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ABSTRACT: Cu is a well-known electrocatalyst for reducing CO, to various s .

products. However, unmodified Cu exhibits poor selectivity and activity for s of°;f’,’"be s e

formate production. Our in situ Raman spectroscopy study detects HCOO* At | %™

intermediates on the unmodified Cu surface under CO, electroreduction "¢ ,CO>; * 3

reaction conditions and confirms their reductive desorption being the rate-
limiting step of producing formate. We further show that cetyltrimethylammo-
nium bromide (CTAB) can dramatically improve the catalysis via competitive Cu-control Cu-CTAB
adsorption to facilitate HCOO* desorption. The Cu—CTAB interaction leads

to a faradic efficiency of 82% and a 56-fold increase in partial current density for CO, reduction to formate at —0.5 V vs the
reversible hydrogen electrode in a near-neutral aqueous solution, which is the best performance to date for unmodified Cu under
ambient conditions.

KEYWORDS: electrochemical CO, reduction, in situ Raman, formate-selective, oxide-derived copper,
cetyltrimethylammonium bromide (CTAB)

lectrochemical CO, reduction reactions are a promising Herein, we present a discovery of cetyltrimethylammonium

approach to the conversion of CO, waste to fuels and bromide (CTAB) imparting Cu with unprecedented catalytic
value-added chemicals.'™"" For example, formic acid or activity and selectivity in its kind for electrochemical CO,
formate, a two-electron reduction product from CO,, is a reduction to formate. With CTAB added in the electrolyte, our
useful chemical for the food and leather industries;'” the oxide-derived Cu catalyst achieves >80% selectivity (all
reversible interconversion between formate and CO, can be selectivity values are based on FE unless otherwise noted) of
utilized for energy storage."” While a number of materials have formate at an electrode potential of —0.5 V vs the reversible
been identified to be active for catalyzing CO, electroreduction hydrogen electrode (RHE; all potentials are referenced to the
to formate, they fall short in one or more aspects, including RHE scale unless otherwise noted). At this potential, the
activity, selectivity, durability, and cost. "7 As perhaps the presence of CTAB improves the CO,-to-formate conversion
most well-known CO, reduction electrocatalyst, Cu can yield rate by 56 times. In situ Raman spectroscopy study for the first
different products, such as CO;ZI ethylene,22 and ethanol,23 time identifies HCOO®* reaction intermediates on the
with reasonable selectivity. However, Cu is not selective for unmodified Cu surface under CO, electroreduction conditions.
CO, reduction to formate unless modified by another Under reaction conditions, CTAB accelerates the rate-limiting
element, such as $'** or $n.”¢ HCOO* desorption step via competitive adsorption on Cu

Interactions between molecular/polymeric species and sites, leading to enhanced CO, reduction to formate.

material surface are emerging as a new paradigm for improving The Cu catalyst was prepared in situ from electrochemically

the catalytic selectivitgf and activity in electrochemical CO,

reduction reactions.””** The faradic efficiency (FE) of prior work (see the Supporting Information for experimental
producing ethylene from CO, reduction was enhanced frog; details).*® Loaded on a carbon fiber paper and tested in a CO,-
13 to 26% by modifying Cu foam with poly(acrylamide); saturated 0.5 M KHCO; aqueous electrolyte, the catalyst
polyaniline coating on Cu nanoparticles was demonstrated to exhibited potential-dependent product selectivity (Figure la;

increase the selectivity of CO, ﬁlectrqreductign t(.) Can see Figure S1 for current density information). H, evolution
products from 46.7 to nearly 80%;” glycine modification of

Cu nanowire films was hypothesized to stabilize the *CHO
intermediate and doubled the FE of total hydrocarbons.**
These encouraging results highlight the power of material—
molecule interactions for boosting the electrocatalytic CO,
conversion, which warrants further investigation into the
underlying mechanisms and other schemes that enable
different products such as formate.

reducing 8 nm size CuO nanoparticles synthesized following a
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Figure 1. CO, reduction electrocatalysis of oxide-derived Cu in the CO,-saturated 0.5 M aqueous KHCO;. (a) Potential-dependent product
distribution (FE). (b) In situ Raman spectra at different applied potentials. (c) Schematic illustration of the reaction pathway.
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Figure 2. (a) CO, reduction performance of Cu—CTAB in the CO,-saturated 0.5 M KHCO;: potential-dependent product distribution (FE). (b)
Comparison of the electrocatalytic performance with and without CTAB at —0.5 V: partial current density and FE. (c) Tafel plots of H, evolution
for the Cu catalyst with and without CTAB in the CO,-saturated 0.5 M KHCO,.

accounts for the majority of the reduction current between
—0.4 and —0.6 V. Formate is a minor product in this range. At
more negative working electrode potentials, formate is the
major product, with the highest FE of 69% reached at —0.8 V.
CH, and C,H, emerge as minor products at —0.9 V. CO is
generated in the entire potential range studied, but all with less
than 7% selectivity.

Surface species on the Cu catalyst was studied by in situ
Raman spectroscopy under electrochemical CO, reduction
conditions (Figure S2). A band centered at approximately
2900 cm ™! was observed in the potential window of 0 to —0.5
V (Figure 1b), which we assign to the C—H stretching of
surface-adsorbed HCOO species (HCOO*), a reaction
intermediate in CO, electroreduction to formate. The same
intermediate has been observed under ultrahigh vacuum
conditions,>® in thermal catalyssis,"’m8 and in the process of
electrochemical oxidation of formic acid on metal surfaces.”>”
We also observed this vibrational band on our Cu catalyst
under electrochemical conditions in an Ar-purged electrolyte
containing 10 mM HCOOK (Figure S3a). To verify that this
HCOO* is an intermediate from CO, reduction, we
investigated our Cu catalyst in an Ar-purged 0.1 M KCIO,
aqueous solution and found no presence of HCOO* in the
potential range of 0 to —0.5 V; when CO, was introduced in
the system, HCOO* was readily detected (Figure S3b).

The presence of HCOO¥* intermediates on the Cu surface in
the low overpotential range, where formate is not observed in
the products, suggests that its reductive desorption to form free
formate is likely the rate-limiting step (Figure 1lc). The
coverage of HCOO™* decreases at more negative electrode
potentials (Figure 1b), probably because negative potentials
facilitate reductive desorption. Consistently, formate produc-
tion occurs at —0.4 V, and the rate increases at more negative
potentials (Figure S1). In fact, density functional theory
calculations have suggested that HCOO* binds to the Cu
surface strongly and thus its desorption is the potential-limiting
step for CO, electroreduction to formate.”*” To the best of
our knowledge, our results provide the first experimental
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evidence for HCOO* from CO, electroreduction on the
unmodified Cu surface supporting these theoretical predic-
tions. Given that CO, can be converted to HCOO¥* at
potentials as positive as 0 V, which is near the thermodynamic
potential of the CO,/formate redox pair, Cu has the potential
to become a highly active electrocatalyst for producing formate
from CO, if the HCOO* desorption step can be accelerated.

We found that the catalytic performance of the Cu
electrocatalyst for formate production from CO, can be
drastically enhanced by incorporating CTAB. In the presence
of 0.167 mM CTAB dissolved in the electrolyte, the Cu
catalyst (denoted as Cu—CTAB in this case) shows an
increased current density from —0.3 to —0.8 V compared to
the Cu—control case without the CTAB additive (Figure S1);
it starts to generate formate at —0.3 V with an FE of 26%,
which increases to 69% at —0.4 V and over 80% from —0.5 to
—0.7 V (Figure 2a). Cu—CTAB reaches 82.3% of FE;y .y and
248 mA cm™? of jimae at —0.5 V, which is 11-fold more
selective and 56-fold more active than the Cu—control at the
same electrode potential (Figure 2b). This is arguably the
highest catalytic performance for CO, electroreduction to
formate reported to date for unmodified Cu under ambient
conditions (Table S1). This CTAB-activated formate produc-
tion is stable for hours of operation. In a 10 h electrolysis at
—0.5 V, the final current was 96% of the initial value, and an
average formate selectivity of 88.2% was achieved (Figure S4).
Without CO, feeding, Cu—CTAB only generates H, across the
potential range in an Ar-purged electrolyte (Figure SS),
proving that CTAB is assisting with CO, reduction rather than
releasing formate from its own decomposition. As we lower the
concentration of CTAB, the enhancement becomes less
pronounced but is still significant (Figure S6). As a direct
competing reaction of CO, reduction, H, evolution was also
examined. Interestingly, we found that both the partial current
densities and Tafel slopes are almost identical for the two cases
with and without the presence of CTAB (Figure 2c). This
suggests that CTAB does not alter the reaction rate or pathway
of H, evolution, which to some degree contradicts a previous
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Figure 3. Electrolyte-switching experiments at —0.5 V: (a) CTAB-containing and then CTAB-free conditions; (b) CTAB-free and then CTAB-
containing conditions; and (c) FEg,... for processes shown in (a) and (b).

report that CTAB suppresses H, evolution on Cu,’’ although
we do note that the polycrystalline Cu substrate used in that
study and the oxide-derived Cu in this study can behave quite
differently in electrocatalytic CO, reduction, as shown by prior
reports.”*”*" This result further implies that the active sites of
Cu—control and Cu—CTAB are the same and that CTAB
promotes CO, reduction to formate via a different scheme
than modifying the Cu sites.

The two Cu catalysts prereduced in electrolytes with and
without CTAB were characterized by multiple techniques. X-
ray diffraction (XRD) and scanning electron microscopy
(SEM) show that both samples consist of only the metallic Cu
phase (Figure S7a) with a similar morphology of coalesced
particles (Figure S7b,c). X-ray photoelectron spectroscopy
(XPS) with a protected sample transfer’>*>** reveals that Cu**
from the original CuO nanoparticles has been fully reduced
regardless of whether CTAB is present (Figure S7d), and the
Cu LMM Auger spectra indicate that both catalyst surfaces are
dominated by Cu’ (Figure S7e). Regardless of the CTAB’s
presence, Raman spectroscopic measurements under electro-
chemical CO, reduction conditions identify Cu,O species on
the surface at the open-circuit potential, which disappears as a
reductive electrode potential is applied (Figure S8). These
results suggest that the Cu—CTAB interactions do not alter the
microstructure or oxidation state of the Cu catalyst, supporting
our prior postulation based on the H, evolution rates.

Control experiments also support the conclusion that CTAB
does not modify the Cu sites but might directly interact with
the CO, reduction process. This hypothesis is supported by
electrolyte-switching measurements. In the first electrolyte-
switching experiment, after performing CO, reduction to
formate for 1 h with an average FE of 80% in a CTAB-
containing electrolyte, the Cu catalyst was transferred to a
fresh electrolyte without CTAB. A substantial decay in the
catalytic efficacy in terms of both jg . and FEg .. was
observed (Figure 3a,c). This excludes the possibility that
CTAB improves the catalysis by permanently restructuring the
Cu catalyst. Note that in the successive electrolysis in the fresh
electrolyte, the reused Cu catalyst is more active and selective
for producing formate than a fresh Cu catalyst because of the
CTAB residue on the working electrode from the previous
electrolysis. Consistently, in the second electrolyte-switching
experiment, FE¢ ... climbed from 3 to 88% in conjunction
with an increase in current density as the Cu catalyst electrode
was transferred from a CTAB-free electrolyte to a CTAB-
containing electrolyte (Figure 3b,c).

To further understand how CTAB promotes CO, reduction
to formate on Cu, we carried out in situ Raman spectroscopy
studies. Similar to the Cu—control case, a band centered at
2900 cm™" pertaining to HCOO* was observed on Cu—CTAB
at 0 V (Figure 4a). As the electrode potential was shifted
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Figure 4. (a) In situ Raman spectra of Cu—CTAB in the CO,-
saturated 0.5 M KHCO; under applied potentials. (b) Schematic
illustration of the CTAB-assisted electrochemical CO, reduction to
formate on Cu.

toward the more negative direction, this band changed its
shape and grew its intensity, implying an increasing surface
coverage of a different species. We believe that this species is
CTA" because it possesses an identical C—H vibrational band
at 2900 cm™' as pure CTAB (Figure S9a) and its adsorption
on the Cu surface increases at more negative potentials (Figure
S9b), which agrees with our expectation for a positively
charged cationic species. Given these spectral changes and our
prior observation that HCOO* desorption is the rate-limiting
step, we postulate that CTAB effectively boosts CO, reduction
to formate by displacing HCOO* on the Cu surface (Figure
4b). This also agrees with our Tafel analysis. Both Cu—control
and Cu—CTAB exhibit a Tafel slope of approximately 110 mV
dec™ in the mid-overpotential range despite a 200 mV
overpotential reduction caused by CTAB (Figure S10a), which
implies that the reaction steps involving electron transfer
before the rate-limiting step are barely affected by CTAB. This
Tafel slope value is consistent with a hypothetical reaction
mechanism assuming a high surface coverage of H* and
HCOO* desorption being the rate-liming step (see Supporting
Information for details). We also note that the enhancing
effects from CTAB are less prominent at potentials more
negative than —0.5 V and disappears at —0.9 V (Figure S10b)
even though the surface coverage of CTAB is supposed to be
higher at more negative potentials (Figures 4a and S9b). This
can be explained by the fact that HCOO* desorption from the
Cu surface is already activated by the sufficiently negative
potentials in these conditions.

Finally, we varied the cation and anion parts of CTAB and
investigated their influences on the catalysis. Interestingly, the
cation and anion appear to contribute to the enhanced catalytic
activity in different ways. On the one hand, both the FE and
partial current density for formate decrease significantly as we
shorten the straight-chain alkyl group R of the NR(CHj;);Br
additive from C¢ to Cy4 and to C,, (Figure Sa); when R is
shorter than C,,, no enhancement over the Cu—control case
without any additive can be concluded. This indicates that the
effectiveness of the cation displacing HCOO* may be related
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Figure S. Dependence of the electrocatalytic CO, reduction
performance of Cu on (a) straight-chain alkyl group R of the
NR(CH,),Br additive and (b) anion of the CTA" additive measured
by 1 h electrolysis at —0.5 V. The controls were measured in an

additive-free electrolyte.

to its size’" or other factors such as hydrophobicity, which
warrants further investigation. On the other hand, the identity
of the anion for the CTA* additive does not affect FE;, .. but
seems to be correlated with jg . .: despite similarly high
FE¢yimater jrormate for OH™ or ClI™ is considerably lower than that
for Br~ (Figure Sb). This anion effect might be related to the
Cu—halide interaction, which has been demonstrated to
induce nanostructuring and enhance CO, reduction to C,—
C, products,"™*® which also needs further investigation. We
note that the morphology of the Cu catalyst revealed by SEM
(Figure S11) and the relative surface area measured from the
non-faradic charge adsorption process (Figure S12) do not
seem to depend on the anion identity.

In summary, we have discovered that adding CTAB to the
electrolyte can make unmodified Cu a highly active and
selective catalyst for formate production from electrochemical
CO, reduction, achieving an 82% formate selectivity and a 56-
fold increase in partial current density at —0.5 V vs RHE in a
near-neutral aqueous electrolyte. The enhancement is origi-
nated from the CTAB—Cu interaction which facilitates the
rate-limiting HCOO* desorption step in the CO, reduction
process.
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