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Switching CO, Electroreduction Selectivity Between C, and
C, Hydrocarbons on Cu Gas-Diffusion Electrodes

Jianfang Zhang®, Zhengyuan Li, Rui Cai, Tianyu Zhang, Shize Yang, Lu Ma, Yan Wang*,

Yucheng Wu*@®), and Jingjie Wu*

Regulating the selectivity toward a target hydrocarbon product is still the
focus of CO, electroreduction. Here, we discover that the original surface Cu
species in Cu gas-diffusion electrodes plays a more important role than the
surface roughness, local pH, and facet in governing the selectivity toward C,
or C, hydrocarbons. The selectivity toward C,H, progressively increases,

while CH, decreases steadily upon lowering the Cu oxidation species fraction.

At a relatively low electrodeposition voltage of 1.5 V, the Cu gas-diffusion
electrode with the highest Cu®*/Cu® ratio favors the pathways of *CO
hydrogenation to form CH, with maximum Faradaic efficiency of 65.4% and
partial current density of 228 mA cm™2 at —0.83 V vs RHE. At 2.0 V, the Cu
gas-diffusion electrode with the lowest Cu®*/Cu® ratio prefers C-C coupling
to form C,, products with Faradaic efficiency topping 80.1% at —0.75 V vs

and short stability. Copper (Cu) is the only
metal that steers ECO,RR to produce apprecia-
ble amounts of hydrocarbons (e.g., CH, and
C,H,) and oxygenates (e.g., C,Hs;OH)."™]
However, Cu catalysts suffer from high overpo-
tential and low selectivity with wide product
distribution from C; to C,4 products. The key
intermediate of adsorbed *CO can be either
dimerized at the lower overpotential region or
hydrogenated at higher overpotentials, leading
to the pathways to the formation of C,H, and
CH,, respectively.[g]

Various studies showed that the activity and
selectivity of the C,—C, hydrocarbon products
can be tuned by various strategies applied to

RHE, where the Faradaic efficiency of C,H; accounts for 46.4% and the
partial current density of C,H, achieves 279 mA cm™>. This work
demonstrates that the selectivity from CH, to C,H, is switchable by tuning
surface Cu species composition of Cu gas-diffusion electrodes.

1. Introduction

Electrocatalytic CO, reduction reaction (ECO,RR) into value-added
hydrocarbon fuels and chemicals is a promising technology to recycle
carbon, especially when it couples with renewable electricity.[l] Many
efforts have been made at the catalyst level to achieve high-performance
ECO,RR in recent years.” ™ The significant issues of ECO,RR are still
low selectivity toward a single target product, low energy efficiency,
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Cu-based materials surface or interface between
the catalyst and electrolyte, such as the control

of surface roughness,[%]z] facet,[m’m] local
[17-19]

[21-23]

pH,[] 161 hxidation state, subsurface

oxygen,*”! grain boundary, and tandem
Catalysis‘[z‘FU] Morphology-directed ECO,RR
study revealed that the surface roughness of
Cu foam catalysts regulates hydrocarbon products. The presence of
surface active site and the temporal confining of gaseous intermediates
inside the mesoporous played key role in the selectivity toward C,,
products.'"*®) The variation in morphology of Cu catalysts often
triggers the facet-dependent selectivity of ECOZRR.[MJ Extensive theo-
retical and experimental studies revealed that the Cu (111) facet gov-
erns CO, reduction pathways for CH, generation, while the Cu (100)
facet directs the C—C coupling step for C, products.[B’Zg] The bulk
electrolyte pH had been demonstrated to have direct influence on the
CO, reduction performance on Cu catalysts.l'®) However, the local
pH near the electrode surface often differs from the bulk electrolyte
pH due to the dynamic formation of OH™ by coupled H*/e™ transfer
and consumption of OH™ by neutralization with CO, in the elec-
trolyte. The difference in roughness results in variation of local pH,
which subsequently affects product selectivity on Cu catalysts.>°~>*]
Besides, the surface composition of Cu catalyst also plays an essential
role in controlling the selectivity and activity toward C,H; or
CH4.[33'34] However, the authentic active site, namely Cu oxidation
species (Cum) vs metallic species (Cu®), is still under debate.[*'%3%3°]
For instance, in situ Raman spectroscopy revealed the surface composi-
tion of electrodeposited Cu,O films was rapidly reduced to metallic Cu®
during the ECO,RR.®! These metallic Cu® particles were proposed to
be the active catalytic species for CO, reduction toward C,H, and
C,HsOH. The recent study drew the same conclusion that the surface
oxide layer on polycrystalline Cu was fully reduced to metallic Cu

© 2021 Zhengzhou University.
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before the onset potential for CO, reduction through in situ characteri-
zation of grazing incidence X-ray absorption spectroscopy (XAS) and
X-ray diffraction (XRD).P”! The findings differed from the previous
studies suggesting that Cu* species was responsible for C,H, forma-
tion.*#! cu* species was resistant to reduction and remained on the
surface of oxide-derived copper during the ECO,RR as illustrated by
operando XAS.*#1 Additionally, the coexisting of Cu* and Cu® species
on the Cu surface was reported to promote the formation of C, . prod-
ucts synergistically; however, the role of single Cu™ or Cu® species on
the adsorption of *CO intermediates remained controversial.l'’**] The
effects of structural morphology, surface oxidation state, local pH, and
facet on Cu catalysts are always coupled, which imposes the difficulty
to resolve the governing factor that determines the activity and selectiv-
ity toward C,—C, hydrocarbons.

Herein, we report that the selectivity of ECO,RR on Cu gas-diffusion
electrodes (GDEs) is switchable between C, products (mainly C,H,)
and CH, by regulating the surface composition of Cu species simply
through electrodeposition voltages. The interrogation of physical char-
acterization and electrocatalytic performance shows the governing factor
that controls selectivity toward CO, electroreduction is the surface com-
position of Cu species rather than the surface roughness, local pH, and
Cu facet. Low-voltage electrodeposited Cu GDE with a high fraction of
Cu®™ (8 =1 or 2) species prefers producing CH, while high-voltage
electrodeposited Cu GDE with a low proportion of Cu®* species favors
C,4+ products, including predominant C,H,. This finding provides
insight into the long-standing issue: origin of selectivity diversity in
Cu-based catalysts for CO, electroreduction.

2. Results and Discussion
2.1. Synthesis and Characterization of Cu GDEs

The Cu GDEs (Cu-X GDEs, X denotes the deposition voltage) were pre-
pared by the potentiostatic electrodeposition method, as illustrated in
Figure 1a. During the synthesis process, Cu foam at the anode was first
anodized to form Cu®* ions, while the hydrogen evolution reaction
(HER) occurred on the cathode of gas-diffusion layer (GDL, Sigracet 35
BC) (stage I). Most of Cu”* ions were released to the KOH solution,
followed by coordination with OH™ ions to form [Cu(OH),]*” com-
plexes. The [Cu(OH),]*~ complexes diffused to the cathode where
they were reduced and electrodeposited onto the GDL to form Cu GDEs
(stage II and III). Due to the accumulating formation of Cu(OH), on
the surface of Cu foam, the predominant reaction on the anode was
switched from Cu anodization to oxygen evolution reaction (OER) on
Cu(OH), (stage III). The corresponding time-dependent current
density curves revealed these three stages (Figure 1b). Stage I only
lasted for about 35 s under the different deposition voltages, indi-
cating the same reactions occurred in stage I. The period of stage II
became shorter as the electrodeposition voltage increased. That is
because the formation rate of Cu(OH), layer was increased by
increasing the electrodeposition voltage. At the transition from
stage II to stage III, the current density abruptly decreased because
the sluggish kinetics OER started to restrict the current density. The
electrodeposition on the cathode continued at stage III. However,
the electrodeposition rate would decline as the residual [Cu
(OH),]”~ was gradually consumed. We propose the possible reac-
tion mechanism of the electrodeposition process, as demonstrated
in the following Equations (1)—(7):
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Stages I and II:
Anode Cu — Cu®" + 2 (stages Tand IT) (1)

Cathode 2H,0 + 2e~ — H, + 20H ™ (stages Iand IT) )
[Cu(OH)‘J ¥ 4 2e — Cu+40H™ (high voltage, stagelI) 3)
and/or

2[Cu(OH),] ¥ +2e” — Cu,0 + H,0 + 60H ™ (low voltage, stage II)
)

Stage III:
Anode 4OH™ — O; + 2H,0 + 4e~ (5)
Cathode [Cu(OH),] ’” 4 2e” — Cu+ 40H ™ (highvoltage) (6)
and/or
2[Cu(0OH),]*” +2¢” — Cw,0 + H,0 + 60H (low voltage)  (7)

The real-time electrodeposition process at 1.5 V was captured by the
photo images (Figure S1). The color of Cu foam changed from brick-
red to dark green as the electrodeposition proceeded (Figure S2), illus-
trating that the generated Cu™* ions nearby the Cu foam were turned
into Cu(OH), which was coated onto the surface of Cu foam. We
observed hydrogen gas bubbles resulting from HER on the cathode,
while no oxygen gas bubbles emerged on the anode in the stages I and
II of the electrodeposition process (Figure S2). However, after the for-
mation of a thick Cu(OH), layer on the Cu foam as the electrodeposi-
tion elapsed beyond 900 s, a significant number of oxygen gas bubbles
appeared due to OFR on the anode. These results support the proposed
three-stage mechanism of the electrodeposition process.

The electrodeposition voltage plays a significant role in regulating
the morphology and bulk composition of the as-prepared Cu GDEs.
The scan electron microscopy (SEM) images show that Cu GDEs possess
distinct morphologies by varying the electrodeposition voltage (Fig-
ure 1c and Figure S3). Of note, the different electrodeposition voltage
would cause the different electrodeposition time between stages II and
III, especially for the stage II. The hydrogen bubbles generated in stage
II from the hydrogen evolution reaction would affect the morphology
structure and size of the as-prepared Cu GDEs. The Cu-1.5 GDE exhib-
ited a nano-mulberry structure composed of some small tetrahedron
nanoparticles. When increasing the voltage to 1.6 V, tetrahedron
nanoparticles were also presented in nano-mulberry structure, but the
size of the nano-mulberry became larger due to the decreasing amount
of the released hydrogen bubbles on the cathode. The size of the nano-
mulberry increased continuously as the voltage increased up to 1.8 V.
However, the morphology of nanoparticles in nano-mulberry changed
from tetrahedrons to cubes as the voltage increased to 1.7 V, and
evolved into irregular spheres when the voltage rose to 1.8 V. When
the voltage exceeded 1.8 V, the morphology of the Cu nanoparticles
became quasi-polyhedral structure with a decreased size. The TEM
images show a tetrahedron shape of the Cu-1.5 GDE (Figure 2a), a
cube shape of Cu-1.7 (Figure 2b), and a quasi-polyhedral structure of
Cu-2.0 (Figure 2c), which are consistent with the SEM results. The
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Figure 1. Electrodeposition process for the preparation of Cu catalysts. a) Schematic of the electrodeposition process of Cu catalysts on carbon paper, b)
time-dependent current density profiles of electrodeposition, and c) SEM images of different Cu catalysts with varying electrodeposition voltages from 1.5 to
2.0 V (left to right). The scale bar is 200 nm.

HRTEM image, combined with the corresponding fast Fourier — 916.4 eV) from Cu’ (kinetic energy of 918.2 €V) as shown in Fig-
transform (FFT) diffraction pattern in Figure 2d, reveals the Cu,O  ure 3b. The Cu IMM spectra show that the ratio of Cu*/Cu® (or the
(111) plane with the lattice distance of 0.243 nm in Cu-1.5, and  fraction of Cu*) also decreases with the increase in electrodeposition
Figure 2e,f show the Cu (200) and Cu (111) planes with the lat-  voltage (Tables S1 and S2), corroborating the XRD results. Note that
tice distance of 0.181 and 0.208 nm in Cu-1.7 and Cu-2.0, the ratio of Cu**/Cu* also decreases as the electrodeposition voltage
respectively. rises, as derived from Cu 2p and Cu LMM spectra and confirmed by O
The XRD results show that all the Cu GDEs present a dominant phase s spectroscopy (Figure 3¢ and Table S1). Specifically, the content of
of metallic Cu® with the diffraction peaks at 20 = 43.3°, 50.4°, and cu®t is almost twofold of Cut for Cu-1.5 GDE and decreases to 1.33
74.1° corresponding to (111), (200), and (220) plane, respectively  times for Cu-2.0 GDE.
(Figure 2g). The diffraction peaks of Cu,O phase are discernable for
Cu-1.5 and Cu-1.6, indicating the coexistence of Cu and Cu,O phases
in the Cu GDEs prepared by low electrodeposition voltages. The intensi-  2.2. Electrocatalytic Performance for CO, Reduction
ties are weakened with the increase in electrodeposition voltage, and
Cu,O diffraction peaks even disappear at high electrodeposition voltages ~ The electrochemical performance of the Cu GDEs for electrocatalytic
of 1.9 and 2.0 V. To further obtain structural information of Cu GDEs, = CO, reduction reaction (ECO,RR) was evaluated in a flow cell (Fig-
the XAS was performed for Cu-1.5 and Cu-2.0 GDEs. The Cu K-edge  ure S4) operated under the potentiostatic mode. The selectivity toward
XANES of Cu-1.5 and Cu-2.0 agree well with that for the Cu foil (Fig-  C, hydrocarbon and C,, products, incuding C,H, and C,HsOH, is
ure 2h). The corresponding EXAFS results show that the Cu-1.5 and  switchable on electrodeposited Cu GDEs (Figure 4, Figures S5 and S6).
Cu-2.0 GDEs have the same coordination structure as the Cu foil (Fig-  Interestingly, the Cu-1.5 GDE achieved the highest selectivity of CH,
ure 2i). Thus, the XAS results confirm that metallic Cu® prevails in both  production among all GDEs, with the Faradaic efficiency (FE) of CH,
Cu-1.5 and Cu-2.0 GDEs. reaching 65.4% at a cathodic potential of —0.83 V (Figure 4a). In con-
The electrodeposition voltage gradually regulates the Cu surface  trast, the FE of C,H, was less than 3.5% at the same potential (Fig-
composition of the as-prepared Cu GDEs as well. The peaks of X-ray  ure 4c). However, the selectivity was gradually shifted from CH, to
photoelectron spectroscopy (XPS) spectra for Cu 2p;,, and Cu 2p;,;  C,4 products as the electrodeposition voltage increased from 1.5 to
can be deconvoluted into two subpeaks: a dominant subpeak at lower 1.9 V. The FE for C,, products achieved a maximum of 82.2% for the
binding energy for Cu’/Cu* and a secondary subpeak at higher bind- ~ Cu-1.9 GDE at —0.73 V. Further increasing the electrodeposition volt-
ing energy for Cu’* (Figure 3a). The formation of minor Cu”* species  age to 2.0 V, the top FE of total C,, products slightly declined to
is attributed to the oxidation of Cu®/Cu* species, especially Cu™, in the ~ 80.1% and that of C,H;OH decreased from 32.0% to 26.3% at
alkaline solution. The ratio of Cu™*/(Cu*+Cu®) (or the percent of ~ —0.75 V (Figure 4e and Figure S5d). However, the FE of C,H, kept
Cu’* species) progressively declines with the increase in the electrode-  increasing, which reached a maximum of 46.4% at —0.75 V (Fig-
position voltage. For example, the Cu®*/(Cu*+Cu®) ratio decreases  ure 4c). Meanwhile, the CH, selectivity was suppressed to 1.6% at
from 1.49 for Cu-1.5 GDE to 0.66 for Cu-2.0 GDE (Figure 3a and  —0.75 V for the Cu-2.0 GDE (Figure 4a). Accompanied with the shift
Table S1). The Cu IMM spectra distinguish Cu* (kinetic energy of  of selectivity to C, products, the total current densities of ECO,RR for
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current densities of C,H, (ic,n,) and Coy
products (jo, ) increased (Figure 4b,d.f).
The Cu-1.5 GDE exhibited jo, as high as
228 mA am™>  and je,, a low as
11 mA cm™” at around —0.83 V. In com-
parison, the Cu-2.0 GDE achieved the maxi-
mum je g of 279 mA am™> and jc,, of
482 mA cm™” at the identical potential.

: A 2.3. Identification of the Origin of
C"%(lll)' Catalytic Selectivity and Activity

The switchable electrocatalytic activity and
selectivity toward CO, electroreduction on
these electrodeposited Cu GDEs are hypothe-
sized to be resulted from the change of mor-
phology and surface Cu species composition
at different electrodeposition voltages. The
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effect of surface roughness or electrochemical
i active surface area (ECSA) in Cu GEDs with
— different morphologies was studied first. The
L ECSA, which reflects the number of accessible
active sites in the Cu GDEFs, can be estimated
by measuring the double-layer capacitance

(Cay) of the electrode—electrolyte interface via
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the cyclic voltammetry method (Figures S8
R‘(‘A) and S9, Table S3). In general, the ECSA-
normalized j., increases while ECSA-

Figure 2. Structural characterization of Cu catalysts. TEM and HRTEM images of a, d) Cu-15, b, ) Cu-  pormalized jo, decreases as the ECSA rises
1.7, and ¢, f) Cu-2.0. The inset shows the corresponding FFT diffraction pattern. g) XRD patterns of from Cu-1.5 GDE to Cu-2.0 GDE. However

different Cu catalysts. h) Normalized Cu K-edge XANES spectra of Cu-1.5 and Cu-2.0 along with the

references. i) Corresponding K-edge EXAFS spectra.

the ratio of ECSA-normalized j. ; of Cu-2.0
GDE to Cu-1.5 GDE is only 7.9 at —=0.83 V,
which is much lower than that of geometric
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— the selectivity toward CH, and C,, products.
Cu-1.9 /ﬂ/ > The ECO,RR performance over Cu-1.5, Cu-

--------- joa i 1.7, and Cu-2.0 GDEs was first investigated

X‘ and compared in electrolytes with different

bulk pH values, including 1 M KHCO;, 1 M

: 910 915 920 925 528 530 532 534
730 Bmdmg enegrsgoy (eV?60 Kinetic energy (eV) Binding energy (eV) KOH, and 5 M KOH. For these three GDEs,
the FEcy, slightly decreased with the increase
Figure 3. XPS and Auger spectra of different Cu catalysts. a) Cu 2p, b) Cu LMM, and c) O 1s. in bulk electrolyte pH while a reverse trend

Cu GDEs monotonically increased as the electrodeposition voltage
increased, surging from 350 mA cm™” for the Cu-1.5 GDE to
750 mA am™? for the Cu-2.0 GDE at around —0.83 V (Figure S7).
Corresponding to the selectivity shift, the partial current density of CH,
(icn,) decreased from Cu-1.5 to Cu-2.0 GDEs, whereas both partial

Energy Environ. Mater. 2022, 0, 1-9

was observed for FE,, (Figure S11). Take

Cu-1.5 GDEs as an example, the FEqy,
decreased 14% by changing the electrolyte from 1 M KHCO; to 5 M
KOH while the corresponding FEc,, increased 24%. The results indi-
cate that the low pH favors the ECO,RR toward CH, while high pH
promotes the formation of C,,. products, consistent with the previously
reported works.*!** However, there were no significant changes in

4 © 2021 Zhengzhou University.
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selectivity of both CH, and C, products among these three GDEs at
the same electrolyte of either 1 M KHCO; or 5 M KOH, suggesting that
the bulk electrolyte pH has little influence on the reaction pathways
between CH, and C,, products on the same GDE. The local pH near
the Cu GDE surface differentiates from that in the bulk electrolyte due
to the CO,~OH™ neutralization reaction. The peak area ratio of
CO}™ /HCO; can be used to estimate the local pH based on the Hen-
derson-Hasselbach equation: pH = pK, + log(CO3~/HCO;), where
K, is acid dissociation constant.l'* The local pH nearby the surface of
GDEs can be calculated from the calibration curve by measuring in
situ Raman spectra (Figures S12 and Sl3).[39] The local pH of all
three GDEs slightly increased as the cathode potential was nega-
tively swept (Figure S14), indicating the formation rate of OH™ in
CO, reduction process was faster than its consumption rate by the
neutralization reaction. Interestingly, these three GDEs displayed
almost equivalent local pH values at each potential, indicating the
similar local reaction environment during the ECO,RR. Taking the

results of bulk pH effect and local pH measurement together, we
conclude that the local pH variation is not the main factor that con-
trols the selectivity between CH,4 and C,, products.

Afterward, we investigated the influence of Cu facet on the activity
and selectivity toward CO, electroreduction. The morphologies of Cu
GDEs were well-maintained after ECO,RR, as shown in the SEM images
(Figure S15). The HRTEM images reveal the distinguished lattice plane
of Cu (111), Cu (200), and Cu (111) facets with distances of 0.208,
0.181, and 0.208 nm for Cu-1.5, Cu-1.7, and Cu-2.0, respectively (Fig-
ure S16). Of note, most of the oxide layer on Cu-1.5 was reduced to
metallic Cu after ECO,RR, as evidenced by XRD and XAS results (Fig-
ures S17 and S18). The Cu-1.5 GDE with dominant exposed Cu (111)
facet exhibited the main CH, product. When Cu (200) facet was pri-
marily exposed on Cu-1.7 GDE, the production rate and selectivity of
C,H, increased, accompanied by the decrease in CH, product. However,
the Cu-2.0 GDE with prevailing Cu (111) facet exhibited the highest
selectivity toward C,H, and C,, products, indicating facet alone cannot

be accountable for the difference in activity
and selectivity.
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Figure 4. Performance of different Cu GDEs for CO, electroreduction. Faradaic efficiency and partial
current densities of a, b) CH,, ¢, d) C;H, and e, f) C,4 products. Error bars represent one standard

deviation based on the measurements of three independent electrodes.
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(Cu*/Cu® ratio of 0.99) achieved the highest
FEc,u, /FBcy, and FEc,, /FEqy, ratos among
the six GDEs. The maximum FEc,y, /FEcy,
and FEc,, /FEcy, reached 48.6 and 89.5,
respectively, for Cu-2.0 GDE at —0.66 V. These
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results suggest that the high Cu®*/Cu® ratio (Cu*/Cu® ratio of 2.54) on
the Cu surface favors the C; hydrocarbon formation, while the low
Cu®/Cu’ ratio (Cu™/Cu’ ratio of 0.99) facilitates the C—C coupling for
C,4 products. This trend is consistent with the prior findings that demon-
strated the oxide-derived Cu surface composed of Cu® and Cu* with equal
amount enhances the selectivity toward C,4 products.m] Combining all
the above results, we may safely reach a conclusion that the selectivity
toward CO, reduction is principally governed by the Cu®/Cu® ratio over
the surface roughness, local pH, and facet in different Cu GDEs.

2.4. Mechanism of CO, Reduction Reaction

Several previous studies proposed that *CO is the key intermediate for
CO, conversion.*!'*17*31  cH, proceeded by

pathway is

hydrogenation of *CO to *CHO intermediate, while the pathway
toward C,, products mainly lies in CO dimerization (C—C coupling)
step, especially at the low overpotential region.[u‘“] We posited that
such different selectivity of CH, and C,, products on our Cu GDEs is
attributed to the difference in *CO surface coverage. We analyzed the
CO generation rate and dimerization rate over six Cu GDEs aforemen-
tioned to unravel the underlying reaction mechanism toward CO,
conversion. The CO generation rate is the sum of the production rates
of C,4, CHy, and CO products normalized by the electrons transferred
per mole of product assuming CO is the reactant. The CO dimeriza-
tion rate is referred to normalized production rates of C,; products
(See detailed calculation in Supporting Information). The CO genera-
tion rate increases in the order from Cu-1.5 to Cu-2.0 GDEs (Fig-
ure 5¢), indicating that the coverage of *CO on the electrode is
greatly enhanced from Cu-1.5 to Cu-2.0 GDEs, especially at more
negative potentials (<—0.75 V). Generally,
the high *CO surface coverage promotes the
C-C coupling reaction kinetics on the Cu
surface, while the low *CO surface coverage
favors the hydrogenation of *CO to *CHO,
the critical step to CH, formation.['®***]
Accordingly, an analogous increasing trend of
CO dimerization rate can be observed from
Cu-1.5 to Cu-2.0 GDEs (Figure 5d). These
results validate that the Cu-2.0 GDE generates
sufficient CO to increase the *CO surface cov-
erage, leading to the acceleration of CO-to-
C,+ products conversion. To further study the
reaction kinetics in terms of CO intermediate
reactant, the Tafel plots of CO generation and
dimerization were analyzed (Figure 5e,f). The

Cu-2.0 GDE displays the smallest Tafel slopes
of both CO generation and CO dimerization
reactions, illustrating the fastest production
rate of C,, products.

In situ Raman spectroscopy was performed
in a flow cell to further investigate the adsorp-
tion property of reaction intermediates during
ECO,RR (Figure 6a—). Two weak Raman
signals of *CO;™ at 735 and 1556 cm ™" could
be observed in Cu-1.5 GDE at potentials larger

: than —0.3 V and then the signals disappeared
at more negative potentials. The Raman sig-
nals of *CO;~ peaks increased for Cu-1.7 GDE

and were further enhanced for Cu-2.0 GDE.
The higher intensity of *CO;” peaks reflected
a strong adsorption of *CO; intermediate on
the surface of Cu-2.0 GDE, indicating more
stabilized *CO;~ intermediate on Cu-2.0 GDE.
The *CO; radical anion is regarded as the
first reaction intermediate for ECO,RR, which
can be further reduced to form the second key
intermediate of *CO for hydrocarbons.[**]
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Figure 5. Origin of selectivity switch between CH, and C,H,. a, b) The dependence of a) FEc,u, /FEch,
and b) FEc,, /FEcy, ratios on the cu®*/cu® ratio. c) Normalized CO generation rate. d) Normalized CO
dimerization rate. e, f) Tafel plots of e) CO generation and f) CO dimerization.
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. Therefore, the strong adsorption/stabilization
of *CO; intermediate promotes the conver-
sion of CO, to *CO intermediate.***°1 A
similar peak intensity tendency of *CO inter-
mediate adsorption behavior could be revealed
among Cu-1.5, Cu-1.7, and Cu-2.0 GDEs.
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Figure 6. In situ Raman spectra of a) Cu-15, b) Cu-1.7, and c) Cu-2.0 GDEs at different applied potentials. d) Schematic illustrating of selective CO,RR
toward CH, and C,H, on different morphological Cu catalysts with tunable Cu®" contents.

The Cu-2.0 GDE showed the strongest Raman peaks corresponding to
*CO at 301, 398, and 2060 cm ™', which are assigned to the Cu—CO
frustrated rotation, Cu—CO stretch, and C=0 stretch, respectively.[so‘51]
This result demonstrates that the Cu-2.0 GDE provides abundant active
sites for efficient conversion of *CO;~ to *CO intermediate, leading to
high *CO surface coverage on Cu-2.0 GDE, which agrees well with the
calculation results of CO generation rate above.

Previous studies implied that the surface components of Cu
and Cu’ in Cu-based catalysts governed product selectivity by tai-
loring the adsorption of *CO intermediates.®”**! Our in situ
Raman results also suggest that cu®*/cu’ rato might play an
essential role in tuning *CO adsorption. As shown in Figure 6a—c,
the peak at 536 cm™' appears, which is assigned to the CuO,/
(OR), species.**] Cu-1.5 and Cu-1.7 GDBs displayed high peak
intensity of CuO,/(OH),, while Cu-2.0 GDE showed a relatively
low peak intensity, suggesting the higher content of cu®* species
can be remained in Cu-1.5 and Cu-1.7 GDEs. Moreover, to probe
the stability of the surface cu®* species in the Cu GDEs during CO,
reduction, we further investigate the in situ Raman spectra of Cu-
1.5 and Cu-2.0 GDEs under continuous CO, reduction at —0.45 V
for 140 min, as shown in Figure S20. Both Cu-1.5 and Cu-2.0
GDEs exhibit a peak of CuO,/(OH), species in the long-term test,
demonstrating the stability of surface cu®* species during CO,
reduction. Although the in situ Raman test cannot precisely quan-
tify the amount of Cu®" species in the Cu GDEs, it can be well

S+
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reflected the dynamic change of Cu species during CO, reduction.
The possible reaction mechanism of the formation of CH4 and
C,H, on Cu surfaces was proposed and depicted in Figure 6d. In
the case of Cu-1.5 GDE with dominant Cu?, the low *CO surface
coverage results in a high energy barrier for C—C coupling that
suppresses C, generation while leading to hydrogenation step for
CH, production. When the Cu’ species fraction increases in the Cu
GDE as the electrodeposition voltage increases, more *CO interme-
diate emerges on the Cu surface, especially at more negative over-
potentials. The nearly equal content of Cu* and Cu® in Cu-2.0 GDE
will generate abundant amount of *CO intermediate, providing
high *CO surface coverage, which assists in dimerizing CO to form
Cot products.[17’35]

3. Conclusion

In summary, we regulated the morphology and surface Cu species
composition of Cu GDEs by simply changing the electrodeposition volt-
age. The selectivity of CO, electroreduction is switched from CH, to
C,4 products upon lowering the fraction of Cu oxidation species. The
Cu-1.5 GDE with the highest Cu®*/Cu® ratio favors *CO hydrogena-
tion pathways to form CH,. When lowering the Cu®*/Cu’ ratio to the
medium value, the Cu-1.7 GDE generates both C,H, and CH, in an
appreciable selectivity. In contrast, the Cu-2.0 GDE with the lowest

© 2021 Zhengzhou University.
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Cu®*/Cu® ratio prefers *CO dimerization to form C,, products. The
highest FE of CH, for Cu-1.5 GDE reaches 65.4% at —0.83 V, at which
the partial current density achieves 228 mA cm™>. Compared to Cu-
1.5, the FE of CH, for the Cu-2.0 GDE is minimized to 1.6% at
—0.75 V, while the FE of C,H, tops 46.4% with a partial current den-
sity of 279 mA cm™* at this potential. This work reveals the strong
dependence of reactivity toward CO, reduction on original surface Cu
species composition rather than surface roughness, local pH, and Cu
facet. Future work should focus on the unraveling of the underlying
effect of Cu species evolution during the reaction process on the
switchable selectivity from CH, to C,H,.

4. Experimental Section

Synthesis of samples: The Cu GDEs were prepared by the potentiostatic elec-
trodeposition. In a two-electrode cell, pure Cu foam and GDL with each size of
2 X 2 cm” were worked as anode and cathode, respectively. The GDL (purchased
from SGL Sigracet 35 BC) was composed of microporous carbon layer with 5%
PTFE treatment and carbon fiber paper support. The distance between the anode
and cathode was set to 2 cm. The aqueous solution of 3.0 m KOH was used as
the electrolyte. The electrodeposition was carried on a Gamry electrochemical
workstation (Gamry Interface 1010E) using a chronoamperometry mode with a
duration of 0.5 h. The electrodeposition time of 0.5 h is chosen based on the the-
oretical calculation of the charges obtained from the time-dependent current
density curves (See detailed calculation in Supporting Information). Six Cu GDEs
were synthesized with different electrodeposition voltages of 1.5, 1.6, 1.7, 1.8, 19,
and 2.0 V, which are denoted as Cu-1.5, Cu-1.6, Cu-1.7, Cu-1.8, Cu-19, and Cu-2.0,
respectively.

Materials characterization: The morphology of the as-prepared Cu GDEs
was imaged by a SU8020 field emission scan electron microscopy (FESEM). The
crystalline structure was identified by XRD (Rigaku D/MAX2500VL). The lattice
structure was analyzed by a JEM-2100F field emission transmission electron
microscope (TEM). The Cu samples’ surface chemical composition was deter-
mined by X-ray photoelectron spectroscopy (XPS, ESCALAB250X:i). The bulk com-
position was measured by XAS at National Synchrotron Light Source Il at
Brookhaven National Laboratory.

Electrochemical measurement: The electrochemical measurements were per-
formed on a Gamry electrochemical workstation. A flow cell equipped with
cathodic and anodic compartments separated by an anion exchange membrane
(Fumasep FAA-3-PK-75) was used as a reactor. The as-prepared Cu GDEs were
directly used as a cathode with an active reaction area of 1 x 1 cm® A Ni foam
of an area 2 X 2 cm’ pressed onto a GDL was used as an anode. The electrolyte
of 1.0 m KOH was pumped to the two compartments with a flow rate of
05 mL min~". High-purity CO, gas was purged into the cathode with a flow
rate of 15.0 sccm. A constant cell voltage was applied to the flow cell dur-
ing CO, electrolysis. A Ag/AgCl (saturated KCl) electrode was linked to the
cathode to measure the electrode potential. The solution resistance (R)
was determined by potentiostatic electrochemical impedance spectroscopy
(EIS) measurement under an open circuit potential at frequencies ranging
from 0.1 Hz to 100 kHz. All potentials were converted to a reversible
hydrogen electrode (RHE) scale with manual iRy compensation: Egpe = Eagy
agcl T 0.059 X pH + 0.197 — iR,. Before the electrocatalytic test, the cath-
ode was pretreated by cyclic voltammetry from —0.5 to —1.0 V vs RHE for
three cycles. The double-layer capacitance of each electrode was estimated
from the cyclic voltammetric curves with different scan rates. The electro-
chemical active surface area (ECSA) of the electrodes was calculated based
on the double-layer capacitance of each electrode.

Products determination: The gaseous products, including H,, CO, CH,, and
C,H,, were detected by online gas chromatography (GC 5890; Agilent)
equipped with a thermal conductivity detector (TCD) and a flame ioniza-
tion detector (FID). High-purity helium (He) gases were used as the carrier
gas. The outlet gas stream was injected into GC after an electrocatalytic
test for 3 min at each potential. The liquid products were quantified by 'H
NMR (Bruker AV 400 MHz spectrometer). To prepare the NMR samples,

Energy Environ. Mater. 2022, 0, 1-9

500 pL of the collected electrolyte was mixed with 100 uL D,O solution
consisting of 5 mm of 3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium salt
(TSP).
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