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Formate is considered as the most economically viable product of the prevalent electrochemical CO,
reduction (ECR) products. However, most of the catalysts for ECR to formate in aqueous solution often
suffer from low activity and limited selectivity. Herein, we report a novel Ce-doped Bi,Oz nanosheet (NS)
electrocatalyst by a facile solvothermal method for highly efficient ECR to formate. The 5.04% Ce-doped
Bi,Os NSs exhibited a current density of 37.4 mA cm™2 for the production of formate with a high
formate faradaic efficiency (FE) of 95.8% at —1.12 V. The formate FE was stably maintained at about 90%
in a wide potential range from —0.82 to —1.22 V. More importantly, density functional theory (DFT)
calculations revealed that Ce doping can lead to a significant synergistic effect, which promotes the
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Introduction

Nowadays, excessive CO, emission has caused many severe
problems related to the resources, environment, and climate,
known as the “greenhouse effect”.* Therefore, besides reducing
CO, production, converting CO, into fuels or value-added
chemicals seems to be necessary, which is also an urgent
focus of research.”® There are several routes for the chemical
conversion of CO,, including thermochemical,® photochem-
ical,” biochemical,® and electrochemical reactions.®™ Among
these conversion approaches, electrochemical reduction of CO,
powered by renewable energies is more attractive because it
enables better sustainable development of energy and the
environment. Nevertheless, some huge challenges remain in
electrochemical CO, reduction (ECR) in aqueous media, such as
the low activity, even when electrocatalysts and high electrode
reduction potential are applied; the low selectivity, caused by
the competitive hydrogen evolution reaction (HER); and low
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electrocatalysts with heteroatom doping and new insights for boosting ECR into formate.

stability of catalysts.">™* Therefore, it's highly desired to develop
efficient electrocatalysts for ECR.

Formate is viewed as the most economically viable product
of the prevalent ECR products, and it is promising for energy
and industrial related applications.”>™ Recently, various
metallic catalysts have proved to be effective to form formate (or
HCOOH) through ECR.*** Among these electrocatalysts
explored to date, Bi-based materials have been widely investi-
gated because of their low toxicity, earth-abundance, and high
activity. However, various Bi-based electrocatalysts usually
suffer from undesirable activity with a narrow potential window
of high selectivity, a low current density for the formation of
formate and relatively poor selectivity for formate produc-
tion.">?***?% Up to now, a lot of effort has been devoted to
improving the ECR performance of Bi-based electrocatalysts,
such as tuning the size,* controlling the morphology,>*>*3%3*
and heterostructure engineering.*>*® Among these strategies,
element doping to regulate the electronic structure of catalysts
has been regarded as a powerful way to enhance the activity of
ECR. The introduction of heteroatoms (e.g. Sn, S, and B) can
modify the electronic structures of the active sites and result in
optimal adsorption energy of the reaction intermediates.*”*
Cerium-based and ceria oxide-based catalysts are not ideal ECR
electrocatalysts because of their poor intrinsic activity and the
existence of the competitive HER. But some reports have proved
that the activity of some ECR electrocatalysts can be effectively
improved by combining with ceria through rational regula-
tion.*** Therefore, it is reasonable to expect that doping Ce in
Bi-based oxide may improve the activity towards the ECR.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Herein, we report the facile synthesis of Ce-doped Bi,O;
nanosheets (NSs) via a facile solvothermal method. The ob-
tained electrocatalysts showed a remarkable electrocatalytic
activity for the production of formate through ECR in a CO,-
saturated 0.5 M KHCO; electrolyte in a H-cell. 5.04% Ce-doped
Bi, 03 NSs show the highest faradaic efficiency (FE) (95.8%) with
a current density of 37.4 mA cm ™2 for formate at —1.12 V versus
the reversible hydrogen electrode (RHE), which is better than
those of undoped Bi,O; NSs (89.1%, 26.6 mA cm 2). This
sample also possessed a wider negative potential range (from
—0.82 to —1.22 V), in which the FE of formate was about 90%.
Furthermore, 5.04% Ce-doped Bi,O; NSs show a good catalytic
stability over 10 h. Indeed, density functional theory (DFT)
calculations suggest the mechanism for the enhancement in
activity. Finally, we integrate 5.04% Ce-doped Bi,O; NSs with
a dimensionally stable anode (DSA) and achieve battery-driven
CO,/H,0 splitting to formate/O, with excellent activity.

Results and discussion

The Ce-doped Bi,O; NSs and undoped Bi,O; NSs were prepared
in polyol media by a solvothermal method. The details of the
synthetic procedure are shown in Experimental section.} X-ray
diffraction (XRD) patterns (Fig. S1t1) show that these four
samples all display a crystalline phase of cubic Bi,O; (JCPDS no.
27-0052), and four obvious diffraction peaks can be assigned to
the (111), (200), (220) and (311) planes. There is no diffraction
peak associated with CeO, or other types of Ce-based oxide to be
observed in the XRD patterns, indicating that no Ce-based oxide
coexists in Ce-doped Bi,O; NSs. Moreover, the transmission
electron microscopy (TEM) and high angle annular darkfield
scanning transmission electron microscopy (HAADF-STEM)
images show that the undoped Bi,O; product exhibited
a sheet-like nanostructure (Fig. S2a and bt). The high-
resolution TEM (HRTEM) images (Fig. S2ct) of the undoped
Bi,O; NSs show a lattice spacing of about 0.276 nm that corre-
sponds to the {200} facets of cubic Bi,O;. The HAADF-STEM-
EDX images in Fig. S2df demonstrate the uniform distribu-
tion of Bi and O elements in the undoped NSs. The sheet-like
shape is well preserved after doping 5.04% atomic percentage
of Ce in Bi,O3 NSs, as shown in the TEM (Fig. 1a) and HAADF-
STEM (Fig. 1b) images. The HRTEM image of 5.04% Ce-doped
Bi,O; NSs in Fig. 1c shows the fringes with a lattice spacing of
0.278 nm that also corresponds to the {200} facets of Bi,O;. The
expansion of the lattice fringes may result from the larger
atomic radius of Ce compared with that of Bi. Additionally,
elemental mapping images of 5.04% Ce-doped Bi,O; NSs in
Fig. 1d demonstrate that the Bi, Ce and O elements are
uniformly distributed throughout the NSs without any element
aggregation. Furthermore, the morphological, structural and
compositional characterization of the 2.28% and 7.96% Ce-
doped Bi,O; NSs was also carried out (Fig. S3 and S4%). It
should be noted that 2.28%, 5.04% and 7.96% represent the
atomic percentage of Ce, and they were determined by using
inductively coupled plasma atomic emission spectrometry (ICP-
AES). The valence states of Bi and Ce were analyzed by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. S5 and
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S6.1 The only two main peaks in the Bi 4f spectra (Fig. S6a, c, e,
and gf) demonstrate a single oxidation state of Bi*" for the
undoped Bi,O; NSs and three Ce-doped Bi,O; NSs. The XPS
spectra of Ce 3d (Fig. Séb, d, f, and ht) were fitted into 6 peaks
corresponding to the Ce 3ds,, and Ce 3d;,, states. The Vj, Uy, V4
and U, peaks are assigned to Ce*" species, and the remaining
two peaks are associated with Ce®" species.*® This result
demonstrates that the valence states of Ce in Ce-doped Bi,O;
NSs are a mixture of Ce*" and Ce*" (the proportions of Ce*" and
Ce"" are also shown in Fig. S61).

To evaluate the catalytic properties of the Ce-doped Bi,O;
NSs including undoped Bi,O3; NSs toward CO, electroreduction,
the electrocatalytic reactions are carried out in homemade H-
type cells, and the linear sweep voltammetry (LSV) measure-
ments are conducted in 0.5 M KHCO; at normal temperature
and pressure. As shown in Fig. S7,f the negative current
densities for these electrocatalysts in CO, are much higher than
those in an Ar atmosphere, indicating their excellent intrinsic
activities for reduction of CO, and a more favorable ECR activity
over the competitive HER. To identify the reduction products
and current densities at various potentials, the controlled
potential electrolysis is carried out for the four electrocatalysts
(Fig. S8t). The gas-phase products are detected using a gas
chromatograph (GC), and the liquid products are quantitatively
analyzed by ion chromatography (IC). Formate was measured by
ion chromatography according to the standard curve (Fig. S97).
The summarized FEs of all products at various potentials in
Fig. S107 demonstrate that formate is the only liquid product
and also the predominant one among the whole CO, reduction
products. As shown in Fig. 2a, the total negative current density
(Jrota) Of Ce-doped Bi,O3; NSs remarkably increases compared
with that of undoped Bi,O; NSs. Among them, 5.04% Ce-doped

Fig. 1 (a) TEM, (b) HAADF-STEM, (c) HRTEM, and (d) elemental
mapping images of 5.04% Ce-doped Bi,Oz NSs.
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Fig. 2 (a) Total current densities, (b) potential-dependent FE for
formate, (c) formate partial current densities, (d) formate production
rate and (e) energy efficiency for formate for the four samples. (f)
Long-term chronoamperometry test of 5.04% Ce-doped Bi>O3z NSs at
potentials of —1.12 V, and corresponding FEs for H, and CO.

Bi,O; NSs show the highest current density, indicating the best
performance for ECR. Moreover, 5.04% Ce-doped Bi,O; NSs
exhibit the highest FE for formate (Fig. 2b), achieving
a maximum FE value of 95.8% at —1.12 V versus RHE. In addi-
tion, the formate FE stably remains at about 90% in a wide
negative potential range of 400 mV (from —0.82 to —1.12 V). It
should be noted that H, FEs decrease significantly after doping
Ce in Bi, O3 NSs (Fig. S107), which demonstrates that doping Ce
in Bi,O; NSs is helpful to suppress the competing reaction of
the HER. Fig. 2c and d show the formate partial current density
(jacoo ) and formate production rate of these four electro-
catalysts at various potentials, respectively. Obviously, all three
Ce-doped Bi,O; NSs exhibit the higher jycoo and faster
formate production rate at all potentials compared with the
undoped one. In particular, 5.04% Ce-doped Bi,O; NSs ach-
ieved a jucoo of 43.1 mA cm ™2 and a formate production rate
of 0.805 mmol cm > h™" at —1.32 V, which were 1.55 times as
high as those of undoped Bi,O; NSs (27.8 mA cm > and
0.520 mmol cm ™2 h™"). Fig. 2e shows the energy efficiency for
formate (@ucoo ) of the four electrocatalysts at different
applied potentials. After Ce doping, the ®ycoo  of Ce-doped
Bi,O; NSs increases significantly compared with that of undo-
ped Bi,O3 NSs. The ®ycoo of 5.04% Ce-doped Bi,O; NSs
exceeded 50% at potentials ranging from —0.72 to —1.22 V,
while that of undoped Bi,O; NSs is —0.82 to —1.12 V. To the best
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of our knowledge, the ECR performance of 5.04% Ce-doped
Bi,O; NSs outperforms many other reported electrocatalysts in
the H-cell (Table S17).

The stability of 5.04% Ce-doped Bi,O3 NSs is tested through
a long-term chronoamperometry test at —1.12 V. As shown in
Fig. 2f, the current density and FE of H, and CO have no obvious
change over 10 h of electrolysis, demonstrating the favorable
stability of the electrocatalyst. The initial current density was
42.1 mA cm 2, and the final current density was 40.2 mA cm ™2,
a drop of less than 5%. The average FE of formate during 10 h
reached ~93.6%, suggesting that the ECR selectivity was well
maintained. After electrolysis, the morphology of 5.04% Ce-
doped Bi,O;3 NSs is largely preserved (Fig. S11af). In addition,
unavoidable reduction of Bi,O; to metallic Bi happens during
electrolysis, as evidenced by the XRD pattern (Fig. S11bt). This
phenomenon has been reported in other studies on Bi,O5-based
electrocatalysts as well.””~** Consequently, Ce-doped Bi,O3; NSs
have high durability and selectivity towards formate generation
in ECR.

To explore the factors for the enhanced electrocatalytic
ability of Ce-doped Bi,O; NSs, some measurements together
with DFT calculations were performed. As shown in Fig. 3a,
5.04% Ce-doped Bi,O; NSs possess better CO, adsorption
capacity compared with the undoped one, which could improve
the intermediate CO,* formation before further reduction. To
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Fig. 3 (a) CO, adsorption isotherm and (b) Tafel plots for undoped

Bi,Oz NSs and 5.04% Ce-doped Bi,O3z NSs. (c) Calculated free-energy
diagram of the OCHO* intermediate, (d) projected p-orbital DOS of
OCHO¥*, (e) calculated adsorption energy of OCHO#*, and (f) calculated
free-energy diagram of H* for the Bi site on Bi,Oz and Ce-doped
Bi»Os.
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gain deeper insight into the kinetic mechanism for ECR, the
corresponding Tafel slope is fitted (Fig. 3b), which is an indi-
cator of the rate-determining step (RDS). Obviously, the Tafel
slopes for both electrocatalysts are close to the theoretical value
of 118 mV dec ', suggesting that the first electron transfer
process is the rate-determining step (RDS).*®** Furthermore,
5.04% Ce-doped Bi,O; NSs exhibited a lower Tafel slope of
124 mV dec ™" than that of undoped Bi,O; NSs (133 mV dec™ '),
implying its better performance for ECR. Moreover, the elec-
trochemical surface area (ECSA) of these catalysts was measured
(Fig. S127), and Ce-doped Bi,O; NSs exhibited a little larger
slope than that of undoped Bi,O; NSs (Fig. S13%). This result
suggests a slightly increased number of electrochemical active
sites originating from doping Ce. These samples’ activity
normalized to the ECSA (the value of Cq4)) is further calculated
(Fig. S14%), which reveals that Ce-doped Bi,O; NSs show its
intrinsically better electrocatalytic activity for ECR.

DFT calculations are also employed to explore the origin of
enhanced ECR activity of doping Ce in Bi,O3 NSs (calculation
details are shown in the ESI, and the simulation models of
undoped Bi,0; and Ce-doped Bi,O; are shown in Fig. S157).
Fig. 3c shows the free energy diagrams for the conversion of CO,
to OCHO* and eventually HCOOH over the Bi-site on the
undoped Bi,O; and Ce-doped Bi,0;. Both undoped Bi,0; and
Ce-doped Bi,O; show the largest energy barrier for OCHO*
formation, demonstrating that the initial proton-coupled elec-
tron transfer is the potential limiting step. Encouragingly, after
doping Ce, the energy barrier for OCHO* formation decreases
from 1.45 eV for undoped Bi,0; to 0.84 eV for Ce-doped Bi,0;.
That is, it is easier to form the OCHO* intermediate on the
surface of Ce-doped Bi,O; compared to undoped Bi,0s. Besides,
p-projected density of states (pDOS) analysis is shown in Fig. 3d.
After OCHO* adsorption, compared with that of undoped Bi,O3,
the highest peak of total DOS (E}) for Ce-doped Bi,O; is much
closer to the Fermi level (E¢), indicating a higher binding
strength of Ce-doped Bi,O; to OCHO*.*»* Additionally, the
adsorption energy of OCHO* on the electrocatalysts’ surface
was further studied (Fig. 3e). The adsorption energy of OCHO*
on Ce-doped Bi,O; was more negative than that on undoped
Bi,0;. This result demonstrates that OCHO* adsorption on the
surface of Ce-doped Bi,O; is more energetically favorable than
that on undoped Bi,O;, which coincides with the calculation
results of pDOS analysis. Meanwhile, the free energies of H*on
both electrocatalysts are calculated and shown in Fig. 3f. It is
revealed that Ce-doped Bi,O; possesses a higher energy barrier
than the undoped one, indicating that Ce-doped Bi,O; has
lower activities toward H, production. Taken together, the
origin of improved activity in Ce-doped Bi,O; NSs can be
attributed to the significant synergistic effect caused by doping
Ce in Bi,03, that is, the promotion of formation and adsorption
of the OCHO* intermediate for ECR and depression of the
formation of H* leading to suppression of the HER.

As a step further, we pursued AA-size alkaline battery-driven
CO,/H,O0 splitting to explore practical application. A commer-
cial DSA was employed as the anode for the oxygen evolution
reaction (OER). The commercial DSA used here consists of
a thin IrO, layer coated on Ta-coated-Ti foil, and it was chosen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Full-cell electrolysis by coupling 5.04% Ce-doped Bi,Oz NSs
ECR with the DSA OER: (a) OER polarization curve of DSA in 0.5 M
KHCOs3, (b) polarization curve for the ECR-OER full-cell electrolysis, (c)
photograph of the setup of two AA-size alkaline batteries driving ECR-
OER electrolysis and (d) current evolution and corresponding FEs of H,
and CO for the battery-powered ECR-OER electrolysis.

as the benchmark material to couple with 5.04% Ce-doped
Bi,O3; NS ECR. Its OER polarization curve was first collected
using the standard three-electrode setup and is shown in
Fig. 4a. Obviously, the anodic current density reaches 10 mA
cm™2 at ~1.7 V in 0.5 M KHCO; electrolyte, which shows
a decent OER activity. Full cells were then constructed by pair-
ing the 5.04% Ce-doped Bi,O; NS cathode and DSA anode in
a two-compartment cell, and the corresponding typical polari-
zation curve is depicted in Fig. 4b. The ECR-OER couple became
turned on under an external voltage of ~2.1 V and was found to
achieve a current density of 7.6 mA cm ™2 at 3 V. Furthermore,
two AA-size alkaline batteries in series were used as the power
source (with an open-circuit potential of ~3.1 V) to drive the
full-cell CO,/H,O splitting (Fig. 4c). A source-meter was con-
nected to continuously monitor the current evolution. The
current density starts at 9.5 mA cm 2, slightly decreases and
stabilizes at 8.5 mA ¢cm ™ till the end of the 5 h evaluation
(Fig. 4d). Analysis of the reduction product shows that the
average formate FE is 88.9%, and the FEs of H, and CO are also
stable. The current density of the device is relatively low because
the potential on the cathode is not negative enough. If the
external power source can be designed properly, the practical
feasibility for the ECR-OER device will be further improved.

Conclusions

In summary, we constructed a series of Ce-doped Bi,O; NS
electrocatalysts with different atomic percentages of Ce through
a facile solvothermal approach. The 5.04% Ce-doped Bi,O; NSs
possess superior activity and selectivity for CO, electroreduction
to formate in aqueous solution. They exhibited a current density
of 37.4 mA cm > with a high FE of 95.8% for formate at —1.12 V,
and the formate FE was stably maintained at about 90% in
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a wide potential range from —0.82 V to —1.22 V. Furthermore,
some measurements together with DFT calculations were per-
formed to explore the factors for the enhanced electrocatalytic
ability. Our work demonstrates a facile doping strategy to
fabricate novel Bi-based electrocatalysts, and we expect that this
study can be extended to other types of highly efficient elec-
trocatalysts for ECR.
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