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ABSTRACT: Carbon dioxide (CO,) can be reduced to a variety
of value-added products by the electrochemical reduction of CO,
(ERC). Modulating the coordination environment of the Cu sites
can effectively optimize the selectivity and activity of the reduction
process. In this work, we report a facile strategy to regulate the i

coordination environment of Cu sites for improving the Faradaic ‘ME ]
efficiency (FE) of ethylene. Room-temperature Ar plasma with { 1 eneas
different powers and treating times was employed to partially i\ ,f } 20 Reaicvprhen
remove the 2,5-dihydroxyterephthalic moieties from the structure }P\Pb R e

of Cu-MOF-74, thus resulting in more unsaturated coordinated Cu # "“._, = 40 60 80
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sites and lower oxidation state. The structure distortion and
electron configuration change of Cu-MOF-74-P was observed from
electron paramagnetic resonance (EPR). Meanwhile, the proportion of Cu' in Cu-MOF-74-P has increased significantly. By
combination of XAFS and in situ DRIFTS, it was shown that the coordination number of Cu-MOF-74-P has decreased from 2.7 to
1.6, thus facilitating the formation of more *CO intermediates on the surface during the reduction process. This modification
strategy successfully increased the Faradaic efficiency of C,H, in the product up to 48%, which was 3.2 times of its original
performance. This work provides some guidance for the design of catalysts with tailored selectivity during CO, electroreduction.
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1. INTRODUCTION There are plenty of strategies that can be used to improve
The electrochemical reduction of CO, (ERC) into valuable the p erformance‘ of electrochemical reduction Of,COZ (ER(,J)’
chemicals and renewable fuels of high energy density powered such as modul‘atlng the. surface structure, regglatmg the. active
by renewable electricity offers a cost-effective and environ- valepce st.ate, introducing the. oxygen vaFanc1es, changing the
mental way toward the carbon neutrality."™> CO, can be part%cle size and t’he pore size, and using tar}dem catalysts.
reduced to generate C; or C, or C,, products including Typically, the ECR’s activity and selectivity are influenced a lot

methane (CH,), ethylene (C,H,), ethanol (C,H,OH), by the QOZ activation >znd the acisorption strengt_h of the
propanol (C;H,OH), etc.,, with different numbers of trans- 11-1te11r1r,11ezd1ates (such as CO and *H) on the active metal
ferred protons and electrons.” With lots of effort, there has site. Many. studies showed that the P erf‘ormancg of
exhibited a very hiégh selectivity of over 98.4% toward CO® and electrocatalysts is cl‘osel?r3 relat‘ed to the c.oordlnatlon environ-
92% to HCOOH® production. However, it is still challenging ment of catalytic sites. Delicately tuning thé cgordmatlon
to improve the proportion of the C, and C,, product in number and electron}c struct.ure of .catalytlc 31tes.would
products up to date, for that such as the wide product .enhance the afisolrp t19n of 1ntermedlle}ttfzss and' ultimately
distribution, high overpotentials, the reactor and the electrolyte inﬂuence d't he‘ dIStrlbult)l on of products. d dSP e.ccllﬁc‘ally, the
could influence a lot about the C, selectivity.” Notably, C,H, is ow coordination number promotes a reduced oxidation state
a regarded CO, electroreduction C, product with a wide range from +126‘t1c; +1 'and.hlgher lo.cal electronic densmejs of the metal
of applications and high values of 1232.5—1300.6 $/t. Thus, to center, which 1s.be.neﬁc1al to adsorb and activate the, CO,
boost C,H, production, we need to develop an optimal catalyst molecules and optimize the adsorption strength of inter-
to improve its selectivity. Among all kinds of metal catalysts for
ERC, Cu catalyst is very unique for moderate adsorption of Received:  January 23, 2024 HReEe
intermediates and its ability to induce *CO dimerization to Revised: ~ March 13, 2024
achieve high C,H, conversion.” However, there are still many Accepted:  April 2, 2024
challenges such as low product selectivity and unsatisfactory Published: April 10, 2024
FE”'" hampering the practical application of Cu-based

catalysts.
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mediates. Theoretical studies'®'” have shown that the
unsaturated coordination structures allow CO, and inter-
mediates adsorbed on metal atoms more stably, thus increasing
the concentration of the reaction intermediates *CO. So it will
promote the C—C coupling of the *CO and C, selectivity.
Also, the +1-oxidation state Cu could help to reduce the
energy barrier of the C—C coupling process. Therefore,
abundant low coordination metal sites can significantly
enhance the total reaction current and product selectivity.
Furthermore, the low coordination environment creates a
space around the metal sites, thus facilitating the bonding
between the intermediates and the metal center. However, the
intrinsic mechanism in modulating the coordination number of
Cu atoms and how the coordination environment of Cu sites
influences the electrocatalytic performance remain elusive.

Herein, we applied metal—organic framework (MOF)
material, which is a crystalline porous material, to get an
unsaturated Cu coordination structure to promote C,H,
generation. MOFs have attracted great attention due to their
unique advantages such as large surface area, abundant pore
structure, and ease of framework modification, thus making
them highly promising in the catalytic field.** As for in ERC,
MOFs have sufficient unsaturated single atom sites and thus
have excellent performance in capturing and activating
CO,.”"** The adjustable porous framework structure provides
a feasible way to achieve unsaturated metal sites, thereby
improving the selectivity and activity.””** Through high-
temperature calcination, atom doping or chemical etching, the
MOF can effectively promote the unsaturated coordination of
Cu in the Cu-MOF.”® However, these processes are either
energy- or time-consuming. Compared to them, plasma
treatment is a very convenient and energy-saving technology
to modi?f the catalyst, which we could learn from the prior
studies.”®”” What is more, with noble gases plasma such as Ar
plasma, it will not introduce other atoms into the structure.”®
Hence, the plasma strategy supplies a suitable way to engrave
the coordination bonds to form unsaturated metal sites.

In this work, we used mild Ar plasma to bombard the Cu-
based MOF-74 (Cu-MOF-74) to remove partial organic
ligands at room temperature. This process maintains the
spatial structure of the MOF and effectively modulates the
coordination environment of Cu from 2.7 to 1.6, also
regulating the active valence state of Cu to increase the ratio
of unsaturated Cu® to 40.78%. X-ray absorption fine
spectroscopy (XAFS) was also carried out to investigate the
change of coordination number of the catalyst after the
treatment. Meanwhile, in situ DRIFTS was employed to
monitor the changes of the amount of *CO intermediates on
the surface of the catalyst during the CO, reduction process.
The unsaturated Cu sites and lower valence state obtained by
plasma bombardment successfully increased the FE¢ 3, to 48%,

which was 3.2 times that of the original in the flow cell. This
work provides a convenient way to promote unsaturated
coordination of MOF-based Cu catalysts to improve the C,H,
selectivity and activity of the ERC.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. The chemicals and solvents were
purchased commercially and used without further purification. 2,5-
Dihydroxyterephthalic acid (>0.98) was obtained from Maya Reagent
(Shanghai, China). Copper acetate (Cu(CH;COO),-H,0, >0.99)
was purchased from Sigma-Aldrich (Germany). Methanol (AR) was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
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China). The ultrapure water (Resistivity reaches 18.2 MQ cm at 25
°C) was used throughout the experiment process with an ECO-S15
ultrapure water system. Anion exchange membrane (3PK-130) was
purchased online.

2.2. Synthesis of Cu-MOF-74. Cu-MOF-74 (CgH4Cu,0q, Mr =
357) was synthesized by reacting copper acetate (Cu(CH;COO),
H,0, AR) and 2,5-dihydroxyterephthalic acid (AR) based on the
previous research.””*° Dissolve about 0.4 g of Cu(CH,COO),-H,0
into 10 mL of CH;OH with stirring to obtain a well-distributed
solution of Cu(CH;COO), (10 ml, 40 g/L). Meanwhile, 0.2 g of
DHTP (2,5-dihydroxyterephthalic acid) was added into S mL of
CH;OH under stirring for 20 min to be uniform. Then the above
mixture was added dropwise to the Cu(CH;COO), solution. Keep
stirring for 24 h at room temperature until the mixture changed into
reddish brown. The Cu-MOF-74 crystalline solid was collected by
centrifugation for S min at a speed of 8000 rpm. Soak the product in a
certain amount of methanol overnight for 4 times to completely
remove impurities. Finally, Cu-MOF-74 was collected by centrifuga-
tion again and dried in vacuum at 85 °C for 5 h.

2.3. Plasma Treatment of Cu-MOF-74. Cu-MOF-74 was
ground to a size below 60 mesh prior to get a better plasma
treatment. The Cu-MOF-74 powder was placed on the bottom of the
porcelain boat, and it was put into the plasma enhanced chemical
vapor deposition instrument (PECVD) in the quartz tube at an
appropriate position. After the argon gas replacement for three times,
the air in the pipeline was exhausted. Then the Ar flow rate was fixedly
set at 20 mL/min, different powers and treating times were set while
keeping the overall output energy constant to select the optimal
treatment power. Preliminary experiments revealed that the catalyst
was prone to denaturation and decomposition under a high-
temperature plasma treatment. Thus, the plasma treatment was
carried out at room temperature.

2.4. In Situ DRIFTS. In situ DRIFTS experiments were measured
on a semicylindrical silicon crystal to monitor reaction intermediates.
The silicon crystal was polished on both 300 and 50 nm AlLO;
polishing powders to obtain a smooth surface. The silicon crystals
were then cleaned with water and ethanol under ultrasonication each
for five times. Then it was treated with a mixture of H,O, and
concentrated sulfuric acid, which would attach a large number of
hydroxyl radicals to the surface of the silicon crystals. Then the silicon
crystals were etched in 40 wt % of NH,F solution for about 90 s to
prepare for the gilding process. The gold plating was then carried out
in a gold plating solution in a thermostatic water bath at 54 °C. After
that, the entire electrode reaction system was acid-washed in dilute
sulfuric acid by CV polarization, and then, the water on the gold foil
was blown dry with N,. Catalyst ink was prepared by dispersing 1 mg
of catalyst into 240 uL of water, 710 uL of isopropanol, and 50 L of
Nafion solution, and 40 uL of inks was dropped on the center of the
gold foil and tested after drying under infrared light. After the
background acquired by the infrared (IR) instrument stabilized, linear
sweep voltammetry (LSV) was performed at 0 to —1.8 V vs Ag/AgCl,
and the recording of intermediate IR information began at the same
time.

2.5. CO, Electroreduction Analysis. The ERC activity
evaluation experiments were carried out in a flow cell (Figure S9)
by dispersing 10 mg of catalyst in 950 L of isopropanol and 50 uL of
Nafion solution and being mixed for half an hour under sonication,
then 300 L of ink was applied uniformly by dropwise addition to 1
cm X 3 cm size carbon paper to ensure that the density of catalyst was
1 mg/cm?, and then the carbon paper was dried under infrared light
for use.

The electrolyte is KHCO; of 0.5 mol/L by passing CO, gas into
the K,COj solution for a sufficiently long time, which is also filled
with CO,. The cathode liquid peristaltic pump speed was set to 20
rpm, while the anode liquid speed was adjusted to the largest. The
CO, gas flow rate was set to 10 mL/min. The constant potentials are
generated using an electrochemical workstation, and the number of
charges transferred by the reaction process can be easily obtained.

The gas products (including CO, CH,, C,H,, H,, etc.) were
analyzed using a gas chromatograph with a thermal conductivity

https://doi.org/10.1021/cbe.4c00021
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Figure 1. (a) Schematic for preparation of Cu-MOF-74 and Cu-MOF-74-P. (b) XRD pattern of as-prepared Cu-MOF-74 and 10 W 60 min plasma
treated Cu-MOF-74 to analyze the phase composition. (c) XPS fine spectra of as-prepared Cu-MOF-74 and Cu-MOF-74-P, with the BE from 925
to 965 eV. (d) 100 nm TEM image of as-prepared Cu-MOF-74, and TEM EDS image of different atoms of as-prepared Cu-MOF-74, different
colors stand for different atoms, red for the C atom, purple for the Cu atom, and yellow for the O atom.

detector (TCD) and a flame ionization detector (FID), model GC-
979011. The liquid phase products (HCOOH, CH;COOH, C,H;OH,
etc.) were then subjected to NMR hydrogen spectroscopy with heavy
water to shield the relevant signals and dimethyl sulfoxide as an
internal standard substance.

2.6. XAFS Analysis. The whole XAFS analysis process was carried
out at the BL11B beamline with a Si (111) crystal monochromator at
the Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai,
China). Before the beamline analysis, the catalyst was shaped into a 1
cm diameter sheet and sealed with Kapton tape film. The XAFS data
and spectra were recorded at room temperature with a four-channel
silicon drift detector (SDD) Bruker 5040. Cu K-edge extended X-ray
absorption fine structure (EXAFS) spectra were recorded in the
transmission mode. Negligible changes in the line shape and peak
position of the Cu K-edge X-ray absorption near edge structure
(XANES) spectra were observed between the two scans performed on
one same sample. The XAFS spectra of these standard samples
(CuPC, CuO, Cu,0, and Cu foil) were recorded in transmission
mode. The spectra were processed and fitted by the software codes
Demeter.
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3. RESULTS AND DISCUSSION

3.1. Catalyst Preparation and Characterization. Cu-
MOF-74 (CgH¢Cu,Og) was prepared with cupric acetate and
2,5-dihydroxyterephthalic acid using methanol as solution at
room temperature” 30 (Figure la). As the X-ray diffraction
(XRD) patterns shown in Figure 1b, the two main character-
istic peaks at 6.5° and 11.5° were located at the same position
reported by Zheng,® demonstrating the Cu-MOF-74 was
successfully synthesized. Scanning electron microscopy (SEM)
(Figure S1) and transmission electron microscopy (TEM)
were also shown in Figure 1d, which exhibited a shape of
conical crystals, with a group size of no more than 600 nm.
From TEM energy dispersive X-ray spectroscopy (EDS)
mapping (Figure 1d), we could see that the Cu, C, and O
elements coexisted and distributed well among the skeleton.”’
Then, to modulate the coordination structure and the
oxidation state of Cu in Cu-MOF-74, mild Ar plasma
treatment had been applied on Cu-MOF-74 to partially
engrave the organic ligands in the MOF (Figure la). As we
could see, no obvious difference was shown on morphology of

https://doi.org/10.1021/cbe.4c00021
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Figure 2. (a) EPR figure of Cu-MOF-74 and Cu-MOF-74-P, to verify the structure distortion. (b) Normalized XANES spectra at the Cu K-edge
of as-prepared Cu-MOF-74 and 10 W 60 min plasma treated Cu-MOF-74. (c) Fourier transformations of k*>-weighted EXAFS spectra of as-
prepared Cu-MOF-74 and 10 W 60 min plasma treated Cu-MOF-74. (d) Wavelet transform spectrum from the y(K).

the as-prepared Cu-MOF-74 and Cu-MOF-74-P, (the MOF
treated by 10 W Ar plasma for 60 min was named Cu-MOEF-
74-P4,) according to SEM and TEM (Figures S2 and S3). The
EDS of the Cu-MOF-74-Pg, also indicated that Cu, C, and O
elements distributed well on the catalyst, and there were no Cu
atoms gathered in clusters, demonstrating that the structure of
Cu-MOE-74-P, was not destroyed after plasma. Besides, from
the XRD patterns in Figure 1b, similar peaks were exhibited for
Cu-MOF-74 and Cu-MOF-74-Py,, with slight decrease of the
intensity after the treatment, indicating the decrease of the
crystallinity that might be attributed to the structure
decomposition after the treatment.*”

We then performed X-ray photoelectron spectroscopy
(XPS) analysis on the samples before and after the treatment.
From the XPS fine spectrum shown in Figure Ic, the feature
peaks of Cu 2p spectrum for both Cu-MOF-74 and Cu-MOEF-
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74-Pyg, catalysts were located at 931.86 and 951.67 eV, being
attributed to the Cu 2p, , and Cu 2p;, of Cu* and Cu’* The
other two relative peaks at 933.82 and 953.79 eV were from
the Cu 2p,/, and Cu 2p;), of Cu*". Similarly, the satellite peaks
at 938.67, 942.78, 958.83, and 960.68 eV also attributed to
Cu’". In the XPS fine spectrum, the intensity of the Cu" and
Cu® peak of Cu-MOF-74-Py, increased significantly, compared
with those of the as-prepared Cu-MOF-74 in Figure lc. Cu
auger electron spectroscopy (AES) was further carried out to
distinguish the content of Cu* and Cu® from each other. As the
result exhibited, the Cu LMM spectra (Figure S6) showed that
there was only a Cu" feature peak locating at 570.2 eV. No
clear Cu® peak at 567.9 eV was found in it, indicating that there
was only Cu* and Cu’* in the Cu-MOF-74. Compared to Cu-
MOF-74, the key change in the fine spectrum for Cu-MOF-74-
Pg, was that satellite peaks got weaker and the feature peak for

https://doi.org/10.1021/cbe.4c00021
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Cu' got stronger, suggesting that the valence state was
reduced. Therefore, it could be simulated from the spectrum
that the total amount of Cu*, which were more active than
Cu?" during the reduction, increased from 19.67% to 40.78%
after treatment. From the O 1s spectra (Figure SS), three
different types of oxygen: absorbed O, vacancy O and Cu—O
were observed, and the peak representing vacancy O increased
after the treatment, which might be owing to the removal of
the whole guest molecules and thus the missing oxygen.
Additionally, Fourier transform infrared spectra (FT-IR) were
collected to elucidate the chemical bonding features to learn
more about the decomposition (Figure S7). A big wide peak
ranging from 3000 to 3650 cm™' was attributed from the
hydrogen bonds of the hydroxyl groups.”* The peaks appearing
at 1366, 1448, and 1644 cm™ were assigned to C—-O
stretching, C=0 stretching, and the O—H bending vibrations
of free carboxylic groups.” As we could see, these peaks were
located at the same positions for Cu-MOEF-74 and Cu-MOF-
74-Pg, catalysts, suggesting that the structure and organic
bonding were maintained well after treatment. The intensity of
the wide peak of the hydroxyl groups became weaken after the
plasma treatment, illustrating the missing of some organic
guests. It was in agreement with the result of XRD and XPS,
also indicating the decomposition of the structure.

3.2. EPR Measurement and XAFS. The electron
paramagnetic resonance (EPR) was carried out to research
the ground state of the electron configuration in Cu-MOEF-74
(Figure 2a, Figure S8). The unpaired electrons were directly
influenced by the atomic coordination environment, the
distance between atoms, and the oxidation state. With a
longer time of Ar plasma treatment, the EPR signal intensity of
Cu-MOF-74-P increased and the peak intensity became
stronger compared with the as-prepared catalyst. Also, the g
factor, which represents the total angular momentum of the
unpaired electron, of Cu-MOF-74-P increased from 2.10 to
2.22 and then decreased to about 2.13 with longer treatment
time (Figure S8). The sharpening EPR signal indicated
increased unpaired electrons, which was related to the change
of the atomic environment. From the XPS results, we could see
that the Cu®* was the main Cu species and the oxidation state
of Cu got lower for Cu-MOF-74-P¢, than Cu-MOF-74. Thus,
the increase of the unpaired electron character in Cu-MOF-74-
P could be interpreted by the change of the atomic distance
and bonding strain.”® A shoulder peak appearing at a magnetic
field of 3200 G also demonstrated structural distortion,
confirming the successful removal of partial organic ligands
from the as-prepared materials. Therefore, the plasma process
modulated the local atomic structure and the electron state of
the active center.

To gain further insight into the structure changes and
coordination environment changes of Cu-MOF-74 after
plasma-engraving, X-ray absorption fine structure (XAFS)
was carried out. The oxidation state, the bond distance, and the
coordination number were clearly shown in X-ray absorption
near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) pattern (Figure 2b). Moreover, a
wavelet transform spectrum was obtained to present the
EXAFS data through wavelet transforming of the y(K), as
shown in Figure 2d.

Interestingly, from the XANES, the K-edge of Cu-MOEF-74
before and after treatment showed typical oxide characteristics
at 8998 eV and were both located to the left of the standard
CuO, indicating that their valence state was under the
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saturation state, which could account for their CO, reduction
activity. Moreover, it could be seen that the K-edge of the Cu-
MOE-74-Py, shifted toward a lower energy level compared to
Cu-MOF-74, and the intensity of the white line peak also
decreased accordingly. This proved that the valence state of Cu
decreased partially to +1 after the treatment, which was
consistent with the previous results obtained in the XPS
analysis.”® The catalyst had excellent reducibility, which might
bring great reduction performance. From the R-space (k*-
weighted) spectrum of EXAFS, the main peak locating at the
position of 1.52 A was attributed to the Cu—O bond,
indicating that Cu—O was the main coordination bond. The
surrounding signal peaks might be some weak coordination
structures or signal disturbances. Also after plasma engraving,
the peak intensity of Cu-MOF-74-Py, significantly decreased,
and it was found by fitting that the coordination number of
Cu—O decreased from 2.7 to 1.6 (Table S1). Thus, the Cu got
to a more unsaturated state, which also led to a decrease in the
valence state of Cu. The wavelet transform spectrum further
proved that Cu—O was the main coordination bond, and the
strength of the central region decreased to about half, same as
the fitting result.

Combining the above results, the amount of unpaired
electrons in Cu-MOF-74-Py, increased after the plasma
treatment. Confirming that part of the organic ligands in Cu-
MOF-74 were removed, thus resulting in the decrease of the
coordination number of Cu—O from 2.7 to 1.6. So this led to
the oxidation state of Cu being partially reduced to +1. These
results might promote the CO, activation and adsorption of
*CO, thus improving the selectivity of the ERC.

3.3. ERC Activity Performance. The CO, electro-
reduction behavior experiment of Cu-MOF-74 was carried
out in a flow cell (Figure S9) using 0.5 M KHCO; solution as
electrolyte.’”** The cell was composed of a three-electrode
system (physics), using a gas diffusion electrode (GDE) as the
working electrode, a Ag/AgCl reference electrode, and a nickel
foam mesh counter electrode. A piece of anion exchange
membrane (3PK-130) was used to separate the cathode and
the anode. And the FE for the production in the reduction was
evaluated by nuclear magnetic resonance (NMR) and gas
chromatography. Firstly, the effect of different intensities (80,
50, 40, 20, and 10 W) of the Ar plasma on the Cu-MOF-74
was investigated. Different powers with the same total energy
output of the plasma were set. The FE distribution showed that
the selectivity of C,H, increased with the decrease of power
while the product selectivity of CO showed a decreasing
process and H, was also inhibited in this process with a
decreasing trend (Figure S10), verifying the effect of
coordination number modulation in promoting the C—C
coupling of *CO to C, product and inhibiting the H,
generation. Therefore, the best FEcy of about 25% was

obtained at a power of 10 W, because more electrons
strengthen the absorption of *CO and promote the C—C
coupling. After setting the optimal plasma treating power as 10
W, the effect of different treating time on the catalyst was next
explored. The Faradaic efficiency distribution of different
products was displayed in Figures S11 and S12, showing that
FEy, was suppressed to 10% on average. For Cu-MOF-74, the
main product in ERC was CO with nearly 30% FE, while the
C,H, selectivity promoted from 15.1% to 25.1% in Cu-MOF-
74-P4, The FEcy, increased to 48% for Cu-MOF-74-Py,

whose value was twice bigger than the original Cu-MOE-74
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Figure 3. (a) Distribution of C,H, for as-prepared Cu-MOF-74 and Cu-MOF-74-P, under different potential. (b) Total and partial current of
C,H, of as-prepared Cu-MOF-74 and Cu-MOF-74-P, under different potential. (c) Linear sweep voltammetry (LSV) carves of as-prepared Cu-
MOF-74 in Ar gas, Cu-MOF-74-Py, in Ar gas and Cu-MOF-74-P, in CO, gas. (d) Relationship between the FE;; and the ratio of the Cu* in Cu-

MOE-74-P.

and was also higher than most FEc y, reported for Cu-MOF

based electrocatalyst up to date. Moreover, its FE. decreased
to the minimum of 16.8%,”>*° for being involved in the C—C
coupling process to form ethylene products. This result
indicated that the modulation had a great impact on promoting
the reaction toward C, production and suppressing the H,
production. Additionally, we could see that the total current of
the four catalysts is nearly the same and around 60 mA/cm?
But the Cu-MOF-74-P, exhibited the largest partial density of
C,H,, and there was a positive correlation between the partial
current density of C,H, and FEc y, (Figure S13), suggesting

that a bigger partial current density supports higher selectivity.
Continuous electrolysis and product analysis under different
voltages, measuring CO, H,, C,H,, etc. at various voltages,
were conducted on Cu-MOF-74-Py, (Figure S14). The FE ,

could keep a high level near 40% among all potentials from
—0.91 to —1.51 V vs reversible hydrogen electrode (RHE)
(Figure 3a). As shown in Figure S14, H, was suppressed from
70% to 10%, with a slight increase at higher potential, which
might be attributed to the enhanced HER due to an
insufficient supply of CO, gas.*” There was an interesting
phenomenon that the C,H;OH formation was very high at
lower potential while C,H, formation was dominant at higher
potential. It corresponds to the onset potential of C,H, being
higher than C,H;OH. So it could be summarized that the low
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potential was more in favor of generating liquid product while
high potential favored the formation of gas product.”*"**
From Figure 3b, the total and partial current densities of the
Cu-MOF-74-P4, were both bigger than those of Cu-MOF-74,
along with better ERC performance. The current density
increased with the applied potential shifting to more negative
values, and the largest current density reached 255 mA/cm? at
—1.51 V vs RHE." Then, we analyzed changing the trend of
FE(y, and the ratio of the Cu® (Figure 3d), and the result

showed that the larger ratio of Cu* was beneficial for the
reduction process, matching well with the result of the ERC.
What is more, we applied the Ar plasma on several other kinds
of MOF (Cu-BTC, Cu-BDC, and Cu-AZA) catalysts and
found that all of ERC behaviors had been improved on
different degrees under different treatment time (Figures S15—
S17). So, the plasma engraving is an effective strategy to
regulate the ERC product selectivity. Furthermore, the optimal
power for achieving the highest performance was different for
every single MOF, which might be owing to the different
bonding strength of the structure in different MOF. To
investigate the stability of the catalyst under reaction
conditions, it was found that after 120 min of continuous
operation, the overall ethylene selectivity decreased by only 5%
relative to the initial performance, while the current density
remained nearly stable, and only a few O-valent Cu was
detected in the Cu LMM spectra of the catalysts after the
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reaction, as shown in the post-reaction Cu LMM character-
izations. It could also be seen from the EPR diagram of the
catalyst of post-reaction that the peak strength had not
changed significantly (Figures S19 and S20). Hence, it could
be seen that the structural stability was good.

To learn more about the electric behavior of the catalysts,
the linear sweep voltammetry (LSV) was tested in a H-cell in
both Ar- and CO,-saturated 0.1 M KHCO; electrolyte.’® As
the result showed in Figure 3c, there were no peaks observed
in this process, indicating no redox reaction on the catalyst."***
Compared to as-prepared Cu-MOF-74 in Ar-saturated electro-
lyte, the Cu-MOF-74-P, exhibited an earlier onset potential,
and its current density was higher as well, indicating that the
plasma treated catalyst processed a better electron transfer
performance. Moreover, the Cu-MOF-74-P¢, in CO,-saturated
reached a significantly larger current density than that in Ar-
saturated, which directly illustrated that the plasma treatment
boosted the ERC activity of Cu-MOF-74. The electrochemical
active surface area (ECSA) is directly proportional to the
double-layer capacitance (Cy).” Therefore, the cyclic voltam-
metry (CV) experiment was carried out to calculate the Cy.
The double-layer capacitance results of the two catalysts in
Figure S21 were nearly the same but the Cu-MOEF-74-P¢, had
a larger active surface area.” Therefore, the better product
selectivity and higher activity of the treated Cu-MOEF-74-P
could also be ascribed to larger active surface area. Then
electrochemical impedance spectroscopy (EIS) was carried out
over a frequency range from 0.1 to 10° Hz to study the charge
transfer resistance of catalyst.** The plot in Figure S22 of Cu-
MOF-74-P showed a smaller fitting semicircle compared to
Cu-MOF-74 in the high-frequency region, suggesting that the
Cu-MOE-74-P catalyst had smaller internal solution resistance
and a faster charge transfer rate at the electrode/electrolyte
interfaces. Hence, it could be concluded that the Ar plasma
treatment also had an improvement in electron transfer
performance to boost the ERC performance.

3.4. In Situ DRIFTS to Study Mechanism. To get further
insight into the activity enhancement on Cu-MOF-74-P (here
we compared Cu-MOF-74-Py, with Cu-MOF-74), in situ
Fourier transform infrared spectroscopy (in situ DRIFTS) was
conducted to monitor the intermediates occurred during the
reduction with the potential ranging from 0 to —1 V vs RHE."
As Figure 4a,b showed, when the applied potential was below
—0.4 V vs RHE, there was nearly no intermediate species
existing. When the potential shifted to more negative, three
peaks appeared at 2068—2035, 1820, and 1594 cm™
respectively, attributed to the generated CO,,,, COpygge and
*COOH bound to the catalyst surface.** > The peaks from
1600 to 1500 cm™" were assigned to the signal of HCO;™. The
red shift in the vibrational frequency of CO,,, was ascribed to
the vibrational stark effect of CO,, molecules or electron
back-donation from the Cu surface to the *CO,, molecules.”'
The *COOH intermediates could then transform into *CO,
and *CO was the key species to generate C, product through
C—C coupling. As we could see the FT-IR pattern of as-
prepared Cu-MOF-74, the intensity of the CO,,, formed on
the Cu surface throughout the CO, reduction was lower than
that of Cu-MOF-74-Pg, which could explain the higher
selectivity and activity of C, production on the Cu-MOEF-74-
Pgo. The *COyyg, was observed at 1820 cm™ from —0.4 V vs
RHE to the end in Cu-MOEF-74-Py,, which only appeared at
—0.4 V vs RHE and soon disappeared in the as-prepared Cu-
MOF-74. The intensity of the *COyqg,. peak represented the
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Figure 4. (a) (b) In situ Fourier transform infrared spectroscopy of
as-prepared Cu-MOF-74 and Cu-MOF-74-P¢, under the potentials
ranging from 0 to —1.0 V (vs RHE) at an interval of 0.1 V.

abundant coverage of *CO. The more coverage of both
#CO,top and *COlyigq promoted the C—C coupling, which was
consistent with higher C,H, formation on the Cu-MOEF-74-
Pg- Also the *COOH intermediate that appeared on Cu-
MOF-74-P¢, during the potential scanning was beneficial to
improve the coverage of *CO so as to further promote the C—
C coupling and C, production.”” These evidences confirmed
that *CO,,, and COyq, Were the important intermediates for
the formation of C,H,, and the sufficient *CO on Cu-MOF-
74-Pg, promoted higher selectivity of C,H,.

To summarize, through the plasma treatment, part of the
organic ligands in Cu-MOF-74 were removed, thus resulting in
the decrease of Cu—O coordination number. Thus, the density
of the unpaired electrons would increase, which will promote
the activation of CO, and adsorption of the *CO. So the
coverage of *CO would also increase to facilitate the C—C
coupling. Meanwhile, the amount of Cu* after room-temper-
ature plasma-engraving had largely increased and thus the
energy barrier got lower than on Cu**, which would also
improve the C—C coupling and C, production selectivity. With
in situ DRIFTS, it was further found that the improvement of
the ECR activity was closely related to the coverage of the
CO,op and COpyyq intermediates bound to the Cu-MOF-74
surface.

4. CONCLUSIONS

In summary, this work proposed a simple but effective strategy
to modulate the coordination environment of Cu sites in the
ERC for selective electroreduction of CO, to C,H,. The room-
temperature plasma treatment was conducted to remove part
of the organic ligands for increasing the unsaturated Cu
catalytic sites. It was found that the overall framework structure
of the MOF could be maintained and the spatial structure was
adjusted during the treatment with different powers of plasma.
Imposing lower intensity plasma and longer time was more
beneficial to improve the catalyst activity, achieving a
significant increase in the selectivity of C,H, to 48% during
the ERC. The results of in situ DRIFTS and XAFS showed
that the room-temperature plasma treatment process increased
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the unsaturation of the Cu active site. Therefore, the amount
of the absorbed *CO intermediates increased during the
reaction, and the C—C coupling was strengthened to achieve
higher selectivity of C,H,.
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