Downloaded via SOUTH CHINA NORMAL UNIV on November 27, 2024 at 01:41:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Coupling [Bmim]PF, and Pd NPs Modulated MOF-Based Material for
Synergetic Regulating Electrocatalytic CO, Reduction

Peng Chen,’ Yi-Rong Wang,§ Hui Shui, Li-Ping Tang, Su-Hao Wu, Feng-Cui Shen,* and Ya-Qian Lan*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.inorgchem.4c03960

ACCESS |

ABSTRACT: Metal—organic frameworks (MOFs) with a large number of
active sites and high porosity are considered to be good platforms for the
carbon dioxide electroreduction reaction (CO,RR) but with confined low
conductivity or low efficiency. Here, Pd-[Bmim]PF,/Cu-BTC with
exceptional selectivity and electron-transfer ability is elaborately designed
by introducing ionic liquids (ILs) into the MOFs. ILs favor promoting the
overall current density of the catalysts, and the introduction of Pd atoms
combined with O atoms on the catalyst surface reconfigures into strong
Pd—O bonds, improving the desorption efficiency of *CO. The unique
structure of the catalyst Pd-[Bmim]PF,/Cu-BTC leads to a significant
improvement of the C; product with a high Faraday efficiency (FE) of
99.36%, especially for carbon monoxide (CO) with an FE of 93.18% (—1.1
Viug)- The exceptional performance of the catalyst is verified by density
functional theory (DFT) calculations, and the reduction of the free energy required by *HOCO as a key intermediate for CO
production was only 0.12 eV, providing new insights to improve the electrocatalytic performance of MOF-based materials for the
CO,RR. In this research, an effective and promising strategy that configures active sites by larger current density is proposed to
enhance the efficiency of the CO,RR.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

Considering the urgency of developing and constructing a
sustainable carbon-neutral strategy, the conversion of carbon
dioxide into fuels and chemicals is one of the effective
technological approaches to the utilization of carbon dioxide."”
The emerging carbon dioxide electroreduction reaction
(CO,RR) powered by electricity generated from renewable
energy sources has attracted much attention for its mild
reaction conditions and considerable energy efficiency.””
Currently, various industrial supplies, such as carbon monoxide
(CO), formic acid, methane, ethylene, ethanol, etc., can be
efficiently converted from CO,RR by different electrocatalysts.
In particular, CO is a promising product for industrial
production as an important basis for C; chemistry for the
synthesis of fine chemicals.” Various catalysts and nanostruc-
tures have been developed in the past decades to achieve
efficient CO,RR. Metal—organic framework-based (MOF-
based) materials are ideal precatalysts because of their
controllable size/shape, high surface area, chemical tunability,
and open metal sites, providing a platform for the introduction
of isolated active species among various alternatives.’” "
Concurrently, increasing the charge-transfer capability of the
catalytic sites in MOF-based materials improves the electro-
catalytic activity and selectivity for CO,RR.'*~'® The accurate
structural information on MOF-based materials is conducive to
elucidating the surface kinetic changes and chemisorption of
the reaction intermediates. While MOF-based materials have
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several deficiencies that decrease the CO,RR efliciency due to
their poor electrical conductivity and slow electron transport
rate, it is urgent to improve their conductivity and electron
transport efficiency.'”~>°

Ionic liquids (ILs) with molten salt properties at room
temperature consist entirely of cations and anions.”' In
particular, ILs are used as surface modifiers to modulate the
catalytic performance of various electrocatalysts in the analysis
of the CO,RR pathway in different systems. The selectivity of
ILs is also related to their ability to cooperate with CO,RR
intermediates.”” ILs have been reported to reduce over-
potentials and explicitly favor CO formation, possibly by
coordinating with reducing intermediates (e.g, CO>7),
stabilizing the intermediates, or preventing their spatial
proximity.”> Additionally, ILs have excellent conductivity that
is combined with various organic or inorganic carriers to
design catalysts with large current density for CO,RR owing to
the stronger electron-transfer ability of the isomerization of the
C, proton for the imidazolium cationic group in ILs driving by
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Figure 1. Schematic illustration of the synthetic process of the Pd-[Bmim]PF,/Cu-BTC composite.

electrostatic/van der Waals interactions.”* Concurrently,
fluorine-containing anions absorb more CO, because of the
stronger adsorption ability between F~ and the carbon atoms
of CO, among the researched halogen anions.”> ™" Accord-
ingly, the conversion of CO,RR to CO is a slow kinetic process
in which the production of *HOCO and the adsorption
strength of *CO are the main factors governing CO
production.”* ™"

Pd-based nanostructures, which are widely used in many
electrochemical reactions, reveal excellent CO,RR activity and
selectivity to CO compared to other catalysts, thus attracting
great interest from researchers for the structural evolution of
catalysts and the reaction mechanisms behind the excellent
catalytic performance.” > Pd is converted to palladium
hydride (PdH;) upon binding in CO,RR, which in turn
improves CO conversion efficiency, making Pd as the potential
electrochemical catalyst for CO, converted to CO.* Still, most
palladium-based electrocatalysts face a fatal challenge of the
generated CO strongly desorbing on the Ealladium surface and
leading to rapid catalyst deactivation.’”** Introducing Pd into
ionic liquid-functionalized MOFs would be an effective
strategy to avoid deactivating Pd atoms, which is mainly
attributed to Pd atoms bound to O atoms on the catalyst
surface being reconfigured as a robust Pd—O bond to prevent
the strong binding of Pd to *CO, which would have a favorable
effect on the rate-limiting step and desorption process of *CO
in the CO,RR process, thus avoiding the deactivation of the
catalyst in a short period of time.*

Hence, the excellent active site and pore properties of the
MOF-based materials promote the CO,RR and optimize the
activation energy of *HOCO and *CO, while Cu-BTC
displays a high desorption performance for CO,. ILs favor
the overall current density of the catalysts, and [Bmim]PF also
provides a fluorinated anionic environment, which prevents the
occurrence of side reactions. In addition, the Pd—O bonds on
the catalyst surface improve the desorption efficiency of *CO
and accelerate the rate of electron migration in the catalyst,
which results in a significant increase in the overall activation
efficiency of the catalyst. As a result, the Pd-[Bmim]PF/Cu-

BTC catalyst displays a carbon monoxide current density (jco)
of —68.90 mA cm > at —1.1 Vyyp The selectivity of the
generated C; compounds is 99.36%; especially, the conversion
faraday efficiency of CO reached 93.18% and still maintained
superb electrochemical stability in 48 h. This will be attributed
to the exquisite construction of the system, which endowed the
Pd-[Bmim]PF,/Cu-BTC catalyst with a high CO selectivity.
This research will provide an enlightening strategy and insights
for the design of highly CO-selective and robust MOF-based
catalysts for large-scale CO,RR.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Cu-BTC. 0.25 M of Cu(NO,),-3H,0
solution and 0.055 M of H;BTC solution (water/ethanol =
1:2) were mixed uniformly and stirred for 10 min. The solution
was transferred to Teflon-lined stainless autoclaves; then, the
autoclaves were maintained at 110 °C for 24 h and cooled to
room temperature naturally. The blue powder was washed
thrice with DI water and ethanol and then dried at 60 °C in an
oven.

2.2. Synthesis of [Bmim]PF4/Cu-BTC. A 0.06 g portion of
[Bmim]PF, and 0.075 g of Cu-BTC were mixed evenly in 7.5
mL of acetone and stirred for 6 h until the liquid in the beaker
evaporated completely. Then, it was dried in an oven at 60 °C
overnight.

2.3. Synthesis of Pd-[Bmim]PF;/Cu-BTC Nanoparticle.
A 0.09318 g amount of sodium tetrachloropalladate(II) was
added to the beaker of [Bmim]PF,/Cu-BTC as described
above so that the molar ratio of Cu-BTC, [Bmim]PF4 and
Na,PdCl, was 1:2:3, and 10 mL of distilled water was added
and subsequently stirred for 24 h. The obtained composite Pd-
[Bmim]PF;/Cu-BTC nanoparticles were washed thrice with
DI water and ethanol and then dried at 60 °C in an oven.

2.4. Synthesis of Reference Samples. Derived samples
were prepared in the same way as the Pd-[Bmim]PF,/Cu-BTC
catalysts in the preparation of the working electrode, adjusting
only the molar ratio of Cu-BTC, [Bmim]PF, and Na,PdCl,,
the specific contents of which are shown in Table S1 and noted
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Figure 2. Electrochemical properties of the catalysts. (a) XRD patterns of the Pd-[Bmim]PF,/Cu-BTC relative composites, (b) SEM images of Pd-
[Bmim]PF¢/Cu-BTC nanospheres, (c) TEM images of Pd-[Bmim]PF,/Cu-BTC, (d) HRTEM images of Pd-[Bmim]PF4/Cu-BTC, and (e—1)
HADDF and the corresponding EDX elemental mapping images of Pd-[Bmim]PF4/Cu-BTC.

as Pd-[Bmim]PF,/Cu-BTC-1 to —6, respectively. Meanwhile,
the synthesis of Pd-[Bmim]PF,/Co-BTC was similar to that of
Pd-[Bmim]PF;/Cu-BTC, with Co-BTC replacing Cu-BTC in
the core. Pd-[Bmim]PO,/Cu-BTC and Pd-DMPII/Cu-BTC
were prepared using methods similar to those used for
preparing Pd-[Bmim]PF¢/Cu-BTC by adding different ionic
liquids [Bmim]PO, and DMPII, respectively, to the mixed
solution.

2.5. Preparation of the Working Electrode. A S mg
sample was dispersed in a solution containing 50 yL of Nafion
solution (S wt %), ethanol (250 uL), and water (200 uL)
followed by 30 min of sonication. A 50 yL as-prepared catalyst
ink was sprayed directly on a hydrophobic carbon paper (1 cm
X 2 cm) to form a catalyst area of 0.5 X 1 cm” The catalyst
deposited on the surface of the carbon paper was further dried
at room temperature.

Additional descriptions of the experimental part are listed in
the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Morphologies and Structure Analysis. The
fabrication of the catalyst was revealed in Figure 1. The Cu-

BTC was synthesized based on a previous report. First,
[Bmim]PF¢/Cu-BTC was formed by attaching [Bmim]PF; on
the surface of Cu-BTC, driven by valence bonding. Then, Pd-
[Bmim]PF¢/Cu-BTC was acquired by adding Na,PdCl, to
[Bmim]PF;/Cu-BTC, where [Bmim]PF, played multifunc-
tional roles. On the one hand, highly conductive [Bmim]PFy
enhanced the electron-transfer efficiency of the system
facilitating multielectron transfer reactions for CO,RR. On
the other hand, [Bmim]PF; had a certain degree of
reducibility, successfully reducing Pd** to Pd, which avoided
the adverse effects on the catalyst caused by the addition of
other reducing reagents in the reaction process.

The X-ray diffraction (XRD) patterns of the Pd-[Bmim]-
PF;/Cu-BTC sample were shown in Figure 2a. It exhibited
main diffraction peaks (40.10, 46.72, 68.21, 82.12, and 86.73°)
of crystalline Pd (PDF#65—6174), and simulated characteristic
peaks (6.66, 10.42, 11.55, 13.43, and 18.93°) of Cu-BTC,
indicating the successful synthesis of the catalysts. Further-
more, the catalyst displayed identical characteristic peaks and
structures after IL modification (Figure Sla). XRD diffraction
peaks also confirmed that Pd** was reduced to Pd nano-
particles (NPs) by different ILs in the Pd-[Bmim]PF/Co-
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Figure 3. FT-IR and XPS of the electrocatalyst Pd-[Bmim]PF;/Cu-BTC. (a) FT-IR spectra of Pd-[Bmim]PF4/Cu-BTC. XPS spectra of (b) Pd 3d,

(c) Cu2p, (d) F 1s, (e) N 1s, and (f) O Is.

BTC, Pd-[Bmim]PO,/Cu-BTC, and Pd-DMPII/Cu-BTC
catalysts (Figure S1b—d). Scanning electron microscopy
(SEM) was accepted to analyze the surface morphology of
Cu-BTC, [Bmim]PF/Cu-BTC, Pd-[Bmim]PO,/Cu-BTC,
Pd-DMPII/Cu-BTC, Co-BTC, Pd-[Bmim]PF4/Co-BTC, and
Pd-[Bmim]PF¢/Cu-BTC prepared as shown in Figures 2b and
S2. The morphology of Cu-BTC can be clearly observed that
the surface of the ortho-octahedral structure became rough
after loading [Bmim]PF, (Figure S2a,b). Concurrently, the
octahedral morphology of the Cu-BTC substrate remains
unchanged after integrating with [Bmim]PF4 and Na,PdCl,.
The hexahedral size of the Pd-[Bmim]PFs/Cu-BTC nano-
particles was about 0.75—1.25 um. In addition, it was observed
that the surfaces of Pd-[Bmim]PO,/Cu-BTC and Pd-DMPII/
Cu-BTC had different morphologies from the surface of Pd-
[Bmim]PF;/Cu-BTC ILs, and the Pd NPs appeared to be an
aggregation phenomenon, thus having an effect on the proton
transport rate of the electrolyte after replacing [Bmim]PFq
with [Bmim]PO, and DMPII as shown in Figure S2cd.
Meanwhile, SEM images of Co-BTC showed that most of the
spheres were in the size range of 0.75—1 ym (Figure S2e). And
after the addition of [Bmim]PF, and Pd NPs, the Pd-
[Bmim]PF¢/Co-BTC catalyst (Figure S2f) showed obvious
agglomeration. The octahedral structure of Pd-[Bmim]PF,/
Cu-BTC was observed with NPs dispersing on the surface on
the surface according to the transmission electron microscopy
(TEM) in Figure 2c. High-resolution transmission electron
microscopy (HRTEM) in Figure 2d displayed a lattice spacing
of 0.224 nm corresponding to Pd NPs. Furthermore, elemental
mapping images combined with the corresponding energy-
dispersive X-ray spectra (EDS) and the high-angle annular
dark-field (HADDF) (Figures 2e—] and S3) showed the

presence of the Pd, F, Cu, C, N, and O elements in the Pd-
[Bmim]PF;/Cu-BTC catalysts, confirming the uniformly
distributed elements.

Fourier transform infrared spectroscopy (FT-IR) data were
analyzed to identify the successful incorporation of Pd NPs
and [Bmim]PF in Pd-[Bmim]PF;/Cu-BTC (Figure 3a). The
vibration bands at 728 and 489 cm™' were attributed to the
stretching vibration band of Cu—0.*" Meanwhile, the
absorption water peaks in the catalyst appeared in the spectral
wavenumber range of 3046—3500 cm™ !, while two vibrational
bands near 1540 and 3450 cm™ are attributed to the C=C
bonding asymmetry vibration and the —OH stretching
vibration, respectively. In addition, the intensity of the C=0
peak of the [Bmim]PFs/Cu-BTC at 1650 cm™' was
significantly strengthened compared to that of Cu-BTC."
These data suggested that oxygen-containing functional groups
were successfully introduced to the Cu-BTC surface. However,
other new characteristic peaks were observed near 2970, 1570,
1465, and 842 cm™" in the spectra of Pd-[Bmim]PF4/Cu-BTC
catalysts, representing —CH; and —CH, bonds in the alkane
chain, N—H bonds in the imidazole ring, and P—F bond in the
stretching vibration of PF,~ bands, which were all derived from
[Bmim]PF.*" These results further indicated the successful
preparation of catalysts Pd-[Bmim]PF,/Cu-BTC. Besides, a
comparison of the BET surface areas of Cu-BTC, [Bmim]PF,/
Cu-BTC, and Pd-[Bmim]PF,/Cu-BTC is exhibited in Table
S2. A low specific surface area of [Bmim]PF;/Cu-BTC was
due to clogging caused by ILs entering the MOF pores,
whereas, the activity specific surface area of the Pd-[Bmim]
PF4/Cu-BTC catalyst increased under the action of partial ILs
as reducing agents, which was favorable to the increase in the
number of active sites with the promoted progress of three-
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Figure 4. Electrochemical properties of catalysts in a flow cell. (a) LSV curves at a scan rate of S0 mV s™" in Ar- and CO,-saturated electrolytes,
respectively, (b) the product distribution for CO,RR at different potentials, (c) overall current density obtained for the catalyst at different applied
potentials, (d) C, product selectivity on catalysts at different applied potentials, (e) joo obtained on catalysts at different applied potentials, and (f)

FE in the stability test at —1.1 V vs RHE.

phase reactions. The adsorption and desorption curves of
nitrogen (N,) showed that the adsorption capacity of N, by
Pd-[Bmim]PF¢/Cu-BTC was higher than that of [Bmim]PF,/
Cu-BTC and Cu-BTC (Figure S4a,b), exhibiting the excellent
adsorption performance of Pd-[Bmim]PF,/Cu-BTC. The CO,
adsorption and desorption characterizations were performed to
evaluate the CO, adsorption capacity of Pd-[Bmim]PF/Cu-
BTC. The CO, uptake capacities of Cu-BTC, [Bmim]PF4/Cu-
BTC, and Pd-[Bmim]PF;/Cu-BTC at 273 K were 57.7425,
10.1976, and 72.6527 cm® g7, respectively (Figure S4c). The
excellent working capacity of CO, by the Pd-[Bmim]PF/Cu-
BTC catalyst offered convenience for the activation of CO, for
the CO,RR.

The composition and chemical states of the elements in Pd-
[Bmim]PF;/Cu-BTC were analyzed by using X-ray photo-
electron spectroscopy (XPS). Characteristic peaks of elements
C 1s, O 1s, Cu 2p, F 1s, N 1s, and Pd 3d were observed in the
full spectrum analysis (Figure SSa). The C 1s spectrum
emerged with two binding energies at 288 and 284.6 eV,
corresponding to the O—C=0 and C=C groups in the
organic linker, respectively (Figure SSb). These strong feature
peaks were acquired by the deconvolution of the Pd 3d
spectrum belonging to Pd°’ 3ds,, (335.79 €V) and Pd° 3d;),
(341.04 eV), while the two weak shoulder peaks belonged to
Pd** 3ds,, (337.72 eV) or Pd*" 3d,, (342.70 eV),
respectively."""** Notably, the appearance of the characteristic
Pd° peaks also suggested the positive influence of [Bmim]PF4
on the reduction of Pd** to Pd® NPs (Figure 3b).
Simultaneously, the binding energies of Cu(I) 2p;, and
Cu(I) 2p,/, were 931.8 and 951.6 eV, respectively, which were
consistent with those of Cu(I) (Figure 3c). Additionally, the
954.2 and 942.3 eV peaks and the 954.1 and 934.2 eV satellite
peaks corresponded to Cu(Il) 2p;, and Cu(Il) 2p;,

respectively.'” For the XPS spectrum of O 1s (Figure 3d),
the fitted two peaks of 530.8 and 531.9 eV were attributed to
the lattice oxygen of the Pd—O and C=O bonds,
respectively.”’ Likewise, there appeared two characteristic
peaks in N 1s whose binding energies were displayed to be
284.6 and 288 eV for the C=N and C—N bonds (Figure
3e).*"* The characteristic peak binding energy of F s was
685.59 eV by XPS analysis (Figure 3f)."

3.2. CO,RR Performance. The electrochemical CO,RR
performances of the catalysts were tested in a flow cell with
different potentials. Linear scanning voltammetry (LSV) curves
presented greater response currents in CO,-saturated KOH
solutions than in Ar-saturated solutions, validating the CO,RR
activity of Pd-[Bmim]PF,/Cu-BTC (Figure 4a). Pd-[Bmim]-
PF;/Cu-BTC for the CO,RR, gas chromatography (GC) and
nuclear magnetic resonance (NMR) spectroscopic character-
ization were implemented to analyze the selectivity of the
catalyst. The results revealed that H,, CO, and CH, were the
reduction products with a high Faraday efficiency (FE) without
liquid products (Figure S6). CO was the major product with
FEo of 93.18% in the gas-phase products during the CO,RR
of Pd-[Bmim]PF,/Cu-BTC at a voltage of —1.1 Vyyp, and the
FEco,/cus of Pd-[Bmim]PF,/Cu-BTC reached close to 100%
(Figure 4b). Surprisingly, only a small amount of H, produced
by the hydrogen evolution reaction (HER) was observed at a
wide range of potentials (—0.8 and —1.2 Vpy;), demonstrating
the low selectivity of Pd-[Bmim]PF,/Cu-BTC for H,.
Comparatively, the FE¢q values of [Bmim]PF./Cu-BTC and
Cu-BTC were only 60.76 and 37.92% (Figure S7), with FEy,
values as high as 41.63 and 73.13%, respectively. Furthermore,
the current density of [Bmim]PFs/Cu-BTC reached the
overall current density of 51 mA-cm™ at —1.1 Vyyg, which
was 1.5 times of the current density of Cu-BTC (37 mA-cm™2)
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and Pd-[Bmim]PF/Cu-BTC (74 mA-cm ) at —1.1 Vpgg
(Figure 4c). A comparison of the FE., generation from
catalysts Pd-[Bmim]PFs/Cu-BTC, [Bmim]PF,/Cu-BTC and
Cu-BTC at different voltages was revealed in Figure 4d. The
increasing current density of the Pd-[Bmim]PF./Cu-BTC
catalyst displayed the accelerated rate of CO,RR as the
negative potential increased. While the jco of Pd-[Bmim]PF,/
Cu-BTC was much higher, the jo value showed a trend of Pd-
[Bmim |PF4/Cu-BTC>[Bmim]PF,/Cu-BTC > Cu-BTC over
the entire potential range of the CO,RR, elaborating the
contribution of Pd NPs and [Bmim]PF4 for CO production.
However, the joo values of Pd-[Bmim]PF;/Cu-BTC (—68.90
mA cm™?) were 2.45 and 5.1 times of [Bmim]PF¢/Cu-BTC
(—28.02 mA cm™) and Cu-BTC (—13.47 mA cm™) at —1.1
Vypug voltage, respectively (Figure 4e). Surprisingly, Pd-
[Bmim]PF;/Cu-BTC had the maximum FE., of 93.18%
and jco of —68.90 mA cm™ at —1.1 Vi voltage, which was
even excellent for many Pd-based catalysts that appeared in the
literature (Figure S8). The above results indicated that the
elaborated construction of the catalyst Pd-[Bmim]PF./Cu-
BTC was an excellent strategy to promote the targeted
conversion of CO, into CO, which was mainly attributed to
the fact that [Bmim]PFq played a good intermediate bridging
role for the enhancement of the overall current density of the
catalyst, the reducing agent transforming Pd*" into Pd’ and
combining with the oxy-functional groups in the Cu-BTC to
form Pd—O bonds.

The Pd-[Bmim]PF,/Co-BTC catalyst was synthesized by
substituting Co-BTC for Cu-BTC to elucidate the interaction
between MOFs and electroreduction performance (Figure
S9a). Most notably, Pd-[Bmim]PFs/Co-BTC obtained the
FEco of 71.67% for —1.1 Viyg and a joo of 65.71 mA-cm ™2,
and the overall performance was inferior to that of Pd-
[Bmim]PF/Cu-BTC, inferring the significant impact of active
sites of Cu-BTC on electrochemical performance. Besides, Cu-
BTC and Pd, as active sites, were more likely to be associated
with the interaction of halogen groups in different IL reaction
carriers to promote the strong adsorption of CO, by the
MOFs. When Pd-[Bmim]PO4/Cu-BTC and Pd-DMPII/Cu-
BTC were adopted as catalysts for the CO,RR, FE-y were
87.21 and 86.47% at —1.1 Vyyy, respectively. The selectivity of
halogen-free ILs toward H, was slightly improved, and the jcq
is lower than that of halogen ILs in a wide voltage range,
reflecting the role of halogen ion functional groups in the
catalytic process (Figure S9b—d). The impacts of different
molar ratios of components (Pd NPs, [Bmim]PF,, and Cu-
BTC) on the CO,RR-efficient catalysts were also explored and
labeled as Pd-[Bmim]PF,/Cu-BTC —1 to —6, respectively
(Table S1). The FEcq and jco of Pd-[Bmim]PF./Cu-BTC
displayed an increasing trend with the change of the molar
ratio in the potential range from —0.8 to —1.2 Vg, reaching a
maximum value at Pd/IL/Cu-BTC = 3:2:1 (Figures S10 and
S11). These results suggested that the molar ratio of
components in Pd-[Bmim]PF;/Cu-BTC was crucial for the
CO,RR performance, with the predominance of Pd/IL/Cu-
BTC at a molar ratio of 3:2:1 increasing the current density
and effectively suppressing hydrogen generation. The number
of catalytic active sites was explored to gain a deeper
understanding of the reasons for the excellent electrochemical
performance of the Pd-[Bmim]PF;/Cu-BTC -catalyst. To
investigate the effective electrochemically active surface area
(ECSA) of various catalysts during the CO,RR, cyclic
voltammetry (CV) with different scan rates was carried out

to estimate the double-layer capacitance (Cg) (Figures S12
and S13). The comparison of the Cy values showed that Pd-
[Bmim]PF,/Cu-BTC had a better active specific surface area
(6.39 mF cm™2) than those of other catalysts. Therefore, Pd-
[Bmim]PF;/Cu-BTC exhibited the highest ECSA among the
prepared electrocatalysts, which indicated that more active
sites were exposed to boost the CO,RR (Figure S14). The
above data showed that the conjugates of the MOF-based
material of Pd-[Bmim]PF;/Cu-BTC could effectively increase
the electrochemically active surface area and expose more
accessible active sites to effectively boost catalysts’ intrinsic
activity.

The water droplet contact angles of Cu-BTC, [Bmim]PF/
Cu-BTC, and Pd-[Bmim]PF,/Cu-BTC were measured to
investigate the wettability of catalysts (Figure S15). Cu-BTC
crystals had a static water droplet contact angle of about 107°
(Figure S1S5a), uniformly dispersing in the reaction medium,
but the contact angle was only 14° (Figure SISb) in
[Bmim]PF¢/Cu-BTC for the strong hydrophilicity of [Bmim]-
PF,. This was due to the increase of the number of oxygen-
containing functional groups of [Bmim]PF,/Cu-BTC. Nota-
bly, the hydrophobicity of the catalyst Pd-[Bmim]PF/Cu-
BTC acquired a water droplet contact angle of 126° (Figure
S15c), which implied that the introduction of the Pd active
sites modulated the number of oxygen-containing functional
groups of [Bmim]PF¢/Cu-BTC. The contact angle of Pd-
[Bmim]PFs/Cu-BTC after electrolysis was 115° (Figure
S15d), demonstrating that the catalyst remained hydrophobic
and protected the catalyst layer from flooding, which enables
the catalyst layer to maintain a delicate balance between gas/
liquid environments and creates a persistent three-phase
interface for CO, electrolysis. Furthermore, the above
observations indicate that hydrophobic catalysts dispersed in
a reaction medium enhance a contact area between reactants
with active compositions, thereby enhancing the conversion of
reactants and ultimately affecting catalytic performance.*’
Charge-transfer resistance (R.) was also an important
parameter used to assess the kinetics of catalytic reactions.””**
A lower resistance meant a faster rate of electron transfer and a
smaller charge-transferred resistance of the interface between
the electrolyte and the catalyst and can be obtained from the
low-frequency region of the half-loop in the Nyquist diagram.
EIS was used to study the charge-transfer capacity. The
performance of catalysts is displayed in Figure S16 and Table
S3. Pd-[Bmim]PF4/Cu-BTC had a significantly smaller radius
of the semicircle than those of the other electrocatalysts, which
implied a smaller charge-transfer resistance and led to an
increase in the CO,RR activity. Obviously, Cu-BTC had a high
resistance (136.76 Q), but the merging of [Bmim]PF4 and Pd
NPs successfully decreased the resistance of the catalyst (38.64
Q) and improved the charge-transfer efficiency, demonstrating
its fast electron-transfer rate and reaction kinetics (Figure S17).
We evaluated the long-term durability test utilizing a
chronoamperometric curve at —1.1 Vpyg (Figure 4f) to
analyze the electrochemical resistance of Pd-[Bmim]PF/Cu-
BTC. The catalyst exhibited a small current decay and
extraordinary stability over 48 h. Surprisingly, the FEco of
the catalyst remained at 92.18% without a significant decrease.
Concurrently, the CV cycling curves of the Pd-[Bmim]PF/
Cu-BTC catalyst for 10,000 cycles were at a sweep speed of
100 mV/s with excellent stability (Figure S18). After the
stability experiments, SEM, XRD, and IR analyses were carried
out for Pd-[Bmim]PF,/Cu-BTC (Figure S19). SEM images of
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Figure S. Mechanistic investigation of Pd-[Bmim]PF,/Cu-BTC, [Bmim]PF,/Cu-BTC, and Cu-BTC. ((a) DFT-calculated Gibbs free energy of the
Pd-[Bmim]PF;/Cu-BTC, [Bmim]PF,/Cu-BTC, and Cu-BTC catalysts and b) differential charge density distribution of Pd-[Bmim]PF4/Cu-BTC,

[Bmim]PF;/Cu-BTC, and Cu-BTC.

the catalysts after electrochemical testing (Figure S19a) found
that the catalysts did not change their morphologies
significantly before and after the reaction. Concurrently, the
characteristic XRD (Figure S19b,c) peaks of this sample were
crystalline Pd (40.10, 46.72, 68.21, 82.12, and 86.73°) and Cu-
BTC (simulation) (6.66, 10.42, 11.55, 13.43, and 18.93°), the
FT-IR images of the catalysts after electrochemical testing
(Figure S19d) found that the Cu—O, P—F, and N-H
characteristic peaks of the catalysts did not undergo significant
changes before and after the reaction, exploding the Pd-
[Bmim]PF;/Cu-BTC catalyst’s remarkable stability.

3.3. Theoretical Calculation. DFT calculations revealed
the magnitude of the Gibbs free energy (Figure Sa) and the
reaction pathways (Figure S20) of the Pd-[Bmim]PF/Cu-
BTC, [Bmim]PF;/Cu-BTC, and Cu-BTC catalysts for the
conversion of CO, to CO, as well as the effect of the
desorption strengths between the catalysts of CO,RR. The
surfaces of all three different catalysts promoted the activation
energy of the *HOCO intermediate and reduced the
desorption energy of CO, to produce CO in CO,RR.
Specifically, *HOCO formation was the key step that
controlled the CO,RR activity on MOF-based catalyst surfaces,
with the Pd—O (0.12 eV) activation energy of the generated
*HOCO for the reaction intermediates on the surface of Pd-
[Bmim]PF,/Cu-BTC being significantly lesser than that of
Cu—O0 (0.36 eV) activation energy on the surface of Cu-BTC.
At the same time, a much lower potential barrier was required
for Pd to desorb the catalyst surface of *CO, avoiding CO
poisoning and obscuring the active site. This suggested that the
introduction of Pd modulated the electronic structure of Cu-
BTC, lowering the overall potential energy barrier of the
CO,RR, which enhanced the desorption of *CO and improved
the resistance ability of CO poisoning compared to that of Cu-
BTC. More importantly, the differential charge density
distributions of Pd-[Bmim]PF,/Cu-BTC, [Bmim]PF,/Cu-

BTC, and Cu-BTC are revealed in Figure Sb, and strong
interactions occurred on the Cu-BTC surface, resulting in a
more significant accumulation effect on the electron density in
the yellow region compared to that in the blue region. In
particular, the electron density of Pd and the surrounding
polarizing imidazole groups were mainly clustered on the Pd—
O and C—O bonds imposed by strong coordination. This was
mainly attributed to the polarized imidazolium group-reduced
cation which acted as an initiator and reduced CO, to form an
imidazolium—carbon dioxide adduct via a nucleophilic attack,
which was followed by the transfer of the C, proton via an
isomerization step. During electron transfer, the C, proton of
the imidazolium cation interacted with the negatively charged
*CO,~ formed on the Pd surface, highlighting the synergistic
coupled electron—proton transfer mechanism. The charge
density of Pd-[Bmim]PF,/Cu-BTC catalysts was larger and
more favorable for electron transport after loading with
[Bmim]PF; and Pd, which enhanced the performance of
CO,RR. Thus, the interaction path from CO, to *HOCO to
*CO was very favorable for the formation of CO products on
the Pd-[Bmim]PF,/Cu-BTC surface for the nucleophilic active
site of deprotonation at the C, site of imidazole ILs and
improved the selectivity of proton migration contributing to
the high selectivity of the catalyst for generating CO.

4. CONCLUSIONS

In summary, a simple and effective MOF-based catalyst was
designed by combining [Bmim]PF and Pd NPs with Cu-BTC
to improve the selectivity of CO in the CO,RR. In particular,
the composite Pd-[Bmim]PF,/Cu-BTC showed an FE up to
99.36% for the constituent C,; products, especially for CO
(93.18%), besides excellent stability over 48 h. These excellent
performances were attributed to the large surface area of Cu-
BTC exposing abundant active sites and facilitating rapid
electron transfer as well as [Bmim]PF; with the C, proton
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isomerization and the excellent electrical conductivity.
Furthermore, the introduction of Pd reduced the activation
energy of the reaction intermediates and thus improved the
reaction rate and CO selectivity. The Pd NPs interacted with
ILs when binding to Cu-BTC to induce dynamic surface
reconstruction and structural reorganization of the catalysts,
which reduced the overall reaction potential of the catalysts
and facilitated the regeneration of the activation sites. The
research highlights effective strategies for the rational design of
MOF-based catalyst electrocatalysts for the conversion of
efficient CO,RR into value-added chemicals.
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