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Among all CO, electroreduction products, methane (CH,) and ethylene (C;H,4) are two typical and valu-
able hydrocarbon products which are formed in two different pathways: hydrogenation and dimerization
reactions of the same CO intermediate. Theoretical studies show that the adsorption configurations of CO
intermediate determine the reaction pathways towards CH4/C;H4. However, it is challenging to experi-
mentally control the CO adsorption configurations at the catalyst surface, and thus the hydrocarbon
selectivity is still limited. Herein, we seek to synthesize two well-defined copper nanocatalysts with con-
trollable surface structures. The two model catalysts exhibit a high hydrocarbon selectivity toward either
CH,4 (83%) or C;H4 (93%) under identical reduction conditions. Scanning transmission electron microscopy
and X-ray absorption spectroscopy characterizations reveal the low-coordination Cu® sites and local Cu?/
Cu” sites of the two catalysts, respectively. CO-temperature programed desorption, in-situ attenuated
total reflection Fourier transform infrared spectroscopy and density functional theory studies unveil that
the bridge-adsorbed CO (COg) on the low-coordination Cu® sites is apt to be hydrogenated to CH,,
whereas the bridge-adsorbed CO plus linear-adsorbed CO (COg + COy) on the local Cu®/Cu* sites are apt
to be coupled to C;H4. Our findings pave a new way to design catalysts with controllable CO adsorption
configurations for high hydrocarbon product selectivity.

© 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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1. Introduction

CO, electroreduction (CO,RR), powdered by renewable electric-
ity, provides a promising way to reduce greenhouse gas net emis-
sion, store the intermittent renewable clean energy and generate
industrial feedstock [1,2]. Up to now, only copper (Cu) catalysts
can give a rich gamut of single-carbon and multi-carbon products
[3,4]. However, the reduction pathways often furcate to form a
wide range of products, which are affected by both the chemical
properties of catalysts and reduction reaction conditions [5].

Among all reduction products, only a few primary products like
CO and HCOOH can be achieved with a high selectivity (i.e., Faradic
efficiency (FE)) of >95% [6,7]. The production of either CO or
HCOOH is related to a two-electron process, typically starting from
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relative fixed CO, adsorption configurations [8]. For instance, the
C-bonded CO, adsorption configurations on Au, Ag, Pd surfaces
[9-11] undergo a proton-coupled electron transfer process to
*COOH for CO formation, whereas O-bonded CO, adsorptions on
Bi, Sn and Pb surfaces [6,12] transform to *OCHO for HCOOH pro-
duction. The simple production pathways with controlled CO,
adsorption configurations lead to the high selectivity of CO or
HCOOH.

In contrast, the hydrocarbon products are derived from the *CO
intermediate and subsequent more complicated reaction pathways
[9,13], but *CO absorption configurations on the Cu catalysts are
not well controllable, so the hydrocarbon product selectivity is
not as high as the selectivity of CO or HCOOH. The reduction of
*CO intermediate mainly results in C; productions such as CHy
via a hydrogenation pathway and C, productions such as C;Hy4
via a dimerization pathway [14]. Theoretical studies have shown
that different *CO configurations and adsorption energies on the
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Fig. 1. (Color online) Morphology characterizations. (a), (b) TEM images of the MP-Cu and EP-Cu catalysts. Insets show a uniform particle size of ~15 nm for both catalysts. (c),
(d) STEM images of a representative catalyst particle of EP-Cu and MP-Cu, revealing the Cu® phase with abundant step sites in MP-Cu while abundant local Cu®/Cu* sites in

EP-Cu.

Cu catalysts [15,16] can result in different energy barriers of CO
hydrogenation or dimerization reactions [17-19].

The CO adsorption configuration and adsorption energy rely on
a number of factors, such as the surface structures of catalysts
which can be affected by composition [20], particle size [21], grain
boundary [22], facet [23] and so on, and reduction reaction condi-
tions of applied potentials [24], electrolyte species [25], local pH
[26], electrolyte concentration [27], etc. For instance, a low-
coordination Cu is potential to facilitate the translation of *CO to
*CHO, and thus facilitate the C; pathway [23,28]. By contrast, the
coupling reaction of *CO is highly related to the local valence struc-
ture of Cu in which the local Cu®/Cu” site is reported to promote
the dimerization and therefore enhance the C, production [20,29].

It is still challenging to control the variate that affects the *CO
absorption configurations on Cu experimentally, thus it remains
difficult to modulate the reaction pathways and final products
[21,30]. Especially, the formations of CH4 and C;H, are always con-
comitant on the Cu catalysts when the reaction parameters are
similar, which makes it even more difficult to distinguish the con-
tributions of *CO adsorption properties. It is therefore necessary to
obtain well-defined model catalysts with controllable *CO absorp-
tion configurations that can catalyze CO, towards highly selective
CH4 and C,H4 productions in identical reduction conditions.

Herein, using a controlled variation method, we develop two
catalysts with controlled and distinct active sites. The low-
coordination Cu catalysts show a high CH,4 selectivity of 83% while
the Cu/Cu,0 catalysts exhibit a high C;H, selectivity of 93% under
identical reduction conditions. We study the CO adsorption proper-
ties and establish a correlation between the CO adsorption and
reduction pathways on these two model catalysts, with the aid of
CO temperature-programed desorption (TPD), in-situ attenuated
total reflection Fourier transform infrared spectroscopy

(ATR-FTIR) and density functional theory calculations. These results
show that the bridge-adsorbed CO (COg) on the low-coordination
Cu® site is apt to be hydrogenated to form CH, whereas the
bridge-adsorbed CO plus linear-adsorbed CO (COg + CO.) on the
local Cu®/Cu” site is apt to be coupled to form C,H,.

2. Experimental

The two catalysts were prepared via an epoxide-assisted
hydrolysis method and were activated during CO,RR. The chemical
structures of the catalysts were studied by scanning transmission
electron microscopy (STEM) and X-ray absorption spectroscopy
(XAS). The CO adsorption properties were studied by TPD and
ATR-FTIR. The details of the preparation and characterization can
be found in Supplementary materials (online).

3. Results and discussion
3.1. Structures characterizations

Inspired by the chemical structure modulating capability of
halogens on the Cu catalyst [31,32], we sought to introduce halo-
gen modifiers into the catalyst precursors to construct different
Cu catalysts with either low-coordination or local Cu®/Cu* sites.
Experimentally, we successfully synthesized two Cu catalysts
derived from bromine-doped (Figs. S1-S3 online) and iodine-
doped copper oxychlorides (Figs. S4-S6 online), respectively
[7,33] (see Supplementary materials (online) for details): one con-
tains a low-coordination Cu® phase for potentially high CH, selec-
tivity, denoted as methane production copper (MP-Cu); the other
possesses Cu’/Cu* sites for potentially high C,H, selectivity,
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Fig. 2. (Color online) XAS characterizations of the MP-Cu and EP-Cu. (a) Cu K-edge XANES spectra of MP-Cu versus time, showing the valence states of Cu from initial 2+ to the
stabilized 0. (b) Linear combination fit results of MP-Cu XANES at the Cu K-edge acquired in 90 min using Cu, Cu,0 and CuO NPs as standards (Fitting range: 8970-9030 eV).
(c) Cu K-edge XANES spectra of EP-Cu versus time, showing the valence states of Cu from initial 2+ to the stabilized positively charged Cu. (d) Linear combination fit results of
EP-Cu XANES at the Cu K-edge acquired in 90 min using Cu, Cu,0 and CuO NPs as standards (Fitting range: 8970-9030 eV).

denoted as ethylene production copper (EP-Cu). The two catalysts
were activated using in-situ electrochemical reduction processes.
No halogen residual was presented in the activated catalysts as
shown in the X-ray photoelectron spectroscopy (XPS) and energy
dispersive spectroscopy (EDS) results (Figs. S7 and S8 online).

To study the structures of the catalysts, we firstly carried out
morphology characterizations. Fig. 1a and b represent the trans-
mission electron microscopy (TEM) images of the two catalysts.
Both MP-Cu and EP-Cu are nano-sized particles with ~15 nm diam-
eter (Figs. S9 and S10 online), from which we excluded the influ-
ences of catalyst particle size on the reduction performance.
High-resolution STEM images show distinct crystal structures of
the two catalysts. The MP-Cu shows only one Cu® phase with sur-
face step sites (Fig. 2c) while EP-Cu shows two phases containing
both Cu® and Cu*, indicating the abundant local Cu/Cu® sites
(Fig. 2d). Taken the TEM results together, we preliminarily con-
clude that the two catalysts were synthesized as designed.

To study the electronic structures of the two catalysts, we per-
formed the Cu K-edge XAS measurements (see Supplementary
materials for details (online)). By comparing the absorption thresh-
olds of the X-ray absorption near edge structure (XANES), we
extracted the valence states of the catalysts [33,34] (Fig. S11
online). The absorption threshold of MP-Cu shifts from Cu?*
(8985.1 eV) to Cu® (8979.0 eV) and becomes stable (Fig. 2a) after
a 30-min reduction process, indicating MP-Cu almost contains only
Cu® species. The linear combination fit results of XANES of MP-Cu
confirm the metallic Cu nature during CO,RR (Fig. 2b, see Support-
ing materials (online) for details). Extended X-ray absorption fine
structure (EXAFS) of MP-Cu at the Cu K-edge reveals that the
sample contains almost no Cu-0 path but dominant Cu-Cu path

(R = 2.54 A). MP-Cu shows a low Cu-Cu coordination number of
~7, which is much lower than that of Cu foil (with a Cu-Cu coordi-
nation number of ~12), indicating a potential of MP-Cu towards
highly selective CH, production from CO,RR (Fig. S12a, Table S1
online) [21,28]. For EP-Cu, the absorption threshold is stabilized
at 8979.4 eV, revealing an intermediate valence between Cu*
(8980.3 eV) and Cu® (Fig. 2c). The linear combination fit results
of XANES of EP-Cu at the Cu K-edge suggest that EP-Cu contains
47% of Cu® and 53% of Cu* (Fig. 2d). The Cu K-edge EXAFS of
EP-Cu shows an intense Cu-O path (R = 1.85 A) similar to that of
Cu,0 [35] (Fig. S12b online), which further confirms the Cu/Cu*
structure that is supposed to be active in Cy;H4 production
[20,29]. Both morphology and XAS studies show that the two cat-
alysts have similar particle size but controllable surface chemical
structures, and therefore can work as model catalysts for hydrocar-
bon production.

3.2. CO; electroreduction performance

We then evaluated the CO, reduction performances of the two
catalysts. CO,RR tests were carried out using 0.05 mol L~! KHCO,
aqueous solution as electrolytes. All reduction conditions were
controlled to eliminate the undesired influences of experimental
variables (Table S2 online). Fig. 3 represents the CO,RR results of
the MP-Cu and EP-Cu catalysts. The two catalysts show distinct
selectivities towards CH4 and C,H,4, respectively. The MP-Cu shows
59% + 1% CH,4 FE at —1.71 V versus reversible hydrogen electrode
(vs. RHE) (Figs. 3a and S13a online). The corresponding carbon
selectivity of CH, comparing to all carbon-containing products
reaches up to 83% (Figs. 3b and S13b online). In contrast, the
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Fig. 3. (Color online) CO,RR performance of MP-Cu and EP-Cu. (a) FE distribution of reduction products on MP-Cu and (b) carbon selectivity distribution comparing to all
carbon containing products of MP-Cu at optimized potential. (c) FE distribution of reduction products on MP-Cu and (d) carbon selectivity distribution comparing to all
carbon containing products of MP-Cu at optimized potential. (e) FE distribution of reduction products on MP-Cu versus applied potential. (f) FE distribution of reduction

products on EP-Cu versus applied potential.

commercial Cu without the low-coordination site show a much
lower CH,4 selectivity under the same CO, reduction conditions,
suggesting the intrinsic high CH,4 selectivity of MP-Cu (Fig. S14
online). At the same applied potential, the FE and carbon selectivity
of C;H4 produced on EP-Cu are 70% = 1% and 93%, respectively
(Fig. 3c and d). Furthermore, Figs. 3e, f and S15, S16 (online) repre-
sent the CH, and C,H4 FEs of MP-Cu and EP-Cu at various applied
potentials. Under all applied potentials, MP-Cu shows a high CH,
selectivity while EP-Cu shows a high C;H4 selectivity. Thus, we
conclude that the MP-Cu and EP-Cu catalysts have intrinsic high
selectivities towards CH4 and C;Hy, respectively, compared to pre-
viously reported catalysts (Fig. S17 online). The two catalysts also
present robust stabilities without an obvious FE decrease after run-
ning CO,RR for 9000 s (Fig. S18 online). The local pH is a parameter
that may cause differences in selectivity and it mainly depends on
the electrode geometry, electrolyte, and current density [26,36]. In
this study, the electrode geometry and electrolyte are identical in
the two reduction processes. As a result, the difference in local
pH mainly comes from the applied current density. To study the
influence of local pH, we further measured the cyclic voltammetry
curves of the two catalysts (Figs. S19-S21 online). The results show
similar current densities of the two catalysts under the same
applied potential, excluding the contribution of local pH on the
reduction pathways in this study.

3.3. CO adsorption study

To bridge the catalytic structures and CO, reduction perfor-
mance, the CO adsorption properties of the two catalysts were
studied. Generally, the adsorbed CO differs in adsorption configu-
rations (linear, bridge, and multi adsorption) and in adsorption

energy [37,38]. The adsorption energy of bridge-adsorbed CO
(COg) is stronger than that of linear-adsorbed CO (CO.) but weaker
than that of multi-adsorbed CO (COy;). We firstly used CO-TPD to
evaluate the adsorption strength of CO on different catalysts. As
shown in the TCD results, at a temperature range lower than
550 °C, MP-Cu shows only one obvious desorption peak at 481 °C
that can be attributed to COg, while EP-Cu shows two desorption
peaks at 453 and 218 C that can be attributed to COg and COy,
respectively (Fig. 4a) [39,40]. The peaks at temperature exceeding
550 °C can be ascribed to COy, that is firmly bonded on the catalyst
(Fig. S22 online) and presumably inactive during the reduction
process [41,42].

Furthermore, surface sensitive in-situ ATR-FTIR spectroscopy
was applied to study the surface adsorbed CO under different
applied potentials. It is apparent that both MP-Cu and EP-Cu show
an adsorption peak at ~1900 cm™! in associated with COg, while
EP-Cu shows an additional adsorption peak at ~2080 cm™' attribu-
table to the weakly adsorbed COy (Fig. 4b and c) [38,42,43]. From
the CO adsorption studies, both CO-TPD and in-situ ATR-FTIR
results suggest the consistent conclusion that there is only one
CO adsorption configuration on MP-Cu (COg) while there are two
CO adsorption configurations on EP-Cu (both COg and CO.).

To further study the relationship between the Cu oxidation
state and CO adsorption, we further carried out CO-TPD measure-
ments of commercial Cu and Cu,0 NPs as controls. As shown in
Fig. S23 (online), each sample shows only one dominate desorption
peak, i.e.,, 210 °C (COg) for Cu,0 NPs and 430 °C (CO.) for Cu NPs
before 550 °C (see Supplementary materials for details online). It
can be seen from the CO-TPD results that the COp adsorption
energy of MP-Cu is stronger than that of Cu NPs, which can be
ascribed to its lower Cu-Cu coordination numbers. Taken together
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Fig. 4. (Color online) CO adsorption studies of EP-Cu and MP-Cu. (a) CO TPD results of EP-Cu, MP-Cu and the catalysts support carbon paper (CP), showing only COg on MP-Cu
while both CO, and COg on EP-Cu. (b) In-situ ATR-FTIR study of MP-Cu versus applied potential, representing only COg on MP-Cu. (c) In-situ ATR-FTIR study of EP-Cu versus
applied potential, revealing both CO; and COp on EP-Cu. (d) Optimized CO adsorption configuration and relative vibration frequency on step site (bridge, left side) and on
oxidized site (linear, right side) after removing the beneath Cu to show the sub-surface oxygen from DFT results (side views). (e) Illustration of different CO adsorption

configurations towards either hydrogenation or dimerization reaction pathways.

with previous structure results, it can be concluded that MP-Cu
containing only a low-coordination Cu® phase shows only COg in
accordance with commercial Cu NPs, and EP-Cu containing both
Cu® phase and Cu* phases possess both COg and CO, and the peak
positions are adjacent to relative desorption peaks of Cu NPs and
Cu,0 NPs. Thus, we experimentally conclude that CO is apt to
adsorb on the Cu® sites with a strong bridge configuration while
on the Cu” sites with a weak linear configuration.

To further understand our experimental results, we carried out
DFT calculations with generalized gradient approximations (GGA)
of Perdew-Burke-Ernzerhof (PBE) functional to investigate the CO
adsorption property and possible active sites on MP-Cu and EP-
Cu. As indicated from the CO adsorption results, only strong COg
binding sites exist on MP-Cu. The strong binding sites, other than
rhombi sites or square sites from basal planes, are likely step sites
(low-coordination sites) as shown in Figs. 1c, 4d and S24a (online).
We, therefore, carried out DFT calculations to verify the vibration
frequency of CO on this step site, which leads to a prediction of
1891 cm™}, very close to the experimental observations of 1898
to 1911 cm'. In our previous work, we determined that this step
site can greatly reduce the formation energy of *CHO [44] from the

reduction of *CO intermediate, the first step of CO hydrogenation,
which is known as both the potential determining step or rate
determining step in the pathway of CH,4 formation. Thus, the pres-
ence of step site can greatly catalyze the formation of CH4, which
explains the highly selective CH, production as observed
experimentally.

In our previous work, we found that partially reduced Cu,0
generates Cu sites carrying partial charges (Cu®"), which can pro-
vide a fairly strong linear CO binding site for the further CO cou-
pling reaction [45]. The atomic structure of one of the
representative sites is shown in Figs. 4d and S24b (online). From
DFT calculations, we found the C-O stretching of CO on this site
is 2064 cm™!, very close to the experimental observations of
2086 to 2090 cm™!. We, therefore, conclude that the second ATR-
FTIR peak appearing in EP-Cu attributes to the linear-adsorbed
CO on the Cu® site, which plays an important role in C-C coupling
as we demonstrated in our previous work: Cu* interacts weakly
with CO, providing a suitable CO binding for CO coupling, which
is beneficial for CO coupling to form C, products when combines
with another strong CO binding site [46]. This also well explains
the experimentally observed high selectivity of C;H4 on EP-Cu.
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4. Conclusions

In summary, under identical reduction conditions, a high CH,4
selectivity was achieved on MP-Cu consist of a low-coordination
Cu® phase, and a high C,H, selectivity was realized using EP-Cu
containing abundant Cu®/Cu® sites. The CO adsorption studies
showed that the strongly adsorbed COg on the low-coordination
Cu® sites was apt to be hydrogenated to produce CH,4, and the
co-existence of COg on the Cu® site and CO, on the Cu* site were
apt to be coupled to produce C,H, (Fig. 4e). The DFT results were
highly consistent with experimental results to further verify our
conclusions. Our results expose the crucial factors that cause vari-
ation in reduction pathways for hydrocarbon productions and may
guide future design of catalysts for both CO, and CO reductions.
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