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The electrochemical CO, reduction reaction (CO,RR) can convert CO, to C, hydrocarbons and oxyge-
nate over Cu-based catalysts, and has great potential to store renewable energy and close the carbon
cycle. Developing a facile method to modify the local electronic structure of Cu is a useful way to design
efficient catalysts. Herein, we design a Pb-doping Cu,O catalyst with controllable Cu®~Cu™ sites. The

-2

catalyst generated a high C, faradaic efficiency (FE) of 83.9% with a current density of 203.8 mA cm™ at
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—1.1V vs. RHE in a flow cell. In situ X-ray absorption spectroscopy and Raman spectroscopy revealed that
the Pb doping in Cu,O could stabilize the Cu®~Cu* structure and enhance the CO adsorption and C-C
coupling, leading to high activity for C, product formation. Theoretical calculations also show that Pb
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Introduction

The electrochemical CO, reduction reaction (CO,RR) can
convert CO, into valuable fuels or chemicals, which have great
potential to mitigate the greenhouse effect, alleviate the energy
crisis, and store intermittent electrical energy.'™ C, products
including ethylene, ethanol, and acetic acid have higher
energy density and economic value per unit mass compared
with their C; counterparts.”® Current research has paid
increasing attention to the enhancement of conversion and
selectivity for CO,-to-C, products. Cu-based catalysts have been
widely studied owing to their excellent performance in the
electrochemical CO,RR to C,. products.’®" Previous studies
show that the Cu’~Cu” sites in Cu-based catalysts are the key
active sites for producing the C,. products, which are favorable
for CO, activation and C-C coupling.’®?® Therefore, it is of
interest to modify the local electronic structure of Cu to
achieve high activity and selectivity for CO,-to-C, products.
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doping could reduce the energy barrier for both CO, activation and C—-C coupling processes.

Unfortunately, the surface Cu" is usually unstable, and it is
prone to be reduced to Cu® at the high applied reducing poten-
tials during the CO,RR, leading to the loss of the performance
of the CO,RR to give C, products.'® '~ Hence, it is extremely
important to stabilize Cu” in the catalysts.>*>” Some strategies
such as surface modification,’”” electropolishing,*® and
doping® can stabilize the surface Cu* species. Among them,
introducing a p-block metal dopant into Cu has been shown to
be a promising strategy. It has been reported that the introduc-
tion of a p-block metal can effectively stabilize Cu" in Cu-based
catalysts.>** Not only that, some p-block metal elements such
as In, Sn, Bi, and Pb have O affinity and can reduce the reaction
energy barrier of the CO,RR, as well as show high overpotentials
for the H, evolution reaction (HER).>*” For example, Xie et al.
screened Cu-based bimetallic catalysts for the CO,RR to form C,.
products and found that Sn, In, Pb, and Bi in Cu-based bi-
metallic catalysts exhibited performances for inhibiting the
HER.* Bai et al. used first-principles calculations to find that Sn
doping into Cu-based catalysts can effectively suppress the HER
without altering the activity toward CO, reduction, thereby
improving the FE of ethanol.’® Li et al. found that introducing Sn
can enhance the surface oxophilicity of Cu-Sn alloy catalysts,
which plays an important role in guiding the protonation of the
key oxygenic intermediate and transforming CO, into ethanol.**
Wang et al. developed Cu-Bi bimetallic aerogels as catalysts,
which successfully improved the faradaic efficiency (FE) of ethyl-
ene in the CO,RR.*” Therefore, developing facile methods to con-
struct p-block metal doped Cu catalysts with controllable Cu’-
Cu' sites is an effective way to realize the CO,-to-C, products with
high efficiency.
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In this work, we have designed a Pb-doped Cu,O electroca-
talyst for highly efficient CO, reduction to C, products. It was
discovered that the FE of C, products could reach 83.9% with
good stability. Experimental and density functional theory
(DFT) studies indicated that the doping of Pb in the catalyst
can stabilize the Cu®~Cu" structure, which could reduce the
energy barrier of CO, activation and C-C coupling. As a result,
it can improve the performance of the CO,RR to form C,
products.

Results and discussion

The detailed fabrication procedures of the electrocatalysts are
discussed in the Methods section. In brief, as shown in
Fig. 1A, 1 mmol of copper sulfate, 5 mL of ethanol, and 2 mL
of oleic acid were added into 15 mL of deionized water and
heated to 80 °C. Then, 5 mL of 1 M NaOH solution and 5 mL
of 2 M glucose solution were added into the flask. The
obtained reddish-brown precipitate was Cu,0.*® Subsequently,
the Cu,O powder was evenly dispersed in the lead acetate solu-
tion and stirred for a long time without light and air. The
mass fraction of Pb doped into Cu,O can be controlled with
different stirring times. After stirring, we can obtain a series of
Pb/Cu,O-x catalysts, where x is the mass fraction of Pb in the
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catalysts measured by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES). The measured mass fraction of
Pb was 1.2%, 2.1%, 3.4%, and 6.2%, respectively. Pb/Cu,O-x
was taken and uniformly loaded on a gas diffusion electrode
(GDE) and electrochemically activated in a 3 M KOH aqueous
solution. Finally, the e-Pb/Cu,0-x GDE was obtained, where e
stands for “after electrochemical activation”.

The structure of e-Pb/Cu,O-x was confirmed through
powder X-ray diffraction (XRD) characterization, which showed
the diffraction peaks of Cu, Cu,O, and PbO (Fig. S1t). This
result preliminarily indicated the co-existence of Cu® and Cu*
in the catalysts. The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of e-Pb/
Cu,0-3.4% are shown in Fig. 1B and C. We can see that e-Pb/
Cu,0-3.4% has a sheet-like morphology with an average dia-
meter ranging from 400 to 600 nm. Other e-Pb/Cu,O0-x had
similar morphological characteristics (Fig. S2t). The high-
resolution TEM (HRTEM) images in Fig. 1D and Fig. S3} show
that the spacings of the lattice fringe for all of the e-Pb/Cu,O-x
were 0.25 nm and 0.21 nm, which can be assigned to the (111)
plane of Cu,0 and (111) plane of Cu, respectively.*>*
Elemental distribution mappings illustrated a uniform distri-
bution of Cu, O, and Pb over the entire architecture (Fig. 1E).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to study the composition and chemical nature of the
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(A) Schematic illustration of the preparation of e-Pb/Cu,O-x. (B) SEM image of e-Pb/Cu,0-3.4%. (C and D) TEM and HRTEM images of e-Pb/

Cu,0-3.4%. (E) Elemental mappings of e-Pb/Cu,0-3.4%. (F) Cu LMM XPS spectra of e-Pb/Cu,0-3.4%. (G) Pb 4f XPS spectra of e-Pb/Cu,0-3.4%. (H)
Cu K-edge XANES spectra of e-Pb/Cu,0-3.4%. (I) Pb L-edge XANES spectra of e-Pb/Cu,0-3.4%.
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catalysts. The spectra of Cu 2p for e-Pb/Cu,0-3.4% (Fig. S47)
displayed the fitting peaks, which were attributed to Cu’ or
Cu® (932.1 eV and 951.9 eV),*"**> and the Auger LMM spectra
of Cu further clarified two fitting peaks at 569.9 eV and 567.9
eV that belonged to Cu® and Cu® (Fig. 1F).**** The spectra of
Pb 4f (Fig. 1G) displayed the two fitting peaks of Pb at 138.5
and 143.2 eV, indicating that the valence of Pb in e-Pb/
Cu,0-3.4% was +2.** The same conclusions can be obtained
from the XPS spectra of other e-Pb/Cu,O-x samples (Fig. S5-
S71). Furthermore, X-ray absorption spectroscopy (XAS) was
used to explore the detailed electronic structures of e-Pb/
Cu,0-3.4%. The X-ray absorption near-edge structure (XANES)
spectra showed that the near-edge absorption energy (E,) of
Cu K-edge for e-Pb/Cu,0-3.4% was between those of Cu and
Cu,O (Fig. 1H). It can be concluded that the average valence of
Cu in e-Pb/Cu,0-3.4% was between 0 and +1.**"*” The coordi-
nation structures for Cu can be confirmed by the extended
X-ray absorption fine structure (EXAFS) spectra (Fig. S8A and
S9A}). The Cu-O coordination of Cu,O and e-Pb/Cu,0-3.4%
were at the same peak (1.52 A). The peak of the Cu-Cu coordi-
nation (2.61 A) of e-Pb/Cu,0-3.4% was between Cu and Cu,O.
These results further indicated the coexistence of Cu,O and Cu
structures in e-Pb/Cu,0-3.4%.

Similarly, the E, of Pb L-edge was almost the same as that
of PbO (Fig. 1I), demonstrating that the valence of Pb in e-Pb/
Cu,0-3.4% was +2.*® The EXAFS spectra of Pb (Fig. S8B and
S9B+) also showed that the Pb-O and Pb-Pb coordination was
similar to those of PbO. These results are consistent with the
data of XRD, XPS, and HRTEM.

The CO,RR electrocatalytic activity of the as-prepared cata-
lysts was carried out in a flow cell. In a typical experiment, the
3 M KOH aqueous solution was used as the electrolyte. "H
nuclear magnetic resonance (NMR) spectroscopy and gas
chromatography (GC) were adopted to determine and quantify
the liquid and gas products from the CO,RR. We can detect
ethanol, acetate, formate, and trace methanol in liquid pro-
ducts, and H,, CO, C,H,4, and trace CH, in gas products. It can
be found that the total FE of C, products with e-Pb/Cu,0-x
showed volcano-shaped dependence on the applied potentials
(Fig. 2A). Significantly, e-Pb/Cu,0-3.4% had the best activity
with the highest C, product FE. The maximum C, product FE
could reach 83.9% with a current density of 203.8 mA cm™ at
—1.1 V vs. RHE (Fig. 2B and C), which is comparable to those
of many reported systems (Table S1f). The FEs of C,H,,
ethanol, and acetate were 32.8%, 42.5%, and 8.6%, respect-
ively. Different Pb contents in the catalysts can affect the CO,-
to-C, product performance obviously (Fig. S101). The FE of C,
products increased with the increase of Pb. However, when the
mass fraction of Pb increased to 6.2%, the yield of CO
increased, and the FE of the C, product was only 54.0%. In
addition, different Pb contents in the catalysts can also affect
the HER in the CO,RR (Fig. S11%). The FE of H, was reduced
until the Pb increased to 3.4%. Then the H, FE increased
when the mass fraction of Pb increased to 6.2%. We then per-
formed electrochemical impedance spectroscopy (EIS) to inves-
tigate the electrode/electrolyte interface properties. The

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

120 300
< PbICL034% " CO I HOOOH I G,

,CO0H -cﬁ;

W ecu0
[ ePbicu,01.2%
I -PbICu,02.1%
I c-PbiCu,03.4%
-PbICU;0-6.2%

a
3

2 g 8
g8 & 8
(z-wo yw -) Aysuap Juaiind [ejo)

a
S

. | | SR SR i B |
c -08 -09 -1 11 -12 13 D -0.8 -0.9 —j -11 -12 -13
Potential (V vs. RHE) Potential (V vs. RHE)
_350 50 =
g ——ccu0 = » ecu0
£ [—o—e.Phicu,0-1.2% o ePbCuOAZL 4
7 oo v ePbiouOSL .
S —+—e-PbICU,0-6.2% o ePbiCu062% .
> = N
.@ £ " .
) e B s
5200 ¥ . o
b 20
o N
5150 & -
3 104 Lt ",
Z100 o, ""s_ —
3 P e
= 0
-08 -09 -1.0 -11 -12 -13 5 10 15 20 25 30 35 40 45 50
E Potential (V vs. RHE) Z' (ohm)
~ 0.0 100
m . .
o o o ° o -
% o5 80
E F60 o
>-1.04 o
s F40 2
- <
<€ -1.5 4
8 20
&
-2.0 T T T T T T T T T 0
0 1 2 3 9 10

4 _5 6
Time (h)

Fig. 2 (A) The FE for C, production over various catalysts at different
applied potentials. (B) The FE of different products and total current
density for e-Pb/Cu,0-3.4% at different applied potentials. (C) The total
current density for e-Cu,0O, e-Pb/Cu,0-1.2%, e-Pb/Cu,0-2.1%, e-Pb/
Cu,0-3.4% and e-Pb/Cu,0-6.2% at different applied potentials. (D)
Electrochemical impedance spectra for e-Cu,O, e-Pb/Cu,0-1.2%, e-Pb/
Cuy0-2.1%, e-Pb/Cu,0-3.4%, and e-Pb/Cu,0-6.2% at the open circuit
potential (OCP) shown as a Nyquist plot. (E) Stability test for e-Pb/
Cu,0-3.4% at a constant current density of 200 mA cm™2.

Nyquist plots were obtained by running the experiments at an
open circuit potential (Fig. 2D). e-Pb/Cu,0-3.4% had lower
interfacial charge transfer resistance, which ensures a faster
electron transfer during the reaction. These results indicated
that appropriate Pb doping in e-Pb/Cu,O-x could improve the
C, product selectivity.

The stability of e-Pb/Cu,0-3.4% in the flow cell system at a
constant current density of 200 mA cm™2 is shown in Fig. 2E.
There was no obvious decay in the potential and FE of C, pro-
ducts during the 10 h test. e-Pb/Cu,0-3.4% after the reaction,
denoted as e-Pb/Cu,0-3.4%-R, was examined by TEM and
XRD. The morphology and structure of the catalysts did not
change notably, further indicating its excellent stability
(Fig. S12 and S13%). The fine structure was analyzed by XAS
(Fig. S147t). The valence and structure of Cu and Pb in e-Pb/
Cu,0-3.4%-R were almost the same as those in e-Pb/
Cu,0-3.4%. These results suggest that the structure of the cata-
lyst can remain stable during the CO,RR.

To explore the behavior of e-Pb/Cu,0-3.4% in the CO,RR,
we carried out detailed experimental analysis. In situ XAS was
first performed to monitor the valence change and coordi-
nation environment of Cu under different potentials. In
Fig. 3A, the Cu K-edge E, of e-Pb/Cu,0-3.4% reflects the
change in the oxidation state. Compared with the data of the
Cu K-edge E, of Cu foil and Cu,0, we can determine the
valence of Cu in e-Pb/Cu,0-3.4% at each applied potential

Green Chem., 2023, 25, 7635-7641 | 7637
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Fig. 3 (A) In situ XANES spectra at Cu K-edge for e-Pb/Cu,0-3.4% at

different applied potentials. (B) The average oxidation state of Cu in
e-Pb/Cu,0-3.4% at different applied potentials from Cu K-edge XANES.
(C) R spatial data of Cu K-edge EXAFS spectra for e-Pb/Cu,0-3.4% at
different applied potentials.

(Fig. 3B). It can be seen that the average valence of Cu in e-Pb/
Cu,0-3.4% decreased from +0.95 at OCP to +0.8 at —0.9 V vs.
RHE, and finally it would be stable around +0.4 under a higher
potential. This indicated that the local electronic structure of
Cu with positive valence sites could be retained during the
CO,RR.*>™ From the EXAFS spectra in Fig. 3C, it can be seen
that the Cu-Cu and Cu-O coordination is close to those in
Cu,0 at —0.9 V vs. RHE, suggesting that e-Pb/Cu,0-3.4% could
still maintain the Cu,O structure, but a small amount of Cu°
appeared. When the applied potential increased to a value
higher than —1.0 V vs. RHE, the Cu-Cu coordination of e-Pb/
Cu,0-3.4% was close to that of Cu foil, and the Cu-O coordi-
nation of e-Pb/Cu,0-3.4% was close to that of Cu,O. The com-
plete Cu,O structure could not be maintained in the catalysts,
and a part of Cu” was reduced to Cu’. These results prove that
the Cu®-Cu’ structure exists in e-Pb/Cu,0-3.4% during the
electrochemical CO,RR.

In situ Raman spectroscopy measurements were conducted
to identify the possible intermediates. As shown in Fig. 4A, the
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Raman peaks around 2060 cm™", 1556 cm™', and 1436 cm™
can be attributed to *CO, *COO~, and *HCOO", respectively.'*
49753 These important reaction intermediates were adsorbed
on the surface of e-Pb/Cu,0-3.4% during the CO,RR, which
could promote the occurrence of C-C coupling and increase
the FE of C, products. The peak at 603 cm™" was attributed to
the Cu,O structure.’>>*>* However, it would disappear when
the applied potential was higher than -1.1 V vs. RHE.
Moreover, the new characteristic peak appeared at 525 cm™,
which can be attributed to Cu0,.”***** 1t suggested the exist-
ence of the Cu’~Cu” structure in the catalysts. The signal of
Cu-CO was also detected at 361 cm™", indicating that the gen-
erated CO was adsorbed on the catalyst.

For comparison, we also obtained the in situ Raman spectra
over e-Cu,O (Fig. 4B). At a potential of —1.1 V vs. RHE, we
cannot observe the CuO, characteristic peak at 525 cm™", indi-
cating that Cu,O was reduced to Cu during the reaction.’®
Compared with the Cu’~Cu” structure, Cu’ had a poor per-
formance for C-C coupling. Therefore, the doping of Pb in the
catalyst could stabilize the Cu®~Cu" structure and improve the
catalytic performance for CO,-to-C, products.

According to Raman data, CO is an important intermediate
in CO,-to-C, products. The increase of CO adsorption on the
catalysts can increase the C, product FE. The detailed experi-
mental procedures of the gas electroresponse experiments are
discussed in the Methods section. The gas electroresponse
experiments clearly showed the capacity for the adsorption of
CO on e-Pb/Cu,0-x and e-Cu,O (Fig. 4C).”® Compared with
other materials, e-Pb/Cu,0-3.4% showed the best capacity of
adsorbing CO. This indicated that moderate Pb doping can
improve the adsorption of a *CO intermediate, leading to high
catalytic performance for C, product formation.

To better understand the reaction mechanism, we per-
formed correlative theoretical calculations through DFT. All
the simulated data and detailed procedures are shown in the
ESIL.T Based on the materials characterization, we have estab-
lished the structural model of e-Pb/Cu,0-3.4%. For e-Pb/
Cu,0-3.4%, a Cu(111) and Cu,0(111) facet heterostructure was
used as a model and a part of Cu in Cu,O was replaced with
Pb (Fig. S151). We named it Cu(111)-Cu,O(111)-Pb. Previous
studies showed that the adsorption of *CO on Cu' is stronger
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Fig. 5 (A) Gibbs free-energy diagrams for CO, activation on different
simulated models. (B) Gibbs free-energy diagrams for C—C coupling on
different simulated models.

than that on Cu®.*®” The Cu,0(111) facet and Cu(111) were
used to compare with Cu(111)-Cu,O(111)-Pb to explore the
effect of Pb doping.

The catalytic pathway of CO, activation is illustrated in
Fig. 5A. It can be seen that the formation of *COOH from *CO,
on the three models was highly endergonic and acted as the
rate-determining step. The Gibbs free energy for *CO, to
*COOH on Cu(111)-Cu,0(111)-Pb was only about 0.33 eV,
which was much lower than that on Cu,0(111) (0.73 eV) and
Cu(111) (0.85 eV). This indicated that the doping of Pb greatly
reduced the reaction energy barrier of *CO, to *COOH, which
contributed to easier CO, activation. The C-C coupling process
was studied subsequently (Fig. 5B). We have compared
different coupling pathways (*CO-*CO, *CO-*COH, *CO-
*CHO, and *CHO-*CHO) and found that the *CO-*COH coup-
ling had a lower Gibbs free energy. The Gibbs free energy of
this coupling process on Cu(111)-Cu,0O(111)-Pb was —0.31 eV,
while it would be highly endergonic on Cu,0O(111) (0.69 eV)
and Cu(111) (2.26 eV).

Therefore, by combining the above simulation data, it is
found that Pb doping can be beneficial not only for the acti-
vation of CO, but also the improvement of the C-C coupling,
leading to the enhancement of the CO,RR to form C,
products.

Conclusions

In summary, a series of Pb-doped Cu,O catalysts have been
successfully designed and synthesized for the efficient electro-
chemical CO,RR to form C, products. e-Pb/Cu,0-3.4% exhibi-
ted the highest performance with a C, product FE of 83.9% in
the flow cell. The catalyst also showed good stability in 10 h. In
situ characterization revealed that Pb doping could stabilize
the Cu’-Cu" structure in e-Pb/Cu,0-3.4% during the electro-
chemical CO,RR, which had strong adsorption ability for the
*CO intermediate. DFT calculations suggested that the doping
of Pb could reduce the reaction energy barrier of *CO, to
*COOH and C-C coupling processes simultaneously. This
work provides a facile strategy for the design of Cu-based cata-
lysts to improve the production of C, products from the
CO,RR. We believe that it may inspire new exploration of elec-
trocatalyst design in the future.

This journal is © The Royal Society of Chemistry 2023
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