SCIENCE CHINA
Chemistry

CrossMark

& click for updates

*ARTICLES"

June 2023 Vol.66 No.6: 1834-1843
https://doi.org/10.1007/s11426-023-1591-6

Operando reconstruction towards stable Cul nanodots with
favorable facets for selective CO, electroreduction to C,H,

Wenjie Xue' , Hongxia Liv’ X1nq1ng Chen , Xiaoju Yang Ruoou Yang Youwen Liu”,
Minghao L1 , Xuan Yang Bao Yu Xia' & Bo You'

1Key Laboratory of Material Chemistry for Energy Conversion and Storage, Ministry of Education, Hubei Key Laboratory of Material
Chemistry and Service Failure, School of Chemistry and Chemical Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China;
2School of Chemistry and Chemical Engineering, Wuhan Textile University, Wuhan 430200, China;
3Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China;
*State Key Laboratory of Materials Processing and Die & Mold Technology, and School of Materials Science and Engineering Huazhong
University of Science and Technology, Wuhan 430074, China

Received February 6, 2023; accepted April 10, 2023; published online April 24, 2023

Cu-based electrocatalysts with favorable facets and Cu’ can boost CO, reduction to valuable multicarbon products. However, the
inevitable Cu” reduction and the phase evolution usually result in poor performance. Herein, we fabricate Cul nanodots with
favorable (220) facets and a stable Cu' state, accomplished by operando reconstruction of Cu(OH), under CO,- and I -
containing electrolytes for enhanced CO,-to-C,H, conversion. Synchrotron X-ray absorption spectroscopy (XAS), in-situ Ra-
man spectroscopy and thermodynamic potential analysis reveal the preferred formation of Cul. Vacuum gas electroresponse and
density functional theory (DFT) calculations reveal that CO,-related species induce the exposure of the (220) plane of Cul.
Moreover, the small size of nanodots enables the adequate contact with I, which guarantees the rapid formation of Cul instead of
the electroreduction to Cu’. As a result, the resulting catalysts exhibit a high C,H, Faradaic efficiency of 72.4% at a large current
density of 800 mA cm ~ and robust stability for 12 h in a flow cell. Combined in-situ ATR-SEIRS spectroscopic character-
izations and DFT calculations indicate that the (220) facets and stable Cu’ in Cul nanodots synergistically facilitate CO,/*CO

adsorption and *CO dimerization.
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1 Introduction

In the context of carbon neutralization, renewable energy-
driven electroreduction of CO, (CO,R) to valuable energy-
dense C,, hydrocarbons and oxygenates (e.g., C,H,, C;HsOH,
C;H,0H) beyond CO or HCOOH represents an intriguing
approach to address our current energy and climate chal-
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lenges [1-4]. Among all the products, C,H, is of most eco-
nomic value in view of its vital role in modern chemical
industry [5-7]. Copper is the only metal that can reduce CO,
to produce C,H,, while the bulk Cu electrode normally ex-
hibits high overpotentials and poor selectivity [8-10]. Up to
now, various strategies have been reported to tailor the par-
ticle size, shape, composition and oxidation state of Cu-
based electrocatalysts for efficient and selective C,H, pro-
duction [11-16]. For example, oxide-derived copper (OD-
Cu) exhibits the enhanced selectivity towards C,H,, which
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was later partly explained by the existence of Cu” species via
theoretical and operando spectroscopy studies [17]. Besides,
faceting Cu with (100) plane exposure favors C, over C,
production, contrary to the Cu(111) facets [18]. Recent stu-
dies have showed that electrodeposited Cu under CO,R
conditions prefers the exposure of (100) facets due to the
capping roles of intermediates along reductive pathways
[19]. It is believed that both Cu" and Cu(100) facets in Cu-
based electrocatalysts can optimize the adsorption of *CO
intermediates to improve the *CO dimerization for C,,
production [20-24]. Unfortunately, the Cu’ inevitably un-
dergoes the electroreduction to cu’ during the CO,R process
even if a variety of innovative stabilization approaches, such
as secondary metal/heteroatom doping, plasma treating, and
matrix incorporating, are employed [25-28]. Concomitantly,
the morphology reconstruction of catalysts usually leads to
dynamically active sites and/or deteriorated C,, selectivity as
well as complicates their structure—activity correlation [29—
33]. It is still challenging to explore advanced Cu-based
electrocatalysts with both favorable facets and stable Cu’
states for the selective CO,-to-C,H, conversion.

Different from previous reports that focused on metallic/
oxidized Cu, we herein fabricate cuprous iodide (Cul) na-
nodots (diameter of 5.3 nm) with favorable (220) facets and
stable Cu’ states for improved CO,-to-C,, (C,H,) conversion
through the operando reconstruction of Cu(OH), precursors
under CO,- and T -containing electrolytes. The high ther-
modynamic potential of Cu’'/Cul relative to Cu”'/Cu’(Cu")
benefits the formation of stable Cul rather than metallic Cu
during the CO,R process, as revealed by the X-ray absorp-
tion spectroscopy and in-situ Raman spectroscopy in-
vestigations. CO,-related intermediates along reductive
pathways serve as capping agents to shape the formation of
Cul(220). The adequate contact of nanodots with I due to
the small size guarantees the rapid formation of Cul rather
than the electroreduction to Cu’. As a result, we achieve a
high C,H, Faradaic efficiency (FE) of 72.4% at
800 mA cm ~ and long-term stability for the resulting Cul
nanodots. /n-situ attenuated total reflection surface-enhanced
Fourier-transform infrared spectroscopy (ATR-SEIRS) and
density functional theory results indicate the high-index Cul
(220) facets and stable Cu" collectively facilitate CO,/*CO
adsorption and subsequent *CO dimerization for improved
C,H, generation.

2 Results and discussion

2.1 Catalyst synthesis and characterizations

The operando reconstruction synthesis of Cul nanodots with
high-index facets and a stable Cu” state was achieved by the
electroreduction of carbon paper-supported copper hydro-
xide (Cu(OH),) precursors in CO,-saturated 0.1 mol L'
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KHCO4/KI solution (labeled as Cul-CO,). Two control
samples named Cul-N, and Cu—CO, were also prepared
under similar conditions for the comparison by replacing
CO, gas with N, gas and removing KI, respectively. Addi-
tional details on the synthesis parameters are shown in the
Supporting Information. The typical X-ray diffraction
(XRD) patterns of the Cul-CO,, Cul-N, and Cu—CO, elec-
trocatalysts are shown in Figure la. Three pronounced dif-
fraction peaks for both Cul-CO, and Cul-N, at 26=25.5°,
42.2° and 50.0° corresponded to the (111), (220) and (311)
planes of standard Cul (PDF 06-0246), suggesting the suc-
cessful transformation to Cul from Cu(OH), (Figure S1). By
contrast, metallic Cu” can be obtained for Cu—CO, without
iodide ions (I'), highlighting its role in promoting the Cul
formation, which is obviously different from previous re-
ports [31-33]. Notably, the relative peak intensity of (220)/
(111) for Cul-CO; (R(220)111y=1.30) is much higher than that
of Cul-N; (R220111y=0.91), implying that CO,-related spe-
cies favor the exposure of (220) facets. To further investigate
the chemical states of Cul-CO,, Cul-N, and Cu—-CO,, X-ray
photoelectron spectroscopy (XPS) was then used (Figure 1b,
c and Figure S2). The high-resolution Cu 2p XPS spectra for
all three electrocatalysts show double peaks at binding en-
ergies of 932.6 and 952.4 eV assignable to Cu 2p;, and Cu
2py; of either Cu’ or cu’, respectively (Figure S2), sug-
gesting the complete reduction of Cu(OH),. Since the Cu 2p
peaks for Cu’ and Cu’ are too close to be separated, the Cu
LMM Auger spectra were then collected to distinguish Cu"
from Cu’. As shown in Figure 1b, a pronounced peak at
570.5 eV attributed to Cu" species can be observed for both
Cul-CO, and Cul-N,, in sharp contrast to that at 568.4 ¢V
assigned to cu’ species for Cu—CO, [32]. Moreover, the
high-resolution I 3d XPS spectra (Figure 1c) reveal the
presence of I at 619.7 ¢V in both Cul-CO, and Cul-N,,
which is missing in Cu—CO,. High-magnification transmis-
sion (TEM) and scanning electron microscopy (SEM) reveal
a dot-like morphology of Cul-CO, with a mean diameter of
5.3 nm and a homogeneous distribution in the carbon matrix
(Figure 1d and Figure S3), analogous to those of pristine Cu
(OH), (Figure S4). A closer inspection of these nanodots in a
high-resolution TEM (HR-TEM) image indicates the (220)
plane of Cul with a lattice fringe of 0.214 nm (Figure le), in
accordance with the XRD and XPS results. Scanning TEM
and the corresponding elemental mapping images demon-
strate that both Cu and I, along with C, are uniformly dis-
tributed throughout the whole sample of Cul-CO,, strongly
verifying the successful chemical conversion of Cu(OH), to
Cul and the uniform spatial distribution on the carbon matrix
via our operando reconstruction process.

We further employed synchrotron X-ray absorption spec-
troscopy (XAS) to investigate the atomic structure of Cul—
CO, nanodots. The results given in Figure 2a show the
comparison of the Cu K-edge spectra of Cul-CO, with those



1836 Xue et al.  Sci China Chem  June (2023) Vol.66 No.6

(a) C paper (b) Cu LMM Auger (c) 13d

“ cu* cu® -

L} Raoy111=1-30 ‘\\‘L
-~ \ " Cul-CO, ~ | cuco, — | cul-co,
> o 2 2
2 Rezoyrny0.91 Cul-N, 2 | cun, @ [ cumn,
Q [0} Q
5 S 5

Cu-CO, Cu-CO, Cu-CO,
Cul PDF:06-0246
(111 (220>| (3111
20 30 40 50 60 70 80 580 575 570 565 640 635 630 625 620 615
26 (°) Binding energy (eV) Binding energy (eV)

a0

0.214 nm Cul (220)

Integrated-intensity (a.u.)

0.0

E———— (f)
Cc
05 §1.0,4 WE3Z0.0ung

Lattice spacing(nm)

Figure 1 Morphology and structure characterizations. (a) XRD patterns of Cul-CO,, Cul-N, and Cu—CO, electrocatalysts. (b, ¢) Cu LMM Auger and I 3d
XPS spectra. (d) TEM image and the corresponding size distribution of Cul for Cul-CO, catalysts. (¢) HR-TEM images of Cul-CO, catalysts. (f) STEM and

the corresponding elemental mapping images of Cul-CO, (color online).

of the reference samples, indicating that the oxidation states
of Cu in Cul-CO, lie between 0 and +2, which is in ac-
cordance with the XPS results. The Fourier transform ex-
tended X-ray absorption fine structure (FT-EXAFS) spectra
(Figure 2b) of Cul-CO, shows a dominant peak at 2.40 A
derived from the shell coordination of Cu-I, which is dif-
ferent from those of Cu—Cu and Cu—O. In addition, the FT-
EXAFS spectrum analyzed by fitting shows an average shell
coordination number of 4 and a bond length of 2.50 A for
Cu-1, coinciding with Cul (Figure 2c¢ and Table S1). The
wavelet-transform extended X-ray absorption fine structures
(WT-EXAFS) were also analyzed to examine the coordina-
tion of Cul-CO, (Figure 2d—f). The wavelet transform signal
from Cul-CQO, in the & range from 3 A" t0 10 A is different
from those for the Cu foil and CuO reference, which is at-
tributed to the Cu—I coordination. Collectively, these char-
acterizations unambiguously validate the successful
synthesis of Cul nanodots with preferred (220) facets and
Cu’ states.

2.2 Synthetic mechanism of Cul-CO, nanodots

The critical roles of I and CO,-related species in Cul-CO,
were further scrutinized by the thermodynamic potential
analysis/in-situ Raman spectroscopy and vacuum gas ad-

sorption/theory calculations, respectively. To explain the
electroreduction of Cu®" from Cu(OH), to Cul instead of
metallic Cu (Figure 3a), thermodynamic potential analysis of
cu®/Cu’, Cu®/Cu’ and Cu**/Cul pairs was conducted first
[34]. As depicted in Figure 3b, the higher thermodynamic
potential of cu’/cu’ (0.34 V) than that of cu”/Cu’ (0.16 V)
suggests the easier reduction of Cu”" to Cu’ rather than Cu”,
aligning with the experimental phenomenon reported in
numerous studies [17,22-24,28,29]. Remarkably, the
Cu*"/Cul pair possesses the highest thermodynamic potential
(0.86 V), indicative of the easiest formation of Cul from cu”’
reduction.

Subsequently, we performed in-situ Raman spectroscopy
to track the conversion course from Cu’" to Cul (Figure 3c,
d). Figure 3c shows the Raman spectra evolution of pristine
Cu(OH), in the electrolyte with and without I over the
cathodic electroreduction time. The characteristic Raman
band at 274.8 cm™ ' corresponding to Cu(OH), rapidly dis-
appears during the cathodic electroreduction regardless of
whether there is T in the electrolyte, suggesting the quick
reduction of Cu(OH),. Specifically, in the I -containing
electrolyte, two new peaks at 73.9 and 105.8 cm ' ascribed to
Cul gradually appear as the electroreduction time increases
from 100 to 900 s (Figure 3d) [35], different from that
without I wherein no new peaks emerge. These in-situ Ra-
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Figure 2 XAS spectroscopy characterizations. (a) Cu K-edge XANES spectra. (b) FT kz-weighted EXAFS spectra. (c) Fitting curve of the FT-EXAFS
spectrum. The data are kz-weighted and not phase-corrected and (d—f) wavelet transform EXAFS of Cul-CO,, Cu foil and CuO reference (color online).

man spectroscopy characterizations further confirm the
chemical conversion from Cu(OH), to Cul in the electrolyte
with T', in agreement with the XRD, TEM and XPS results
(Figure 1).

Previous research has shown that CO, and the inter-
mediates along reductive pathways can function as capping
agents to specifically adsorb on a crystal plane of metals such
as Cu and Pb to promote their exposure and thus shape the
facets [4,19]. We speculated that this similar effect may be
applied to steer the surface reconstruction of Cul nanodots.
In this respect, the adsorption energies of key species in-
volved in CO,R (Figure S5) and the hydrogen evolution
reaction (HER) on Cu(111), Cul(111), Cul(220) and Cul
(311) facets were calculated based on density functional
theory (DFT). As shown in Figure 3e, the adsorption en-
ergies for both CO, and *CO intermediates over Cu and Cul
are negatively higher than those of *H intermediates related
to the HER, presaging their preferred adsorption of CO, and
*CO relative to *H. In particular, all three facets of Cul,
including (111), (220) and (311), demonstrate more negative
adsorption energies for both CO, and *CO intermediates
compared with those for Cu(111) facets, indicating stronger
adsorption over the Cul facets. Among them, the Cul(220)
facets present the most negative adsorption energies for CO,
and *CO, evidencing that both CO, and *CO favor the ex-
posure of Cul(220) facets, which is in line with the XRD

results (Figure 1a). To experimentally support the DFT cal-
culations, we also conducted vacuum CO gas adsorption
electroresponse testing over the three electrocatalysts (Figure
3f). The results disclose that CO adsorption responses over
Cul-CO, with favorable (220) facets are stronger than those
of Cul-N, and Cu—CO,, implying the enhanced adsorption
and activation of CO.

2.3 Electrochemical CO, reduction in an H-cell

To examine the positive roles of favorable (220) facets and
stable Cu' on improved CO, reduction to C,H,, we per-
formed electrocatalytic measurements in a conventional H-
cell using Cul-CO,, Cul-N, and Cu—CQO, as electrocatalysts.
The reduction products under different potentials were de-
tected and analyzed through on-line gas chromatography
(GC) and off-line 'H NMR (Figure S6). As shown in Figure
4a—c, the product distributions of CO,R over the three
electrocatalysts are C,Hs;OH, C,H,, HCOOH, CO and CH, as
well as H, from HER with a total FE of almost 100% (Table
S2-4). Remarkably, the Cul-CO, nanodots achieve a high
C,H, FE of 45.3% at —1.2 V vs. reversible hydrogen elec-
trode (RHE) without iR compensation (Figure 4a), sub-
stantially higher than Cu—CO, (20.5%) at the same potential
(Figure 4d). After iR correction, the potential at the highest
C,H, FE for Cul-CO, nanodots is only —0.92 V vs. RHE
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Figure 3 Catalyst synthesis mechanism investigations. (a) Schematic diagram of the reduction of Cu’" to Cul. (b) The thermodynamic potentials of the
different reactions. (c, d) /n-situ Raman spectra of Cu(OH), in the CO,-saturated 0.2 mol L' KHCO; and 0.1 mol L' KHCO4/KI solutions at —1.2 V vs.
RHE. (e) The adsorption energy of key species during CO,R on Cu(111), Cul(111), Cul(220), and Cul(311) facets. (f) Vacuum CO adsorption electro-
responses under different applied voltages for the Cul-CO,, Cul-N, and Cu—CO, electrocatalysts (color online).

(Figure S7), which is more positive than those of Cul-N,
(=0.96 V vs. RHE) and Cu—CO, (=0.97 V vs. RHE). These
results undoubtedly underscore that Cul with stable Cu” in-
duced by I is beneficial for improved C,H, selectivity. To
explore the importance of the (220) facets, the CO,R per-
formance of another control sample, Cul-N, with less (220)
facet exposure, was investigated for comparison (Figure 4b).
The C,H, FE of Cul-N, is only 35.6% at —1.2 V vs. RHE,
which is lower than that of the Cul-CO, catalyst, high-
lighting the positive contribution of the (220) facets to en-
hanced C,H; production. In fact, under all investigated
potentials, our Cul-CO, nanodots exhibit the highest C,H,
FE compared to the Cul-N, and Cu—CO, controls (Figure
4d). To better evaluate the intrinsic activities of Cul-CO,,
Cul-N, and Cu—CO,, their apparent current densities for

C,H, generation were normalized to electrochemically active
surface areas (ECSAs), which were determined by collecting
cyclic voltammograms in a non-Faradaic region under dif-
ferent scan rates (Figure S8). As plotted in Figure S8d, the
linear slope of Cul-CO, (4.5 mF cmfz) is slightly higher than
those of Cul-N, (4.0 mF c¢m %) and Cu—CO, (4.2 mF cm ),
indicating the larger ECSA of the former. With their contact
resistances and ECSAs in hand, the ECSA-normalized cur-
rent densities of the C,H,-potential curves can be obtained
(Figure 4e). It is clear that the Cul-CO, nanodots show much
better intrinsic CO,R activity for C,H, production than either
Cul-N, or Cu—CO,. Considering their similar particle sizes
(Figure 1d and Figure S9), we believe that the superior CO,-
to-C,H, activity of Cul-CO, can be ascribed to the favorable
(220) facets and stable Cu’ state.
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The stability of the Cul-CO, nanodots in an H-cell was
also examined by the chronoamperometry for CO, electro-
lysis at a constant potential of —1.2 V vs. RHE. The experi-
mental results in Figure 4f demonstrate only a slight decrease
in current density and a small loss of C,H, selectivity over
20 h, even with repeated occasional refreshing of the elec-
trolyte. The robust long-term stability of Cul-CO, nanodots
for C,H, generation from CO,R originates from the stable
Cu’ species and favorable facets, which was corroborated by
the following XPD, XPS and TEM characterizations of the
Cul-CO, nanodots during stability testing.

Sci China Chem

June (2023) Vol.66 No.6 1839

Ex-situ XRD pattern was first conducted to examine the
crystal structure of Cul-CO, nanodots after 20 h of electro-
lysis (denoted Cul-CO,-20) (Figure 5a). The XRD pattern
for the Cul-CO,-20 electrocatalysts clearly displays the
maintenance of Cul, and the peaks attributed to metallic Cu
are lacking even after 20 h of electrolysis. Moreover, the
almost constant ratios of the relative peak intensity of the
(220)/(111) facets for Cul-CO,-20 across the time course
further verify the superior stability of Cul-CO, nanodots.
The Cu LMM Auger (Figure 5b) and I 3d XPS spectra
(Figure S10) of Cul-CO,-20 evidently reveal that the peak at
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Figure 4 CO,R performance in an H-cell. (a—c) The main product distributions at various potentials ranging from —0.9 to —1.4 V vs. RHE in 0.1 mol L’
KHCO4/KI solutions over Cul-CO,, Cul-N, and Cu—CO, electrocatalysts without iR correction. (d) The FEs of C,H, products under different potentials over
the three electrocatalysts. (¢) ECSA-normalized current densities of C,H, products over different electrocatalysts in CO,-saturated electrolytes with iR
correction. (f) CO,R stability test of Cul-CO, over 20 h in 0.1 mol L' KHCO4/KI at —1.2 V vs. RHE (color online).
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570.3 eV attributed to Cu’ and the peak ascribed to I species
can be easily observed, which undoubtedly substantiates that
Cu’ can be stabilized by I ions. The high-magnification
TEM image of Cul-CO,-20 (Figure 5¢) exhibits a uniform
distribution of Cul nanodots with a mean diameter of 5.3 nm,
similar to that of fresh Cul-CO, (Figure 1d). In addition, the
HR-TEM image indicates an interlayer spacing of 0.214 nm,
corresponding to the (220) planes of Cul.

To explore the origin of the robust stability of our Cul-CO,
nanodots, another two control samples, commercial Cul with
a size of approximately 300 nm and thermally synthesized
Cul with a size of approximately 1,500 nm, were subjected
to similar CO,R tests (Figure S11 and Table S5, S6). XRD
patterns of the thermally synthesized Cul show that the
characteristic peak of Cul(111) disappeared at —1.2 'V wvs.
RHE in 0.1 mol L™' KHCOy/KI solutions after 2 h of elec-
trolysis, and the characteristic peak of Cu appeared after 8 h
of electrolysis (Figure S12), indicating its electroreduction to
cu’. Similarly, the XRD patterns of commercial Cul show
that the peak of Cul(111) is gradually weakened after 4 h of
electrolysis and almost disappears after 8 h of electrolysis.
Both are worse than our Cul-CO, nanodots, and the stability
of the three catalysts is in the order of Cul-CO, > com-
mercial Cul > thermal synthesis Cul, opposite to their size
order of 5.3 nm<300 nm<1,500 nm. We thus preliminarily
anticipate that the superior stability of Cul-CO, nanodots is
ascribed to the ultrasmall particle size (large surface area),
which ensures adequate contact with I in the electrolyte for
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the rapid formation of Cul instead of the electroreduction to
cu’. Certainly, more detailed studies are needed in the future.
The excellent stability and performance of Cul-CO, nano-
dots encouraged us to further explore their CO,R perfor-
mance in a flow cell at high current densities.

2.4 Electrochemical CO, reduction in a flow cell

Flow cells have been recently reported to substantially pro-
mote the rate of CO,R (>200 mA cmfz) by taking advantage
of the excellent diffusion of CO, in these reactors. The CO,R
performance of the Cul-CO, nanodots was therefore eval-
uated in a flow cell with an electrode area of 1 cm using 0.5
mol L' KHCO4/KI solution as the electrolyte. Figure 6a
shows the partial current density for C,H, products under
different potentials without iR correction. The Cul-CO,
nanodots show a high C,H, partial current density of
688 mA cm  at approximately —2.2 V vs. RHE (Figure 6a).
Figure 6b and Table S7 show the FEs for C,H, and other
products at various current densities ranging from
400-1,000 mA cm °. As the consumption of CO, due to the
dissolution in the electrolyte will lead to the overestimation
of FEs, we consider the real outlet flow rate of CO, for the
FE calculations (Figure S13) [36,37]. It can be observed that
Cul-CO, achieves a remarkable C,H, FE of 72.4% with a
current density of 800 mA cm . It is worth noting that such a
high C,H, FE with a large current density is superior to those
of many reported Cu-based CO,R electrocatalysts in flow
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Figure 6 CO,R performance in a flow cell. (a) Partial current densities of C,H, products over the Cul-CO, catalyst under different potentials without iR
correction. (b) C,H, FEs on Cul-CO, under different current densities. (¢) Comparison of the CO,R performance of Cul-CO, with that of reported Cu-based
catalysts in the flow cell. (d) Stability test of Cu—CO, over 12 h in 0.5 mol L KHCO4/KI at a current density of 400 mA cm’’ (color online).
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cells, including Cu—F (65% at 800 mA cmfz), anion ex-
change ionomer (AEI)-OD-Cu nanosheets (62% at
800 mA cm72) and molecularly tuned Cu catalysts (72% at
320 mA cmfz) (Figure 6¢ and Table S8). Apart from the high
activity for C,H, production in the flow cell, the Cul-CO,
electrocatalyst also exhibits outstanding stability at a high
current density of 400 mA cm >, as confirmed by the negli-
gible decay of the potential and C,H, FE over the course of
12 h (Figure 6d). Moreover, the XRD pattern of Cul-CO,
after this 12-h testing demonstrates the maintenance of Cul
(Figure S14), evidencing its robust stability again.

2.5 Mechanism studies by in-situ ATR-SEIRS and DFT
calculations

To understand the improved CO,R activity of the Cul-CO,
nanodots for C,H, generation, we performed in-situ ATR-
SEIRS analysis (Figure 7 and Figure S15) and DFT calcu-
lations (Figure 8) [38—41]. The potential-dependent in-situ
ATR-SEIRS spectra as shown in Figure 7 and Figure S15
reveal the adsorption of intermediates for C,H, formation
over Cul-CO,, Cul-N, and Cu—CO, electrocatalysts. Along
with negative scanning potentials from —0.1 V to —1.3 V vs.
RHE, a peak in the 2,068-2,028 cm’ ' corresponding to ad-
sorbed CO (*CO) becomes visible, accompanied by the
progressive emergence of a new shoulder peak due to the
reduction of *CO for Cul-CO, (Figure 7), suggesting the
effective adsorption of *CO intermediates and their rapid
reduction. Moreover, the suitable adsorption of *CO enables
their rapid dimerization through C-C coupling to form
*OCCO species (1,595 cmfl), the key intermediates to
generate C,H, [38,41]. Obviously, the peaks of dimerized

E (V vs. RHE)

(a)
I

0.002

, *OCCO

)

; 13
: -1.2
: S
\ -1.0
! 0.9
'. 0.8
: 0.7
1

I

!

-0.6
-0.5

Absorbance (a.u.)

. -0.4

-0.3
_“—N_‘_"/\""‘W"WM -0.2
—“*”““"/\"W“"W"' 0.1

1800 1400
Wavenumber (cm-")

2200 1000

June (2023) Vol.66 No.6 1841
intermediates *OCCO were detected only on the Cul-CO,
electrocatalysts compared with Cul-N, and Cu—CO, elec-
trocatalysts (Figure S15), indicating the greatest preference
for the C,H, generation over Cul-CO, which agrees with the
electrochemical results (Figure 4a—e). Considering that only
the peaks of dimerized intermediates of *OCCO were de-
tected on the Cul-CO,, we believed that the C,H, generation
mainly proceeds via the *CO dimerization pathways.

DFT calculations were further conducted to gain insights
into the positive roles of Cu” and Cul(220) facets (Figure 8).
The lowest-energy Cu(111) facet and the Cul with (111),
(220) and (311) facets were simplified as models for calcu-
lations (Figure S16). On the basis of the in-situ ATR-SEIRS
results, the reduction steps of CO, to C,H, on both Cu(111)
and Cul(220) start with the hydrogenation of the adsorbed
*CO, to form *COOH, followed by the OH desorption to
generate *CO. Then, two *CO molecules dimerize to
*OCCO, which is finally reduced to C,H,. *CO dimerization
to *OCCO is traditionally considered as the rate-limiting
step of CO, reduction to C,, [14,20,25]. As displayed in
Figure 8a, the Gibbs free energy change (AG«qgcco) for the
*CO dimerization step over both Cu(111) and Cul(220) is
most energy-positive. The AG:sgcco over Cul(220) is only
1.4 eV uphill, much lower than that over the Cu(111) slab
(1.8 eV).

Interestingly, the AGiocco over other facts of Cul, in-
cluding Cul(111) and Cul(311), with respective values of
1.76 and 1.65 eV uphill (Figure 8b), is also lower than that
for Cu(111). These comparisons conclusively accentuate that
Cul(220) is most favorable for *CO dimerization among the
four facets (Figure 8d—g). Moreover, the Cul(220) facet
shows stronger affinity with *OCCO intermediates to ac-
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Figure 7 (a) In-situ ATR-SEIRS spectra on the surface of the Cul-CO, catalyst in 0.1 mol L' KHCO4/KI electrolyte during negative potential scanning
and (b) spectra of the *OH and *OCCO intermediates adsorbed on the Cul-CO, catalyst fitted with Gaussian functions (color online).
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Figure 8 DFT calculation results. (a) Gibbs free energy diagram for CO,R to C,H, on Cu(111) and Cul(220) facets via a direct *CO dimerization pathway.
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celerate their subsequent hydrogenation and more moderate
repellency to C,H, for the following desorption compared
with Cu(111), Cul(111) and Cul(311) (Figure 8c). In other
words, these DFT calculations certainly demonstrate that the
Cul-CO, nanodots with favorable (220) facets and a stable
Cu’ state promote selective CO, reduction to C,H,, which
supports our electrochemical and in-situ ATR-SEIRS ex-
perimental results.

3 Conclusions

In summary, we demonstrate the facile synthesis of cuprous
iodide (Cul) nanodots with favorable (220) facets and a
stable Cu’" state for selective CO, reduction to C,H, by op-
erando reconstruction of Cu(OH), in CO,- and I -containing
electrolytes. The high thermodynamic potential of Cu’’/Cul
relative to Cu2+/Cu+(Cu0) favors the reduction of Cu”" to Cu”
of Cul rather than metallic Cu’, as revealed by X-ray ab-
sorption spectroscopy and in-situ Raman spectroscopy in-
vestigations. DFT calculations and vacuum CO gas
adsorption electroresponse testing confirm that CO,-related
intermediates can function as capping agents to facilitate the

exposure of Cul(220) facets. The small size of nanodots
enables the adequate contact with I which guarantees the
rapid formation of Cul instead of the electroreduction to
cu’. Collectively, the resulting electrocatalyst exhibits a
high C,H, Faradaic efficiency of 72.4% at a large current
density of 800 mA cm > and long-term stability. ATR-
SEIRS and density functional theory results indicate that
the (220) facets and stable Cu’ synergistically facilitate
CO,/*CO adsorption and *CO dimerization for improved
C,H, generation.
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