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The crystal facet of electrodes is one of the main factors affecting the activity of CO, electroreduction.
Herein, a new ionic liquid (IL)-based electrolysis-deposition (ED) method was developed for modulating
the Pb crystal facet to boost CO, electroreduction. ED-Pb with an electrodeposition time of 900 s
showed a high formate partial current density of 110.8 mA cm™2 with over 80% formate faradaic efficiency
at —2.4 V (vs. Ag/Ag*), which is much higher than values using a Pb planar electrode with 19.8 mA cm—
partial current density and 70% faradaic efficiency. Experimental results and density functional theory cal-
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culations revealed that ED-Pb catalysts have the dominant Pb(111) crystal facet due to the different
adsorption energies of the IL on the crystal facet, and the improved performance is attributed to the low
Gibbs free energy of OCHO* intermediates on the Pb(111) crystal facet. This work provides a new strategy
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Introduction

Electrochemical CO, reduction reaction (CO,RR) to value-
added products using renewable energy has been considered
as an economically attractive approach for reducing the
amount of CO, in the atmosphere."™ Among the possible CO,
electroreduction products, formate as an important chemical
intermediate and hydrogen carrier, is one of the most econ-
omical and viable products of the CO,RR.> Over the past
decades, vigorous efforts have been made to develop electrore-
duction systems for high-efficiency CO,RR to formate. To date,
some active metal electrocatalysts, such as Bi, Sn, In, and Pb,
have been used for CO, electroreduction to formate with sig-
nificant progress.’®?> Among these metal electrocatalysts, Pb-
based electrocatalysts are stable, hardly react with water and
air, and are cheaper than those of other metals. At the same
time, Pb-based catalysts have been widely studied for CO, elec-
troreduction due to their high selectivity for formate products
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for regulating the structures of electrocatalysts for high-activity CO, electroreduction.

and intrinsic inertness of the hydrogen evolution reaction
(HER)."*™*®> However, most of the reported Pb-based catalysts
still suffer from a low formation rate that leads to unsatisfac-
tory CO, electroreduction performance.'®™®

In recent works, some means have been proposed to stabil-
ize the reaction intermediates and improve the activity of CO,
electroreduction to formate by Pb-based catalysts."®** In
terms of catalyst design, the selectivity of Pb-based catalysts is
dependent on surface morphology, crystal surface structure,
and structural composition.>* > Electrodeposition can lead to
special morphology with large electrochemically active surface
areas that are hypothesized to be catalytically active sites.>®
Guay et al.*’ designed honeycomb porous Pb films, which can
significantly increase the formate current density (Jjrormates
7.5 mA cm %) and faradaic efficiency (FE¢ormate, 97%). The
enhanced performance of the porous Pb films was attributed
to the dendritic secondary structure that could help to stabilize
the intermediates in the boundary layer. In addition, ionic
liquids (ILs), as new solvents, can be directly used as reaction
solvents to regulate the crystal facets of catalysts.”®*° For
example, Zhang et al®® used 1-hexyl-3-methylimidazolium
tetrafluoroborate ([Hmim][BF,]) as the solvent to prepare the
flowerlike In,S; catalyst with a dominant (440) crystal facet,
exhibiting a formate formation rate of 478 ymol cm™> h™" with
86% FEfyrmate. Moreover, ILs not only modified the catalyst
crystal facet but also improved the current density and product
selectivity as CO,RR electrolytes.*** Although the CO, electro-
reduction to formate system has been extensively studied, it is

This journal is © The Royal Society of Chemistry 2023
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still extremely challenging to achieve satisfactory formate for-
mation rates using Pb-based materials.

Herein, a novel IL-based electrolysis-deposition method for
modulating Pb crystal facets (ED-Pb) was proposed, which can
significantly enhance the activity of CO, electroreduction to
formate. This electrolysis-deposition process was observed by
an operando optical microscope (OM), and ED-Pb catalysts
with different crystal facet ratios were obtained by altering the
electrodeposition conditions. Furthermore, combined with
experimental characterization techniques and density func-
tional theory (DFT) calculations, the mechanism of high CO,
electrochemical performance to formate by ED-Pb electrodes
was systematically investigated, which will provide a new and
efficient method for modifying the catalyst crystal facet to
boost CO,RR activity.

Experimental section
Fabrication of ED-Pb electrodes

ED-Pb electrodes were prepared by the IL-based electrolysis-
deposition method at room temperature. The cell is an ordin-
ary H-type electrolytic cell separated by Nafion 117 membrane.
Before electrolysis-deposition experiments, Pb planar electro-
des (>99.9%, area: 1 x 1 cm? thickness: 0.5 mm) were
polished with #600 and #2000 sandpaper until the surface was
smooth and then washed with water and acetone in sequence.
The pre-treated Pb planar electrodes, Ag/Ag’, and platinum
gauze were used as the working electrode, reference electrode,
and counter electrode, respectively. Unless stated otherwise, all
the potentials in this study were versus the Ag/Ag" reference
electrode. The working and reference electrodes were placed in
the cathode chamber with 0.5 M 1-butyl-3-methylimidazolium
trifluoroacetate ([Bmim][TFA], Fig. S1t)/acetonitrile (AcN) solu-
tion, while the counter electrode was placed in the anode
chamber with a 0.1 M H,SO, solution as the electrolyte.

A two-step electrolysis-deposition process with switching
cathode/anode of the H-type cell was used to prepare highly
active ED-Pb electrodes. First, the electrolysis process was
carried out at —0.1 A for 900 s to form Pb ions by polarizing
the Pb planar electrode. Second, the deposition process was
carried out at a constant current (such as 0.1 A for 900 s) and
the Pb ions were reduced to form the active ED-Pb electrode.
The deposition morphology and crystal facet of ED-Pb electro-
des could be tuned by applying different deposition times and
currents (450 s-0.2 A; 900 s-0.1 A: 1800 s-0.05 A; and 3600
s-0.025 A; total charge of 90 C) during the deposition process,
and the corresponding electrodes were annotated as ED-Pb-
450, ED-Pb-900, ED-Pb-1800, and ED-Pb-3600, respectively.
After the electrolysis-deposition process, the obtained black-
colored ED-Pb electrodes were further washed with AcN and
dried under an N, atmosphere.

Physical characterization

An operando optical microscope (OM) study was carried out
using a SangNond light microscope (SN0745-SN108060SDU).
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The morphologies of the ED-Pb electrodes were detected by
scanning electron microscopy (SEM, Hitachi SU8020) and
transmission electron microscopy (TEM, JEOL JEM-2100
system). The crystal structures of the ED-Pb electrodes were
investigated by X-ray diffraction (XRD, Rigaku Smartlab diffr-
actometer) using a Cu Ka (4 = 1.5418 A) radiation source with a

scanning rate of 15° min~".

Evaluation of CO, electroreduction performance

All the CO, electrochemical experiments were performed in a
H-type cell using an electrochemical workstation (CHI660E,
Shanghai Chenhua Instrument Co, Ltd). The ED-Pb electrodes
were used as the working electrode, and Ag/Ag™ and platinum
wire were used as the reference and counter electrodes,
respectively. The working and reference electrodes were placed
in the cathode chamber with 1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PF¢])/AcN-H,0 solution
mixture, while the counter electrode was placed in the anode
chamber with a 0.1 M H,SO, solution as the electrolyte. The
electrochemical performances were characterized by linear
sweep voltammetry (LSV), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS). LSV was carried out
in a potential range of —1.5 to —2.4 V at a scan rate of 20 mV
s™'in N, or CO,-saturated IL electrolyte. The electrochemically
active surface area (ECSA) was determined by the double-layer
capacitances calculated from a plot of discharging current
density vs. scan rate, while the electric double-layer capaci-
tance was determined by CV measurement at various scan
rates (10 to 100 mV s™') from potentials of —0.7 to —0.8 V. EIS
was performed within a frequency range of 0.01 to 0.1 MHz.
CO, electroreduction was carried out at various constant
potentials (—2.0 to —2.4 V) for 1 h. During the reduction
process, CO, was continuously bubbled into the reactor with a

gas flow rate of 30 mL min™".

Results and discussion

A schematic diagram of the ED-Pb electrode preparation
process is shown in Fig. S2.f Compared with the catalyst
preparation methods reported in previous literature (solvent-
thermal reaction, chemical vapor deposition and chemical
etching),>®**?> the preparation of ED-Pb catalysts in IL electro-
Iytes by electrolysis-deposition requires mild conditions, short
time, and a simple preparation process. The obtained catalyst
can be directly used for catalytic reactions, avoiding the
addition of binders.*®*” Conventional electrodeposition was
carried out in a mixed solution containing metal salts with
other solutes.””**3° We obtained Pb** metal ions by electroly-
sis, and then electrodeposition was performed to produce
ED-Pb electrodes to achieve efficient utilization of metal ions
in this work. At the same time, the electrolyte undergoes no
change and can be recycled after the whole electrolysis-depo-
sition process.

To monitor the dynamic Pb electrolysis-deposition reaction
in the [Bmim][TFA] electrolyte, an in situ OM investigation was

Green Chem., 2023, 25, 2846-2852 | 2847
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Fig.1 In situ OM images of the Pb planar electrode in 0.5 M
[Bmim][TFA]/AcN electrolyte (a) at —0.1 A for 900 s in the electrolysis
process and (b) at 0.1 A for 900 s in the electrodeposition process. (c)
Cyclic voltammograms of the Pb planar electrode at —0.6 to —2.0 V after
the Pb electrolysis process (the inset illustration: relationship between
\/v and ji,c). (d) XRD patterns of the Pb standard PDF card (No. 04-0686)
and ED-Pb electrodes with different deposition times.

conducted. A set of typical visualization results are shown in
Fig. 1a and b (see ESI IIT for the video of the electrolysis-depo-
sition process). The Pb planar electrode was quite uniform
before electrolysis. The surface of the Pb planar electrode
drops gradually relative to its starting position at a current of
—0.1 A, indicating that the Pb planar electrode is polarized to
form Pb ions. Subsequently, at a current of 0.1 A, a black
material was deposited and grew quickly to cover the Pb
planar electrode surface, which could be due to the reduction
of Pb ions in the solution to Pb. The same electrolysis-depo-
sition process was carried out in an aqueous solution and IL
electrolytes, and the potential curve over time is shown in
Fig. S3.f In aqueous solutions, the oxidation potential was
approximately 2 V (Fig. S3bf) and the experimental results
showed that a large number of bubbles are generated on the
Pb electrode surface, which is more prone to the oxygen evol-
ution reaction. The IL electrolytes included 1-butylpyridinium
chloride ([BPy]|[Cl]), tetrabutylphosphine chloride ([P4444][Cl]),
1-butyl-3-methylimidazolium chloride ([Bmim][Cl]), 1-butyl-3-
methylimidazolium acetate ([Bmim][Ac]), and 1-butyl-3-methyl-
imidazolium  bistrifluoromethanesulfonate  ([Bmim][NTf,])
(Fig. S47). As can be seen from Fig. S3,T the potential curves of
the three ILs ([BPy][Cl], [P4444][Cl], and [Bmim][Cl]) containing
the Cl” anions with different cations were similar to
[Bmim][TFA], and the black material was found on the Pb
planar electrode in all three IL electrolytes. It can be seen that
the cations of ILs have little effect on the electrolysis-depo-
sition process. At a current density of 0.1 A in the [Bmim][Ac]
electrolyte, the applied potential exceeds the range of the
electrochemical station (CHI 660E, potential range of +10 V)
and the electrolysis process is terminated (Fig. S3fT). When the
IL contains halogens ([Bmim][NTf,] and [Bmim][Cl]), a similar
curve appears, and a black material appears on the Pb planar
electrode surface, mainly because the halogen ion radius is
small and the reactivity is high. Then the substrate can be
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quickly corroded in the early stage of polarization, intensifying
the dissolution of Pb in the form of ions.*®*! These results
indicated that the electrolysis-deposition process depends on
the composition of the electrolyte, and the IL electrolyte con-
taining halogens can promote the oxidation of Pb to Pb ions.

To study the valence state of the Pb ions in the IL electro-
Iyte, cyclic voltammograms (CV) after the Pb electrolysis
process at different sweep rates, including 10, 20, 40, 60 and
80 mV s™', were obtained as shown in Fig. 1c. The reduction
potential of Pb was about —1.2 V, which is close to the stan-
dard electrode potential of Pb*" (-0.1251 V vs. RHE).*?
Subsequently, an equal molar amount of Pb(CH;COO), was
added to the 0.5 M [Bmim][AC]/AcN electrolyte to observe the
deposition CV curve with a reduction potential of —1.23 V
(Fig. S3ht). From the electrolysis-deposition process, it could
be inferred that Pb is firstly oxidized to Pb®*, and then Pb*" is
reduced to form metallic Pb. The Pb electrodeposition reaction
is controlled by multiple facets, including kinetics, crystallo-
graphic thermodynamics, and ion diffusion. Thus, based on
the CV results, it can be seen that as the scan rate increased
from 10 to 80 mV s™', the reduction potential peak moved
from —1.11 to —1.21 V and the reduction current density peak
(Jpe) gradually increased from 3.49 to 8.94 mA cm
Therefore, the Pb electrodeposition process is irreversible. The
linear relationship between the square root of the scan rate
(\/v) and jp. is shown in the inset of Fig. 1c, which indicates
that the Pb electrodeposition process is controlled by
diffusion. These results show that the electrodeposition
process is complex and the parameters of the electrolysis-depo-
sition process directly affect the structure of ED-Pb.****

To understand the structures of electrodes, the powder
X-ray diffraction (XRD) technique was utilized to reveal the
crystal facet composition of the Pb electrode. As shown in
Fig. S5,F the peak positions of the Pb planar electrode before
and after electrolysis are 31.3°, 36.3°, 52.2°, 62.1°, 65.2°, 76.9°,
85.4° and 88.2°, corresponding to the Pb crystal facets of (111),
(200), (220), (311), (222), (400), (331) and (420) (JCPDS card No.
04-0686), respectively. The relative peak intensity ratio of the
Pb planar electrode at Pb(111) : Pb(200) (I317 : I500) Was also cal-
culated. The I44 : Io of the Pb planar electrode before electro-
lysis was 2.0, while the I;4;:I,00 of the Pb planar electrode
after electrolysis was 1.67, indicating that metallic Pb is polar-
ized to form Pb®" ions during the electrolysis process. The
diffraction peaks of all the ED-Pb electrodes were the same as
those of Pb (JCPDS card No. 04-0686) (Fig. 1d), and the
L1 : Iroo Of the ED-Pb electrodes were calculated as 2.17, 3.20,
2.40, and 2.38 from ED-Pb-450 to ED-Pb-3600. The clear lattice
fringes were observed on the TEM images of the ED-Pb-900
electrode, and the fringe spacing of 0.285 nm was consistent
with the interplanar spacing of the Pb(111) crystal facet
(Fig. S671). Therefore, ED-Pb-900 electrodes have a dominant
crystal facet of Pb(111) compared to that of Pb(200). The
experimental results indicated that ED-Pb electrodes with
different relative peak intensity ratios can be adjusted by
varying the applied deposition parameters. In order to under-
stand the ED-Pb electrode with the dominant Pb(111) crystal

This journal is © The Royal Society of Chemistry 2023
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facet, we studied the surface energy of the Pb crystal facet
using computational analysis. The surface energies of the Pb
(111) and Pb(200) crystal facets were 0.0278 and 0.0343 eV A2,
respectively (Fig. S7at). It was reported that the lower surface
energy of the crystal facet would result in a slower growth
rate.”® In addition, the adsorption energy of [Bmim][TFA] on
the Pb(111) and Pb(200) crystal facets was calculated. The
adsorption energy on Pb(111) is —1.16 eV, which is lower than
the adsorption energy on Pb(200) (—1.02 eV) (Fig. S7bt), and
the low adsorption energy will inhibit the growth of the crystal
facet. Therefore, ED-Pb electrodes have a dominant crystal
facet of Pb(111) compared to Pb(200).

The electrolysis-deposition of the Pb planar electrodes not
only avoids using binders (e.g. Nafion), which always causes a
complex electrode preparation process and unstable electrode
interface, but also facilitates the formation of various micro-
structures by tuning the deposition parameters.”” The elec-
trode morphology has a critical effect on the CO,RR.**?%¢
Therefore, SEM was used to characterize the morphology of all
the Pb electrodes. Compared with the smooth Pb surface
before electrolysis, the surface of the Pb planar electrode after
electrolysis is rougher (Fig. S8t), which is favorable for the next
electrodeposition process.””*® As the electrodeposition time
increased, the total structural size of ED-Pb increased
(Fig. S9at). The ED-Pb electrodes with different edge mor-
phologies were observed (Fig. S9b-gi). A wheat spike of
approximately 1 to 5 pm in size was formed at the edge of
ED-Pb-450. At a deposition time of 900 s, sharp needles of
approximately 5 to 20 pm in length were formed. When the
deposition time increased from 1800 to 3600 s, the edge of the
ED-Pb electrodes gradually became regular and the crystal
grain size also increased. It was also noted that ED-Pb electro-
des with different morphologies can be formed by adjusting
the deposition conditions.**>°

The CO,RR was performed on ED-Pb electrodes and the
performance of a Pb planar electrode was used for compari-
son. As shown in Fig. 2a, the ED-Pb electrodes exhibit a much
higher current density than the Pb planar electrode under
CO,-saturated [Bmim][PF]/AcN-H,O electrolyte within the
investigated potential range. Remarkably, the reduction onset
potential of ED-Pb-900 is approximately —1.89 V, which is
much more positive than that of other electrodes. Compared
with the polarization curve under a CO, atmosphere, ED-Pb-
900 shows a smaller current density under an N, atmosphere,
which further proves the CO,RR activity. Integrating the cata-
lyst characterization results with electrochemical performance,
it was inferred that the structure of ED-Pb electrodes plays an
important role in altering the CO,RR performance.

The relationship between FEg,mate and the applied poten-
tial of all the Pb electrodes is exhibited in Fig. 2b. The applied
potential and formate selectivity showed a typical volcano-
trend variation. The FE¢omate Of ED-Pb-900 ranges from 40% to
86.4% depending on the applied potential, which is higher
than the FE¢ymate Of the Pb planar electrode and other ED-Pb
electrodes. As the overpotential increased, the peak FE¢yrmate Of
the ED-Pb-900 electrode was 86.4% at the optimal potential

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The LSV curves of ED-Pb electrodes and the Pb planar elec-
trode in CO, or Nj-saturated 30 wt% [Bmim][PF¢l/AcN-H,O (5 wt%)
electrolyte (temperature: 25 + 3 °C, without stirring). (b) The FE¢ormate
and (c) jiormate Values of the ED-Pb electrodes and the Pb planar elec-
trode at various applied potentials (temperature: 25 + 3 °C, with stirring
and CO; flow rate: 30 mL min~2). (d) The formate formation rate of the
ED-Pb-900 and Pb planar electrodes at different applied potentials.

(=2.2 V), while the side products were CO (7.84%) and H,
(0.78%). The FEgormate Of other ED-Pb electrodes at the optimal
potential (2.2 V) ranged from 76.9% to 84%, and the FE
values of other electroreduction products are displayed in
Fig. S10.t When the applied potential is more negative, it is
conducive to the hydrogen evolution reaction inhibiting the
production of formate. Current density is another important
parameter to evaluate the CO,RR activity. The increasing
relationship between jormate and applied potential is shown in
Fig. 2c. ED-Pb-900 exhibited the highest jiormate, and the jormate
value of 110.8 mA cm™? at —2.4 V is approximately 1.3, 1.1, 1.4,
and 5.6 times higher than those for ED-Pb-450 (83.2 mA
cm™?), ED-Pb-1800 (100.6 mA cm™?), ED-Pb-3600 (81.8 mA
ecm~?), and Pb planar electrodes (19.8 mA cm™?), respectively.
It is worth noting that the formate formation rate of ED-Pb-900
(1022.2 pmol h™" em™) is much larger than that of the Pb
planar electrode (141.4 pmol h™ em™) at —2.2 V and a
superior formate formation rate of ED-Pb-900 (2067.2 pmol
h™ em™) is obtained at —2.4 V (Fig. 2d). According to
Fig. S11, the equilibrium potential for formate is —1.68 V vs.
Ag/Ag" in the 30 wt% [Bmim][PFe]/AcN/H,O (5 wt%) electro-
Iyte. Therefore, the overpotential of ED-Pb-900 in the IL elec-
trolyte system is 0.52 V when it reaches the maximum FE¢omate
with the highest energy efficiency of 48.5% (Fig. S12%). In
summary, these results indicated that ED-Pb-900 has a higher
CO, electroreduction current density and better selectivity of
formate than the Pb planar electrode. Compared with other
state-of-the-art Pb-based metal catalysts (Table S17), ED-Pb-900
shows excellent performance, especially jrormate, Which is much
higher than most of the Pb-based metal catalysts previously
reported (Fig. 3).
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Whether the CO, electroreduction performance of an elec-
trode can maintain long-term stability is of great importance
for practical applications. Therefore, the stability of the ED-Pb-
900 electrode was measured by five sequential CO, electrore-
duction experiments under corresponding optimal potentials
in the [Bmim][PF)/AcN/H,O electrolyte (Fig. S137). The results
indicated that there is no obvious decay in either FE¢,mate OF
Jformate during the stability test. The XRD and SEM results after
the electroreduction experiments indicated that the crystal
structure and the morphology of ED-Pb-900 remained
unchanged (Fig. S147). These experimental results further con-
firmed the excellent stability of the ED-Pb-900 electrode.

To quantitatively analyze and understand the catalytic per-
formance of Pb-based electrodes, the electrochemically active
surface area (ECSA) of the ED-Pb electrodes and the Pb planar
electrode was calculated (Fig. S15-S19%). The ECSA of ED-Pb-
900 (16.1 pF cm™) was 4.73-fold higher than that of the Pb
planar electrode (3.4 pF cm™?) (Fig. 4a), suggesting that the
electrolysis-deposition process can significantly increase the
number of exposed active sites, which is beneficial to improve
the current density of the CO,RR.>! Electrochemical impe-
dance spectroscopy (EIS) experiments were performed to inves-
tigate the effect of ED-Pb electrodes on the kinetics of the
CO,RR (Fig. 4b). It was found that the R . of ED-Pb-900 (0.49 Q
cm™?) is 78% lower than that of the Pb planar electrode (2.3 Q
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Fig. 4 (a) Charging current density differences plotted against scan rate
and (b) the Nyquist diagrams of ED-Pb electrodes and the Pb planar
electrode.
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cm™?), which is the smallest value among the ED-Pb electro-
des. The lower R, value of ED-Pb-900 indicated a faster charge
transfer rate between the electrode and electrolyte, implying
that the adsorbed CO, molecules easily obtain electrons to
form intermediates. Therefore, tuning the structure of ED-Pb
electrodes can efficiently enhance the ECSA and decrease the
interfacial charge transfer of the CO,RR.

The reaction pathway for CO, electroreduction to formate
mainly contains two steps: step 1 is the transfer of a proton-
electron pair to CO, to form the *OCHO intermediate; step 2 is
the formation of formic acid/formate product from the inter-
mediate *OCHO with a second proton-electron pair.”> To
understand the mechanism underpinning the outstanding
performance of ED-Pb-900, DFT calculations were performed
on the reaction energetics over the Pb(111) and Pb(200) crystal
facets, which include competitive *OCHO, *COOH and *H
paths. Comparing the projected density of states (PDOS) of a
Pb atom on Pb(111) with that on Pb(200) before *OCHO
adsorption, the position of the d-band center for Pb(111) is
closer to the Fermi level than that of Pb(200), indicating that
Pb(111) is more favorable to the binding and activation of CO,
(Fig. 5a). The optimized configurations of *OCHO and *COOH
intermediates on the Pb(111) and Pb(200) crystal facets are dis-
played in Fig. S20.1 The *OCHO intermediates were adsorbed
on both crystal facets via two oxygen atoms. The bond lengths
and angles of the optimized configuration of intermediates are
summarized in Table S2.} As shown in Fig. 5b, Pb(111) exhibi-
ted the most negative adsorption energy on the *OCHO inter-
mediate, which indicated that Pb(111) is favored to stabilize
*OCHO, which is beneficial to decrease the onset potential
and enhance selectivity of formate. In addition, the Pb(111)
crystal facet (0.299 eV) showed a lower free energy barrier for
formate formation than the Pb(200) crystal facet (0.398 eV),
which meant that the Pb(111) crystal facet is more energy-
favorable for producing formate (Fig. 5¢ and d). Furthermore,
the free energy diagram of competitive *H and *COOH inter-
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—— Pb(200) 105 ey _05 Jrocko
e 4 ‘ s
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Fig. 5 (a) Projected density of states of Pb(111) and Pb(200). (b) The
adsorption energies of *OCHO on Pb(111) and Pb(200). Calculated
Gibbs free energy diagrams of *OCHO, *COOH, and *H on (c) Pb(111)
and (d) Pb(200).
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mediates is also provided as a descriptor as shown in Fig. 5¢
and d. The relatively high free energy barriers of *H and
*COOH intermediates on the two Pb crystal facets indicated
that they are not conducive to the occurrence of the hydrogen
evolution reaction and CO, electroreduction to CO. To further
explore the interaction between the Pb(111) crystal facet and
these intermediates, we calculated the DOS of the *OCHO and
*COOH intermediates adsorbed on Pb(111). The PDOS of the
O atom in the adsorption of *OCHO and *COOH by Pb(111)
were analyzed by decomposing the electron density and the
wave function into the atomic orbital contributions. As shown
in Fig. S21,1 large overlaps between the O of *OCHO and Pb
atoms of the Pb(111) surface indicated that Pb(111) has a
strong interaction effect with the O atom in the *OCHO inter-
mediates, which contributes to the absorption and stabiliz-
ation of the *OCHO intermediates on the Pb(111) crystal facet.
In summary, ED-Pb-900 with more Pb(111) crystal facets than
Pb(200) crystal facets shows higher CO,RR activity.

Conclusions

In this work, the IL-based electrolysis-deposition preparation
of Pb electrodes for effectively promoting CO, electroreduction
to formate was proposed and proved by experiments and simu-
lation calculations. The electrolysis-deposition process
depends on the composition of the electrolyte. The halogen-
containing IL electrolytes could promote the oxidation of Pb to
Pb>" and the ED-Pb electrodes with different relative peak
intensity ratios were prepared by altering the deposition con-
ditions. Therefore, due to the low surface energy of Pb(111)
and the low adsorption energy of [Bmim][TFA] on Pb(111),
ED-Pb electrodes have a dominant Pb(111) crystal facet. The
performance of the CO,RR to formate was gradually improved
with increasing I;11:l,00 Of the ED-Pb electrodes. At —2.4 V,
compared with the Pb planar electrode (70% FE, 19.8 mA
cm™?), ED-Pb-900 had significantly improved CO,RR perform-
ance (80.0% FE, 110.8 mA cm ). In particular, an excellent
formate formation rate of up to 2067.2 pmol h™' em™ at —2.4
V was obtained for ED-Pb-900, which is 5.6 times higher than
that of the Pb planar electrode. Based on the relationship
between the structures and electrochemical activity, the excel-
lent performance of ED-Pb electrodes was attributed to the pre-
ferential exposure of the Pb(111) crystal facet, the larger elec-
trochemically active surface area, and the lower interfacial
charge-transfer resistance. The DFT calculation results proved
that the free energy of *OCHO on Pb(111) (0.299 eV) is smaller
than that on Pb(200) (0.398 eV), resulting in a high intrinsic
activity for CO, electroreduction to formate. This electrolysis-
deposition strategy provides a new and efficient method of
modifying catalysts for the CO,RR.
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