
2.1 Copper Working Electrode Preparation. Polycrystal-

line Cu foil (BTC, 0.1 mm thick, 99.9999%) was cut into 0.5 cm×
0.5 cm pieces for preparation of the working electrode. A Ti wire
was attached to each copper piece with Leitsilber 200 Ag paint
(Ted Pella, Inc.) and dried for at least 2 h. After, both the Cu foil
and the part of the Ti wire were covered by inert epoxy (Omegabond
101) except the 0.1 cm2 test area and dried for a period of several
days. Before each experiment, the Cu electrode was electropolished
in 85%phosphoric acid (SigmaAldrich) for 1 s at 1 A/cm2 and rinsed
thoroughly by 18.2 mΩ de-ionized water [14].

2.2 Electrochemical Characterization. A custom two-
compartment cell (H-cell) with separated water circulation jackets
was made for the temperature-dependent experiment. A Nafion®

117 membrane was used to separate the catholyte and anolyte
chambers, which held 15 mL and 7 mL of 0.1M KHCO3 electro-
lyte, respectively. CO2 (Airgas, ultra-high purity) was introduced
into the catholyte inner chamber for about 20 min at 20 mL/min
before and at 1 mL/min during the CO2RR measurement. The
ratio of surface area (∼0.25 cm2) to electrolyte volume (∼15 cm3)
is smaller than the value, where bulk CO2 depletion was
suggested to be problematic [40].
The electrochemical testing was conducted using a standard

three-electrode system using a potentiostat (Bio-Logic SP-300).
The counter electrode is a Pt wire placed into the anolyte
chamber, while the reference electrode is a Ag/AgCl counter
placed in the catholyte chamber together with the working Cu elec-
trode. We set the potentiostat compensation at the 85% value of the
uncompensated resistance. The remaining 15% was post-corrected
manually. This setting was found to provide the most accurate
and reproducible potential control. The Ag/AgCl reference was cal-
ibrated by measuring the equilibrium potential of H2 redox on a
polycrystalline Pt disk (Pine) in H2 (Airgas, ultra-high purity) in
the 0.1M KHCO3 electrolyte. We note that this calibration is only
an approximation to RHE since the H2 purging removes CO2 from
the solution, which should theoretically influence pH. We used a
software (VISUAL MINTEQ ver. 3.1) to model the CO2-carbonate-
potassium equilibria at fixed ionic concentration and found that
this effect is small (<30 mV) [41]. We measured 0 V versus RHE
as −616 mV versus Ag/AgCl at 5 °C, −609 mV versus Ag/AgCl at
15 °C,−601 mV at 25 °C,−593 mV at 35 °C, and−584 mV at 45 °C.
During the experiment, the outer jacket of the cell was connected

to a refrigeration and a heating circulator (Julabo, Model F25-ME),
where the temperature-controlled water was circulated to maintain
the desired temperature in the testing cell. The inner chamber was
directly coupled to the gas chromatography (GC) through a
rubber stopper connection. The inner chamber temperature was
monitored via a temperature sensor. The temperature difference
between the inner chamber and the set temperature was less than
0.5 °C. We found no difference whether CO2 was bubbled during
the ramp time or after the electrolyte reached the set temperature.

2.3 Product Quantification. A GC (SRI) equipped with a
thermal conductivity detector and flame ionization detector (FID)
was used to quantify the gas product using Ar carrier gas (Airgas,

ultra-high purity). A hydrogen generator (H2-100, SRI) was used
for the FID carrier production. Gas was sampled from the reaction
vessel 20 min after applying the overpotential, which spent 20 min
to separate through the GC columns with a 10 min rest. Two
samples were subsequently measured in 30 min interval such that
the total experimental time was 1 h for each working electrode.
The FE was calculated by dividing the charges required to produce
each product by the total charge transferred during the time of the
GC sampling. We reproduced the measurements three times, repre-
sented through the standard deviations in the obtained results.

3 Results and Discussions
To ensure the working of the temperature-controlled electro-

chemical cell, we first measured the CO2RR on Cu at room temper-
ature (25 °C) between −0.85 V and −1.20 V versus RHE. Figure 1
shows the results for our temperature-dependent cell. The CO2RR
result is consistent with the previously reported data [20]. This mea-
surement gave us confidence in proceeding to the temperature-
dependent experiment, where we tested at 5 °C, 15 °C, 35 °C, and
45 °C for the gaseous products of the CO2RR: CH4, CO, C2H4,
and H2 (Fig. 2).
Our measurement reveals that the CH4 selectivity increases at

lower temperatures for all potentials. At 5 °C, CH4 approaches
the FE of 60.5% at −1.20 V versus RHE compared to 37.35% at
25 °C. In contrast, H2 dominates the product distribution at higher
temperatures. At 45 °C, the FE of H2 is greater than 55% at all
potentials, whereas the FE of CH4 is smaller than 20%. The CO
selectivity is slightly higher at 35 °C and 45 °C in comparison to
lower temperatures at more negative overpotentials (>−1.05 V
versus RHE). The temperature effect on the C2H4 does not show
a straightforward trend.
Several researchers have reported that temperature can affect the

CO2 solubility in aqueous solutions [40,42,43]. Thus, the simplest
explanation for the observed CO2RR selectivity reduction is the
reduced CO2 solubility at higher temperatures (35 °C and 45 °C).
On the other hand, the increased CO2 solubility at lower tempera-
tures (5 °C, 15 °C, and 25 °C) positively impacts the CO2RR selec-
tivity. This explanation is consistent with the observed increase in
the CO2RR selectivity. However, the CO2 solubility is unlikely
the only effect; if CO2 solubility was the only reason, we would
expect the partial current densities to decrease with temperature
(as it would scale with the CO2 concentration). Instead, we
observe that the partial current densities increase with temperature
for all products despite the reduced CO2 availability (Fig. 3). We,

Fig. 1 Faradaic efficiencies of the CO2RR gaseous products in
the temperature-controlled cell in comparison to an example lit-
erature result [20]. The experiment was tested using polycrystal-
line Cu in CO2 saturated 0.1M KHCO3 at 25 °C.
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therefore, suspect that temperature also affects the electrochemical
kinetics in addition to mass transport (CO2 solubility). To better
understand these effects, we measure the activation energy for
each product.
We conducted an Arrhenius analysis by examining the logarith-

mic dependence of the partial current density with inverse temper-
ature. The total current density was obtained by averaging the
reduction current over 1 h and normalized by the electrode area,
which can be subsequently multiplied by the FE to get the corre-
sponding partial current density for each product. Figure 3 shows
the Arrhenius plots for CH4, C2H4, CO, and H2. For each
product, we plotted at four fixed potentials −0.95, −1.05, −1.15,
and −1.20 V versus RHE. We applied a linear fit to the logarithm
form of the Arrhenius equation:

ln(i) = −
Ea

R

1
T

( )
+ ln(A) (1)

where Ea is the activation energy, A is the pre-exponential factor,
and a is the “rate constant.”
As shown in Fig. 4, the activation barrier (Ea) of CH4 decreases

with increasing overpotential. This result suggests that the rate-
limiting step of CH4 is likely an electrochemical process or a chem-
ical process that involves an electrochemical pre-equilibrium. On
the zero-order approximation, mass transport of neutral species is
independent of potential [44]. In this approximation, CH4 appears
to not be limited by mass transport of neutral species such as
CO2. We emphasize that this does not mean that mass transport is
not critical; increasing the concentration of reactive species at the
electrode–electrolyte interface will impact both the electrochemical

process and the chemical step involved in the pre-equilibrium
process. Our analysis only suggests that the CH4 production does
not appear to be solely limited by the mass transport in the
studied condition. We caution that there could also be the higher-
order effect of potential-transport coupling, e.g., electro-osmotic
drag [45]. Understanding this effect is beyond the scope of our
current work.
In the comparison, the activation energy for CO is potential inde-

pendent except at −0.95 V versus RHE, where the activation energy
changes from 28 kJ/mol (−0.95 V versus RHE) to 52 kJ/mol
(−1.05 V versus RHE). The activation energy for H2 follows a
similar trend as CO, which may indicate that both reactions follow
a similar catalysis pathway. Interestingly, the activation energy of
HER is consistently the highest, despite H2 being a major product.
This observation indicates that HER kinetics must have a larger pre-
factor, i.e., ln(A) in Eq. (1), than the CO2RR. We speculate that the
large pre-factor is related to the facile nature of the elementary
process involved in the rate-limiting step of the HER or to the avail-
ability of the active centers. In the former, the large abundance of
water, the reactant of the HER, can drive up the reaction kinetics
via the reaction order effect. In the latter, there could be more HER-
active sites than the ones responsible for CO2RR. Cu(211) and
Cu(111) are more efficient for the CH4 production [46–49],
whereas Cu(100) is more efficient for the C2H4 production
[13,38,39,48]. Assuming that most Cu terrace atoms are active for
the HER, there are more Cu sites that are responsible for the HER
than for each specific CO2RR product. As a result, the HER has a
larger pre-factor value than the CO2RR. We note that active
centers for the CO2RR could also be the minority grain-boundary
atoms [50], which would also be consistent with our observation.

(a) (b)

(c) (d )

Fig. 2 Faradaic efficiencies of the CO2RR gaseous products in the temperature-controlled cell. The experiment
was tested using polycrystalline Cu in CO2 saturated 0.1M KHCO3 at (a) 5 °C, (b) 15 °C, (c) 35 °C, and (d ) 45 °C.
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We can use the Butler–Volmer equation to quantify the relation-
ship between the CO2RR kinetics, the activation energy, and the
electrochemical driving force. The Butler–Volmer equation in the
limit of large overpotential, η, where we can neglect the backward
term, is

∂

∂ 1/T
( ) ln(i) = ∂

∂ 1/T
( ) ln(i0) − αF

R
· η (2)

In an ideal situation, the exchange current density, i0, is indepen-
dent of η. However, for surface electrochemical reactions, i0 may

depend on η since the surface concentration of reacting species
may be potential dependent. We will discuss this possibility later.
First, we use the temperature dependence of Ea from Eq. (1) and
connect the result to the Butler–Volmer equation, i.e., Eq. (2):

−
Ea

R
=

∂

∂ 1/T
( ) ln(i0) − αF

R
· η (3)

Figure 4(a) shows the relationship between the activation energy
and potential for CH4. The approximation of the linearity matches
well to α∼ 0.3 except for the data point at −1.2 V versus RHE.

(a) (b)

(c) (d )

Fig. 3 Arrhenius plots for (a) CH4, (b) C2H4, (c) CO, (d ) H2. Log(activity) versus T–1 at −0.95 V, −1.05 V, −1.15 V,
and −1.20 V versus RHE. Fitted Ea are shown next to the lines.

(a) (b)

Fig. 4 Activation energies for (a) CH4 and (b) C2H4, CO, and H2 at −0.95 V, −1.05 V, −1.15 V, and −1.20 V
versus RHE. In (a), results for transfer coefficients of 0.3, 0.4, and 0.5 are shown as references.
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The α value from the temperature-dependency analysis agrees well
with the α value obtained by fitting the Butler–Volmer equation
directly to the potential dependence of the CH4 partial current
density (Fig. 5). Notably, the Butler–Volmer fit to the partial
current density of CH4 reveals α to range from 0.25 to 0.29, depend-
ing on the temperature used. Our result unambiguously shows that
the CO2RR pathway toward CH4 obeys the Butler–Volmer kinetics
between −0.95 V and −1.15 V versus RHE, with i0 exhibiting neg-
ligible potential dependence and with α∼ 0.3.
As discussed earlier, the CH4 production is a surface electro-

chemical reaction. The observation that ln i versus T−1 is linear
implies that the relevant surface species for the CH4 production
does not depend on the electrochemical potential in the experimen-
tal condition studied. Peterson et al. suggested that the CO hydroge-
nation (COad+H++ e–→COHad) is the potential-determining step
for the CH4 production based on the thermodynamic analysis using
the density functional theory (DFT) [46]. Our observation suggests
that the surface COad population is potential invariant at <−0.95 V
versus RHE, which is consistent with Wuttig et al. [51]. Our
potential-independent i0 finding is thus a result of the weak depen-
dence of the COad concentration on the electrochemical potential in
the studied potential range.
We next discuss the activation energy for the HER. We began by

pointing out that the HER activation energy is nearly potential
independent, with the exception at −0.95 V versus RHE, where
the activation energy increases as potential decreases. Many first-
principle calculations have suggested that the formation of the
HER intermediate (Had) is thermodynamically spontaneous at
−0.95 V versus RHE [36,37]. We thus speculate that the rate-
limiting step of the HER may not be electrochemical in nature at
this potential. One possibility is that the water dissociation step
controls the HER on Cu at this potential. Strmcnik and co-workers
have suggested that water dissociation may be the rate-limiting step
of the HER in alkaline [52]. If this situation occurs on Cu, the water
dissociation may be a chemical step at the studied overpotential.
Interestingly, the activation energy for the HER (∼40–60 kJ/mol)
is comparable to the water dissociation energy, which we estimate
by subtracting the water dissociation energy (∼106–125 kJ/mol
[53]) from the adsorption energy (∼34–60 kJ/mol [54]). We
caution that this is a crude approximation and more detailed
studies are necessary to reveal the connection between water
adsorption and HER. The primary challenge limiting our activation
energy analysis is the complexity of the interactions between the
adsorbates that are the intermediates of the HER and CO2RR.
Nonetheless, it is interesting to note that the water dissociation
process has also been suggested to play an important role in the
water–gas shift reaction [55,56].

The relationship between the activation energy and electrochem-
ical potential for the CO production is similar to H2 (Fig. 4(b)).
Notably, Ea is constant for CO with the lone exception at
−0.95 V versus RHE, where the activation energy increases as
the potential decreases. Since CO is both a product and a reactant,
the observed Ea is convoluted by the possibility that the produced
COad can be detached as free CO or consumed for the subsequent
CO2RR steps [57]. We hypothesize that the COad desorption is
the rate-limiting step of the CO production. We support this hypoth-
esis by pointing out that the measured activation energy (∼50–
55 kJ/mol) is comparable to the CO adsorption energies on Cu
(∼47–58 kJ/mol [58]) except at −0.95 V versus RHE, which has
lower Ea (∼27 kJ/mol). The origin of the lower Ea at −0.95 V
versus RHE is unclear at present.
For C2H4, the activation energy also remains largely constant.

Schouten et al. reported that the C2H4 pathway occurs via the pro-
tonation of the CO dimer [38,39]. We believe that the observed
potential independence of Ea suggests that the rate-limiting step at
−0.95 V versus RHE is a chemical step, for example, the dimeriza-
tion of COad prior to the protonation of the CO dimer. Comparing to
the DFT result by Montoya et al., our observed activation energy
(30–45 kJ/mol, i.e., 0.3–0.45 eV) is comparable to the computed
energy of the CO dimerization process (0.33 eV on Cu(100)
[59]). Thus, this simple interpretation is consistent with our result,
although a more realistic model that captures the interfacial com-
plexity would be critical to improving the mechanistic understand-
ing in the future. Understanding surface adsorbate dynamics, in
particular, how they compete for space and selectivity is likely
the key to enhancing our CO2RR understanding, including the
use of modeling to track the COad generation, adsorption, and con-
sumption. We hope that the data provided herein can be used as a
benchmark to test the model, as the community moves closer to
unraveling the CO2RR mechanism.

4 Conclusion
We have shown that decreasing temperature can suppress the HER

and increase the CO2RR selectivity toward CH4 in the range of
−0.95 V to −1.20 V versus RHE, a commonly used electrochemical
potential window for CO2RR studies. The activation energy versus
overpotential analysis reveals that the CH4 production obeys the
Butler–Volmer expression, where the overpotential application
decreases the activation energy. This finding suggests that CH4 is
limited by an electrochemical process that involves surface species
that does not change with potential, likely COad. In comparison,
the activation energy of C2H4 and H2 exhibit weak potential depen-
dence, which implies that their limiting steps could be chemical, for
example, CO dimerization for the former and water dissociation for
the latter. Interestingly, HER has the highest activation barrier of
all products despite being one of the most significant products.
This finding implies that there are more HER-active surface species
(such as Had) than the CO2RR species. Our work provides reference
data for the temperature dependence of the CO2RR and offers mech-
anistic insight into how the gaseous products originate from the
CO2RR on Cu. The temperature-dependent technique and the pre-
sented activation energy analysis could be adapted to study other cat-
alytic materials in the future.
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