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ABSTRACT: As a sustainable pathway for energy storage and
to close the carbon cycle, CO, electroreduction has recently
gained significant interest. We report here the role of the
electrolyte, in particular of halide ions, on CO, electroreduction
over plasma-oxidized polycrystalline Cu foils. It was observed
that halide ions such as I" can induce significant nano-
structuring of the oxidized Cu surface, even at open circuit
potential, including the formation of Cu crystals with well-
defined shapes. Furthermore, the presence of Cl7, Br™, and I”
was found to lower the overpotential and to increase the CO,
electroreduction rate on plasma-activated preoxidized Cu
catalyst in the order CI” < Br~ < I, without sacrificing their
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intrinsically high C,—C, product selectivity (~65% total Faradaic efficiency at —1.0 V vs RHE). This enhancement in catalytic
performance is mainly attributed to the specific adsorption of halides with a higher coverage on our oxidized Cu surface during
the reaction, which have been previously reported to facilitate the formation and stabilization of the carboxyl (*COOH)
intermediate by partial charge donation from the halide ions to CO,.
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1. INTRODUCTION

Electrochemically converting CO, to chemicals and liquid fuels
with high energy density by using water as the source of
hydrogen is a promising pathway for the storage of renewable
energy.' > A variety of metallic catalysts have been identified to
electrochemically reduce CO,, but the major products that can
be achieved with most metals are CO and formate.*”” Among
them, Cu has attracted much attention due to its unique
capability of producing hydrocarbons and alcohols in
considerable amounts.® In order to overcome the high
overpotential, low current density, and ethylene selectivity
commonly observed on polycrystalline Cu electrodes,” nano-
structured Cu catalysts have been designed to improve the
activity and selectivity of CO, electroreduction.” >° The
superior catalytic performances of these nanostructures are,
among other factors, mainly attributed to the presence of an
enhanced number of low-coordinated atoms,’ '’ grain
boundaries,”>™* Cu(100) facets,">'® increased roughness,'”
and the presence of subsurface oxygen and Cu® species.'®™>*
Apart from the ability to rationally design the electrode
catalyst, tuning the nature and composition of the electrolytes
will also affect the product distribution for CO, electro-
reduction.””~* Tonic liquids could serve as cocatalysts to
promote the adsorption of CO, on the catalyst surface and
reduce the energy barrier for CO formation.”” ** Alkali-metal
cations in aqueous solution are known to facilitate CO,
adsorption and stabilize one of the possible intermediates,
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COOH*, through noncovalent interactions with adsorbed
reagent species or field effect.”’ ™ Hori et al.’* found that
ethylene formation became greater than that of methane with
increasing cation size (Li* < Na" < K* < Cs*). The variation of
hydrocarbon selectivity was attributed to the difference in
specific adsorption®® or preferential hydrolysis® of different
cations. The pH of the electrolyte, especially the local pH, plays
a vital role in the activity and selectivity of CO, electro-
reduction.**™*° On the other hand, anions also play an
important role in product selectivity."”~** Formation of
ethylene and alcohols is facilitated in KCl, K,SO,, KCIO,,
and dilute KHCO; solutions, whereas methane is preferentially
produced in relatively concentrated KHCO; and phosphate
solutions.*” The weaker buffer capacity of former anions would
produce a high local pH at the electrode, which favors CO,
reduction to ethylene and alcohols.*®*” Bicarbonate (HCO,")
is considered to enhance the rate of CO, reduction to CO by
increasing the effective concentration of dissolved CO, near the
electrode surface through a rapid equilibrium between
bicarbonate and dissolved CO,.*" Halides, the most extensively
studied specifically adsorbed anions,*” have been shown to
enhance CO, reduction to methane by a covalent Cu—halide
interaction”*" and increase in the negative charge on the
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surface.”® Density functional theory calculations also confirmed
the adsorption of CI7, Br~, and I" on Cu at potentials where
CO, reduction is usually carried out.*>*’

A plasma-activated Cu catalyst shows low overpotential and
high ethylene selectivity,'® but further improvement in the
energy efficiency and reaction rate is still needed to render this
process economically viable.”*’ Inspired by the strong
adsorption of halides on metal surfaces,”””*" here we have
studied the effect of halides on CO, electroreduction on
plasma- oxidized Cu catalysts. It was observed that the presence
of halides in the electrolyte further lowered the overpotential
and led to an increase in the CO, electroreduction rate, without
sacrificing the intrinsically high C,—C; product selectivity
typical of oxidized Cu systems. Although the role of the halides
in the nanostructuring of the Cu surfaces was also considered
and demonstrated, we will show here that the improved activity
obtained is mainly attributed to the chemical effect of the
adsorbed halides with a higher coverage on our oxidized Cu
surface during the reaction, which are likely to contribute to the
stabilization of the COOH* intermediate by donating partial
charge from the halide ions to CO,.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. Commercial Cu foils (Advent
Research Materials Ltd., 99.995%) were first cleaned with
acetone and ultrapure water (18.2 MQ) in an ultrasonic bath
and then electropolished in phosphoric acid (VWR, 85 wt %) at
3 V versus a titanium foil for S min. The electropolished Cu foil
was further treated in a plasma etcher (Plasma Prep III, SPI
Supplies) at a gas pressure of 400 mTorr of O, and power of 20
W for 2 min.'

2.2. Surface Characterization. The morphology of the
O,-plasma-treated Cu foil was investigated by scanning electron
microscopy (SEM) using a Quanta 200 FEG microscope from
FEI with a field emitter as the electron source. The images were
acquired under vacuum using a secondary electron (Everhart—
Thornley) detector to ensure high surface sensitivity. An
acceleration voltage of 10 keV and a working distance of 10 mm
were found to yield the best balance among spatial resolution,
surface sensitivity, signal to noise ratio, and field depth. A
separate, liquid-N,-cooled energy-dispersive X-ray spectroscopy
(EDX) detector was employed for the elemental analysis of the
sample. The content error bars for all the elements were made
on the basis of the EDX spectra from at least ten different
positions of two fresh samples. The samples after the reaction
were washed thoroughly with water and transferred immedi-
ately to the SEM chamber in order to minimize air exposure.
The amount of oxygen resulting from air exposure was
negligible and did not affect the elemental analysis results,
given that EDX with a probing depth of ~300 nm at 10 keV is
not surface-sensitive enough.

The quasi in situ X-ray photoelectron spectroscopy (XPS)
measurements were carried out in an ultrahigh-vacuum setup
equipped with a nonmonochromated Al X-ray source (hv =
1486.6 €V) and a hemispherical electron analyzer (Phoibos
100, SPECS GmbH). The Cu 2p;,, peak corresponding to
CuO (933.11 eV)* was used for the energy alignment of the
as-prepared plasma-oxidized sample. For the rest of the
samples, which do not contain any Cu®' species, the peak
corresponding to Cu,0 (932.67 eV)*” was used instead. The
XPS analysis chamber was connected to an in situ electro-
chemical (EC) cell (SPECS GmbH). An Autolab potentiostat
(PGSTAT 302N) was used for the electrochemical measure-
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ments. The sample transfer from the EC cell to the XPS
ultrahigh-vacaum (UHV) chamber was performed under
vacuum. All XPS spectra were acquired at room temperature.
For the deconvolution of the Cu LMM Auger spectra, data
acquired in our laboratory from a metallic Cu’ foil (reduced in
situ by H, plasma), freshly homemade Cul powders, and CuO
and Cu,O reference foils from the literature®’ were used as
references. The Cu Auger spectra are more sensitive to the
presence of Cu" species, in particular Cu,O, in comparison to
the O 1s spectra, because the latter are dominated by the
contribution of adsorbed species not associated with Cu®. They
also allow us to distinguish Cu* from Cu®, which is not the case
when evaluating the Cu 2p XPS region.

2.3. Electrochemical Measurements. Electrochemical
measurements were carried out in a gas-tight H-cell separated
by a Nafion 211 membrane. Both, working electrode and
counter electrode compartments were filled with 40 mL of
electrolyte and purged continuously with CO, (20 mL min™").
KHCO; (0.1 M; Sigma-Aldrich, 99.7%) was used as a reference
and a buffer to avoid significant changes in the pH which could
alter the reaction pathway for ethylene/methane forma-
tion.”>*”*> The electrolytes were 0.1 M KHCO; or 0.1 M
KHCO; + 03 M KX (X = Cl, By, I) (Sigma-Aldrich, 99%).
Prior to the measurement, the electrolyte was bubbled with
CO, for 30 min to remove oxygen in the solution and saturate
the solution. A platinum gauze (MaTecK, 3600 mesh cm™2)
was used as the counter electrode and a leak-free Ag/AgCl/3.4
M KCI electrode (Innovative Instruments, Inc.) as the
reference electrode. The O,-plasma-treated Cu foil was used
as the working electrode and was contacted with a clamp
wrapped by Kapton tape to avoid unwanted reaction. A fresh
sample was measured with a chronoamperometric step for 1 h
at each potential, unless stated otherwise. The potentials were
controlled with an Autolab potentiostat (PGSTAT 302N). All
potentials versus Ag/AgCl were converted to the reversible
hydrogen electrode (RHE) scale and corrected for iR drop as
determined by current interrupt. The roughness factors were
determined by measuring double-layer capacitance with cyclic
voltammetry between 0 and 0.25 V vs RHE in CO,-saturated
0.1 M KHCO; solution (pH 6.8), after 1 h of CO,
electroreduction in different electrolytes at —1.0 V vs RHE
and thorough washing with water.'”

2.4. Product Analysis. The gas products were analyzed by
online gas chromatography (GC, Agilent 7890A) every 17 min.
CO, H,, and hydrocarbons were separated by different columns
(Molecular sieve 13X, HayeSep Q, and Carboxen-1010 PLOT)
and quantified by a thermal conductivity detector (TCD) and
flame ionization detector (FID). Carboxylates (formate and
acetate) formed during electrolysis were analyzed by high-
performance liquid chromatography (HPLC, Shimadzu Prom-
inence), equipped with a NUCLEOGEL SUGAR 810 column
and refractive index detector (RID). Alcohols were analyzed
with a liquid GC (Shimadzu 2010 plus), equipped with a fused
silica capillary column and FID. An aliquot of the electrolyte
after reaction was directly injected into the HPLC and liquid
GC without further treatment. The reported Faradaic efliciency
(FE) and production rate were calculated on the basis of the
product distribution and current after 1 h of the reaction at
constant potentials (see the Supporting Information).

3. RESULTS AND DISCUSSION

Our plasma-activated Cu catalysts were synthesized at room
temperature by treating an electropolished polycrystalline Cu

DOI: 10.1021/acscatal.7b01416
ACS Catal. 2017, 7, 5112-5120


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01416/suppl_file/cs7b01416_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b01416

ACS Catalysis

Research Article

Figure 1. SEM images of O,-plasma-treated Cu foils acquired before (a,c,e) and after (b,d,f) the CO, electroreduction. The images in the top row
were acquired after sample immersion in the following electrolytes for 30 min: (a) 0.1 M KHCO; + 0.3 M KC], (c) 0.1 M KHCO; + 0.3 M KBr, and
(e) 0.1 M KHCO; + 0.3 M KL Those in the bottom row were acquired after 1 h of CO, electroreduction at —1.0 V vs RHE in the corresponding
electrolytes. The scale bars in the main images and inserts are 5 ym and 500 nm, respectively.

foil with a low-pressure O, plasma.'® Figure 1 shows typical
SEM images of the Cu foils treated with O, plasma and
subsequently immersed in KHCO; + KX (X = Cl, By, I) for 30
min before (Figure la,c,e) and after (Figure 1b,d,f) 1 h of CO,
electroreduction at ca. —1.0 V vs RHE. SEM data from a
reference sample consisting of a plasma-oxidized Cu foil
measured before electrolyte exposure, after 30 min in KHCO;,
and after 1 h of CO, electroreduction are included in Figure S1
in the Supporting Information. The electropolished Cu foil was
severely oxidized by the O,-plasma treatment, forming a highly
roughened surface with obvious pore structures (Figure Sla). A
high oxygen content (~419%, atomic percentage) was confirmed
by energy dispersive X-ray spectroscopy (EDX) analysis (Table
S1 in the Supporting Information), corresponding to a mixture
of CuO and Cu,O species in surface and near-surface regions
(probing depth of ~300 nm at 10 keV). Prior to the
electrochemical measurements, the electrolyte was saturated
by bubbling CO, for 30 min to remove oxygen in the solution.
No drastic differences were observed in the Cu surface
morphology when the oxidized Cu foils were introduced in
the KHCO; (Figure S1b), KHCO; + KCl (Figure la), and
KHCO, + KBr (Figure 1c) solutions.

Interestingly, when the Cu foil was introduced in the
electrolyte containing I” for 30 min, some well-defined Cu
crystals were formed (Figure le), and EDX analysis (Table S1
in the Supporting Information) showed that most of the oxygen
in the oxidized Cu foil was replaced by iodine (~41% O in the
as-prepared sample versus ~17% O and ~35% I in the sample
previously submerged in KHCO; + KI). This spontaneous and
selective nanostructuring of the oxidized Cu foil in KI solution
even at open circuit potential is caused by the strong affinity
between Cu® and I".>”~>* When the reaction was carried out in
pure KHCOj;, the morphology did not reveal any significant
change in comparison with the as-prepared sample (Figure Slc
in the Supporting Information), while the majority of the
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oxygen signal was depleted during the reaction (from ~41% to
~4% O, Table S1). On the other hand, obvious differences in
the morphology were observed after the reaction when it was
conducted in the presence of halides (Figure 1b,d,f). The
preformed Cu crystals and high content of iodine were strongly
depleted during the reaction. It should be mentioned that the
samples were washed thoroughly with water and transferred
immediately to the SEM chamber after the reaction. Never-
theless, the addition of halides led to further nanostructuring
under the reaction conditions of the already roughened
preoxidized Cu surface, producing a large number of small
pores, especially in the case of I". This is similar to other halide-
induced morphological changes previously reported for pure
metallic surfaces.” In spite of the originally identical oxidized
state and brief exposure to air before SEM, the samples after the
reaction in KHCOj; with addition of either Br~ or I” showed
higher oxygen content in comparison to those after the reaction
in pure KHCOj, and in the presence of Cl™ (Table S1). Within
the error of the EDX measurements, no halide residues could
be detected on the surface of the samples after the reaction in
the halide-containing electrolytes (Table S1).

In order to confirm the effect of electrolyte-driven nano-
structuring on the CO, electroreduction, we conducted quasi in
situ XPS studies on the O,-plasma-treated Cu foil, as well as an
electropolished Cu foil for comparison. CO, electroreduction
was carried out on these samples for 1 h in different CO,-
saturated electrolytes at —1.0 V vs RHE in a commercial cell
(SPECS GmbH) attached to an UHV system (Figure S2 in the
Supporting Information).'” Subsequently, the samples were
transferred in UHV to an adjacent chamber where an XPS
analyzer was available. The deconvolution of Cu Auger spectra
(Figure 2 and Figure S3 and Table S2 in the Supporting
Information) is more reliable for the determination of the
content of Cu® species in comparison to that of the O 1s
(Figure S4 in the Supporting Information) and Cu 2p spectra
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Figure 2. Quasi in situ Cu Auger LMM XPS spectra of the fresh O,-
plasma-oxidized and an electropolished Cu foil (a) and the same
samples after 1 h of CO, electroreduction at —1.0 V vs RHE in 0.1 M
KHCO; + 0.3 M KI, and 0.1 M KHCO; + 0.3 M KCI (b). Core level
signals from I 3d (c), Cl 2p (d), and Br 3p (e) acquired after reaction
in the corresponding electrolytes are also shown. The data in (c)
correspond to the final state of the oxidized and electropolished Cu
foil samples after reaction in 0.1 M KHCOj; + 0.3 M K, in situ sample
wash, and in situ XPS transfer. The data in (c) and (d) were acquired
on the plasma-oxidized Cu foil after reaction in 0.1 M KHCO; + 0.3 M
KClI and 0.1 M KHCOj; + 0.3 M KBr, respectively.

(Figure SS in the Supporting Information). For the
deconvolution of the Auger spectra, the envelopes of Auger
spectra of reference samples (see the Experimental Section)
were used. Figure 2a shows the Cu Auger LMM spectra for the
as-prepared plasma-oxidized and electropolished Cu foils. The
XPS spectra showed that the surface of the fresh plasma-
oxidized Cu foil was also composed of CuO (85%, atomic
percentage) and Cu,O (15%), consistent with EDX analysis of
the bulk. A small amount of Cu,O (5%, 95% metallic Cu) was
visible on the fresh electropolished Cu foil due to the fast
oxidation of metallic Cu during the transfer in air to the XPS
chamber. After 1 h of the reaction in 0.1 M KHCO; + 0.3 M
KI, the O,-plasma-oxidized Cu foil was mostly reduced with

~91% metallic Cu and ~9% Cu" species (Figure 2b). By
carefully analyzing the O 1s (Figure S4) and I 3d (Figure 2c)
data, we confirmed that most of the Cu" species detected after
the reaction exist in the form of Cul. A small Cul signal was
also observed on the electropolished Cu foil after the reaction
in 0.1 M KHCO; + 0.3 M KI, which is likely stabilized due to
the initial presence of Cu,O in this sample due to the sample
transfer in air to the in situ EC chamber before reaction.
Therefore, the presence of I" in the electrolyte results in the
stabilization of the Cu" species on the sample surface in the
form of Cul (Table S3 in the Supporting Information). In the
case of Cl” and Br~, no Cu" species were observed after the
reaction (Figure 2b), and only trace amounts of Cl (Figure 2d)
and Br (Figure 2e) were present.

The effect of halides on the catalytic performance of O,-
plasma-oxidized Cu foils was studied by performing chro-
noamperometry measurements in 0.1 M KHCO; or 0.1 M
KHCO, + 0.3 M KX (X = Cl, Br, I). In this study, 0.1 M
KHCOj was used as a reference and a buffer to avoid significant
changes in the pH which could alter the reaction pathway for
hydrocarbon formation.>**”** The O,-plasma-oxidized Cu foils
in all electrolytes show much higher current densities (Figure
3a and Figure S6a in the Supporting Information) in
comparison to the electropolished foil in pure KHCO3, mainly
attributed to the presence of Cu" species and subsurface oxygen
during the reaction.''” The presence of halides in the
electrolyte strongly affects the catalytic activity of oxidized Cu
foils. The addition of halides increased the current densities,
following the trend no halide < CI” < Br™ < I".

Figure 3b and Figure S6b in the Supporting Information
compares the total FEs for C,—C; products of the mainly
metallic electropolished Cu foil in KHCO; to that of the
oxidized samples in the same pure electrolyte, as well as in
those containing halides. A drastic increase in the C,—C;
production (up to ~65% FE) was observed for all preoxidized
samples in comparison to the electropolished foil (~23%) at
—1.0 V vs RHE. The former total C,—Cj; FE is higher than that
previously reported for Cu-based catalysts (Table S4 in the
Supporting Information). Figure 4 and Figure S7 in the
Supporting Information show the potential-dependent individ-
ual production rates of the different products, and the
corresponding partial current densities and FEs are presented
in Figures S8 and S9 in the Supporting Information,
respectively. In all electrolytes, the O,-plasma-oxidized Cu
foils showed a remarkable increased ethylene production rate in
comparison to the electropolished foil (Figure 4a), while
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Figure 3. (a) Current density and (b) total Faradaic efficiency of C,—C; products as a function of applied potential for O,-plasma-treated Cu foils in
different electrolytes, as well as for an electropolished Cu foil (open squares) in pure KHCO; solution after 1 h of CO, electroreduction. Solid lines
are guides for the eye. Error bars are shown in Figure S6 in the Supporting Information.
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Figure 4. Production rates of (a) C,H,, (b) CH,, (c) CO, (d) HCOO™, (e) C,H;OH, and (f) n-C;H,OH as a function of applied potential for O,-
plasma-treated Cu foils in different electrolytes, as well as for an electropolished metallic Cu foil (open squares) in pure KHCOj solution after 1 h of

CO, electroreduction. Solid lines are guides for the eye.

methane production rates were similar (Figure 4b), resulting in
the high ethylene FE (Figure S9a) and very low methane FE
(Figure S9b). Similar trends were also observed on ethanol
(Figure 4e and Figure S9e) and n-propanol (Figure 4f and
Figure S9f) formation. Figure S10 in the Supporting
Information shows the potentials required to achieve ~50%
of the highest production rate in different electrolytes at —=1.0 V
vs RHE for ethylene and ethanol formation. The addition of
halides positively shifted the potentials (lower negative value)
for ethylene and ethanol formation in comparison with that in
pure KHCO;. These potentials followed the same trend (no
halide < CI™ < Br™ < I") with the current densities, suggesting
the most significant promoting effect of I on C,—C; product
formation. CO formation (Figure 4c and Figure S9¢c) was
suppressed at less negative potentials (—0.6 to —0.8 V vs RHE)
in the presence of halides, while formate formation (Figure 4d
and Figure $9d) was facilitated at intermediate potentials (—0.7
to —0.95 V vs RHE). The hydrogen evolution reaction was also
facilitated at less negative potentials in the presence of halides
(Figures S7c and S9i). At more negative potentials (around
—1.0 V vs RHE), the presence of I slightly suppressed the
formation of methane and CO in comparison to Cl~ and Br~
(Figure 4b,c), leading to a higher FE ratio of (C, + C;)/C,
(Figure S11 in the Supporting Information). Therefore, I~
induced more selective CO, reduction to C,—C; products.
Trace amounts (<1% FE) of ethane (Figures S7a and S9g) and
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acetate (Figures S7b and S9h) were also produced. Therefore,
the presence of halides in electrolytes enhances the activity of
O,-plasma-treated Cu foils, without sacrificing their intrinsically
high C,—C; product selectivity.

The catalytic performance enhancement could be attributed
to an increased roughness'’ induced by in situ halide
nanostructuring during the reaction (Figure 1), defects,">™"*
and strain effects>>>>>° and/or increased subsurface/surface
oxygen content retained during the reaction.'®'”*”** Rough-
ness factors were determined by measuring the double-layer
capacitance of each of the halide-modified surfaces after 1 h of
CO, electroreduction and subsequent sample wash in water
(Table SS in the Supporting Information). The obtained
capacitance values were normalized by that of an electro-
polished Cu foil (Figure S12 in the Supporting Information)."”
Consistent with the fact that I” induced the most significant
morphological change (Figure le), the sample after the reaction
in the presence of I" shows the highest roughness factor, ~1.5
times higher than that of the sample exposed to Br~ during the
reaction. However, the above two samples (with similar oxygen
content, Table S1 in the Supporting Information) have similar
current densities; thus, the roughness effect cannot by itself
explain the halide-induced enhancement in current density
(Figure 3a). The sample after the reaction in the presence of
Br™ has similar roughness but higher oxygen content (6.1 atom
% versus 3.5 atom % from EDX analysis) in comparison to that
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after the reaction in the presence of CI7, and its current density
is ~1.2 times higher than the latter (Figure 3a), suggesting the
possible role of oxygen species in enhancing the activity. It
should be noted that the significant difference in ethylene/
methane selectivity among our reference sample here, a halide-
free O,-plasma-activated Cu foil, and a polished Cu foil** has
been previously attributed to the presence of subsurface oxygen
and Cu® species bound to oxygen,'®'”*”*® as well as to an
increased surface roughness'’ and to special defect sites
available in oxide-derived Cu.'””'* Nevertheless, apart from
varying the roughness and oxygen content of the Cu surface,
halides could also have a chemical effect on CO, electro-
reduction due to their strong adsorption on Cu surfaces.*’

In order to confirm the chemical effect and better decouple it
from a simple halide-induced surface roughening, we ran the
CO, electroreduction in pure KHCO; on those restructured
samples after 1 h of the reaction in the presence of halides at
around —1.0 V vs RHE. After the first measurements in 0.1 M
KHCO; + 0.3 M KX, these samples were washed thoroughly to
remove residual halide ions (which are not available as Cul
species, as suggested by XPS in Figure 2) and then transferred
to pure 0.1 M KHCO;. The catalytic performances in both
cases are shown in Figure 5 and Figures S13 and S14 in the
Supporting Information. Obvious differences were observed in
the current densities and production rates, when as starting
materials either fresh O,-plasma-treated samples in an electro-
lyte containing the halides, versus already halide pre-restructured

5117

samples measured in a halide-free electrolyte (KHCO;) were
used. In particular, better activity was observed when the
halides were present in the electrolyte, demonstrating a
chemical effect on the reaction.

Furthermore, the catalytic activity of the restructured samples,
when they were measured in the absence of halides, was not
only much lower than that of the fresh samples but was similar
to or only slightly higher than that of the fresh samples in pure
KHCO;. The latter suggests that the chemical effect of the
halides plays a much more important role in the improved
catalytic performance in comparison to the roughness and
oxygen content, since both were higher on the halide-treated
samples. The fact that the I™-restructured sample showed slightly
higher activity than the Br™-restructured sample in pure KHCOj;
also confirmed the minor effect of roughness.

Halide ions are usually considered to participate in or
influence electrochemical reactions due to the nature of their
strong adsorption on the surface of electrodes. A density
functional theory study by Janik et al*® indicated that the
specific adsorption of aqueous Cl~, Br~, and I~ on Cu (111),
(100), and (211) surfaces can occur at potentials where CO,
reduction is usually carried out; therefore, these halides
probably affect the reaction. The adsorption is increasingly
favorable in the order of CI” < Br™ < I" on all Cu facets and is
most favorable on Cu (100),*° which is considered the
favorable facet for C—C coupling both thermodynamically
and kinetically.**~®* In order to clarify the chemical effect of
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halides, we link the halide-enhanced catalytic performance to
their theoretical results. Figure 6a,b quantitatively describes the
correlation between catalytic performance and the chemical
effect of the halides on CO, electroreduction. The current
density shows a nearly linear relationship with the adsorption
energy of halides on the Cu (100) facet (Figure 6a). Similar
trends are also observed on ethylene and ethanol production
rates (Figure 6b). Therefore, although electrolyte-driven
nanostructuring induced obvious morphology changes before
and during the reaction, especially in the case of I", the
enhanced catalytic activity trend (no halide < CI” < Br™ < I")
was mainly attributed to the increased halide adsorption energy.

A previous study™ on the halide effect on an electropolished
Cu foil showed the increased CO selectivity in the presence of
CI” and Br~ and the increased methane selectivity in the
presence of I". In contrast, on our oxidized Cu foils the
activities were significantly enhanced in the presence of all
halides without sacrificing their intrinsically high C,—C;
product selectivity, demonstrating a promoting effect of halide
on CO, electroreduction. The intrinsically higher activity and
selectivity of our oxidized Cu catalyst over electropolished Cu
foil is mainly attributed to the presence of subsurface oxygen
and Cu" species during the reaction.®'” Although a Cu*
species after 1 h of the reaction was only observed by XPS
on the sample in KI solution, there could be a gradient in the
Cu" content inside the oxidized Cu foil, with lower Cu* content
near the surface. In comparison with the Cu single crystal, a
roughened Cu surface contains significantly more low-
coordination sites, such as steps, corners, and defects,®® which
would further increase the adsorption of halides. Although only
iodine ions can be found by XPS in significant amounts after
the reaction, it should be noted that XPS measurements were
done after thoroughly washing the sample with water after the
reaction in situ (no air exposure before the transfer to the XPS
system), which probably removed the other more weakly
adsorbed halides. The Cu” species, bound to subsurface oxygen,
could play a vital role in enhancing the adsorption of halides by
a strong Coulomb interaction. Thus, a layer with high coverage
of halides may be formed on the Cu surface during the reaction.
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Given that the addition of halides does not significantly
change the selectivity but only increases the production rates of
most products at around —1.0 V vs RHE, the effect of halides
on CO, electroreduction may affect a common step for the
formation of all products. Possible reaction pathways of CO,
electroreduction on Cu have been discussed comprehensively
among others by Koper et al.” Adsorbed CO is first formed via
the carboxyl (*COOH) intermediate and further reduced by
protons and electrons to CO and then to hydrocarbons and
alcohols. The formation of CO is a common step for the
formation of all hydrocarbon and alcohols. The formation of
*COOH is considered as the rate-determining step for CO
production. Therefore, the formation of *COOH through a
concerted proton—electron transfer to CO, is probably
facilitated by the adsorbed halides with high coverage on the
Cu surface. Here, we proposed a mechanism for the effect of
halides on CO, electroreduction, as shown in Figure 6¢c. The
halides specifically adsorbed on the Cu surface donate their
partial charge to the carbon atom in the CO, molecule, which
forms a covalent X™—C bond and causes the structural
transformation of CO, from the linear form to the bent
CO,>" species.”* The bent CO,’ species adsorbed on the
surface is further converted to *COOH via a concerted
proton—electron transfer.” Therefore, the specific adsorbed
halides, on the Cu catalyst with the subsurface oxygen and Cu*
species, facilitate the adsorption of CO, and stabilize the key
*COOH intermediate. In comparison with the thermodynaml—
cally less favored CO, adsorption on the Cu surface,”* the
halide-assisted CO, adsorption is greatly facilitated by the high
electron density of halide ions. This enhancement effect
depends on the specific adsorption ability of halide ions (I~
> Br~ > CI7), which explains very well the CO, electro-
reduction performance trend of our oxidized Cu foil (no halide
<ClI"<Br <I).

4. CONCLUSIONS

In summary, we studied the effect of halides on CO,
electroreduction by the addition of halides to the KHCO,
electrolyte. Halide ions can induce significant nanostructuring
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of the oxidized Cu surface, even at open circuit potential, as is
the case for I", which leads to the formation of well-defined Cu
nanocrystals. Furthermore, the presence of halides was found to
lower the overpotential and to increase the CO, electro-
reduction rate on plasma-activated Cu catalysts without losing
their intrinsically high C,—C; selectivity. This enhancement in
catalytic performance is mainly attributed to the specific
adsorption of halides with a higher coverage on our preoxidized
Cu surface during the reaction, which on the basis of previous
theoretical work may donate partial charge from halide ions to
the CO, molecule. The latter is thought to facilitate the
adsorption of CO, and the stabilization of the carboxyl
intermediate via the transfer of charge from the Cu surface to
CO,. This work provides new insights into the importance of
electrolyte-driven surface restructuring and electronic mod-
ification in the design of electrocatalysts.
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