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Tuning molecular electrophilicity on Cu catalysts to steer CO,
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ABSTRACT Cu is the only transition metal that can achieve
electrochemical CO; reduction (CRR) with the generation of
hydrocarbons and oxygenates. However, it is still challenging
to regulate CRR selectivity in a broad product distribution on
Cu. Here, we selected a series of molecules with varying elec-
trophilicity to modify Cu catalysts that achieve a high CRR
selectivity towards either CH, or C,H,. Theoretical analysis
shows that molecular electrophilicity determines catalyst’s
proton availability, which promotes or inhibits the critical
proton-coupled electron transfer (PCET) process in CRR.
Consequently, the molecule with low electrophilicity (e.g., 1,2-
bis(4-pyridyl)ethane) can facilitate proton transfer to hydro-
genate *CO intermediates to generate CH, with a Faradaic
efficiency (FE) of 58.2%, while the molecule with high elec-
trophilicity (e.g., trans-1,2-bis(4-pyridyl)ethylene) can build
stronger hydrogen bonds to stabilize *CO for further dimer-
ization, realizing an FE of 65.9% for C,H,. The combination of
theoretical computation and in situ spectroscopic character-
izations reveal that using molecular electrophilicity can tune
catalyst’s proton availability, thereby altering its CRR pathway
of either *CO hydrogenation or *CO-*CO dimerization. This
work provides new understanding of CRR selectivity by tuning
the PCET process instead of materials engineering.

Keywords: molecular electrophilicity, Cu catalysts, proton
transfer, CO, electroreduction, C1/C2 selectivity

INTRODUCTION

Electrochemical CO, reduction (CRR) in aqueous solutions can
not only store renewable electricity obtained from intermittent
solar or wind energy but also convert CO, into value-added
chemicals or fuels [1-4]. Because Cu binds to CRR intermediates
*CO neither too weakly nor too strongly, it is the only transition
metal to deeply convert CO, to CH4, C;H, and C,HsOH [5,6].
Unfortunately, this unique physicochemical property of Cu also
results in poor product selectivity [7-9]. Various strategies,
including alloying [10], oxide derivation [11], and surface
modification [12-14], have been developed to engineer Cu for

the generation of desired products. In general, these Cu-based
catalysts exhibit a high selectivity for one product, such as CO,
CH, or C,Hy [15,16]. For example, Ma et al. [17] reported
Cu(OH)X (X =F, Cl, Br, I) derived Cu with the highest Faradaic
efficiency (FE) of 65.0% for C,H,. However, these catalysts
display a low selectivity for CH,. Likewise, although Cu-Au alloy
can achieve a high CH, FE of 56.0%, a high selectivity for C,H,
cannot be obtained on this catalyst family [18]. Therefore, it
remains to be a great challenge to tune CRR in a broad product
distribution with a high selectivity for one specific product.

It has been confirmed that *CO-*CO coupling is the rate-
determining step of C,H, generation, while that of CH, gen-
eration is the hydrogenation of *CO to *CHO [19-21]. For
example, Li et al. [22] utilized a series of N-substituted pyr-
idinium additives to stabilize the atop-bound *CO intermediate,
thereby realizing a high FE for C,H,. Chen et al. [23] promoted
water splitting to supply high concentration of active protons
and achieved a high CO,-to-CH, selectivity. Based on those
findings, we hypothesize that stabilizing *CO intermediate with
poor proton transfer on Cu surface can promote *CO dimer-
ization to C,H,, while a facile proton transfer can directly
hydrogenate *CO to CH, (Fig. 1a). These two proton-coupled
electron transfer (PCET) processes are critical steps to steer the
reaction pathway towards desired products. The PCET process
has been widely studied in homogeneous catalysis but not yet in
heterogeneous CRR [24,25]. Metal-organic frameworks (MOFs),
composed of metal nodes and organic linkers, provide a great
platform for tuning the coordination environment of metal
active centers to optimize the adsorption of *CO [26,27]. More
importantly, linker’s electrophilicity affects the electrocatalyst’s
proton availability, which promotes or inhibits the PCET pro-
cess of either hydrogenation or dimerization. Therefore, differ-
ent from electronic structure engineering in conventional Cu
catalysts, it provides an alternative and insightful way to steer
the CRR selectivity [5,28].

As a proof-of-concept, here we employed a class of bipyridyl
molecules (1,2-bis(4-pyridyl)ethane (bpa), 1,2-bis(4-pyridyl)-
benzene (dpb), 4,4'-bipyridine (bpy) and trans-1,2-bis(4-
pyridyl)ethylene (bpe)) as linkers with different electrophilicity
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Figure 1

(a) Schematic illustration of PCET processes: hydrogeneration (left) and dimerization (right). (b) Energy levels of N 2p in each molecule.

(c) Schematic illustration of proton transfer processes from organic molecules with different electrophilicity: fast (top) and slow (bottom) transfers.

to steer Cu-MOFs’ CRR selectivity. Density functional theory
(DFT) calculations coupled with in situ attenuated total reflec-
tance infrared (ATR-IR) and Raman spectroscopy confirm that
the electrophilicity of linker can alter the catalyst’s proton
availability in PCET reactions. Catalyst with a low-electro-
philicity linker exhibits fast proton transfer to *CO, which
promotes its protonation to lead to a high FE of 58.2% for CH.,.
By contrast, a high-electrophilicity linker can stabilize *CO and
favor its C-C coupling step, resulting in a high FE of 65.9% for
CH,.

EXPERIMENTAL SECTION

Synthesis of Cu-MOFs

CuCl powder (0.25g) was dispersed in 25 mL of acetonitrile
with sonication for 5 min, and 2.5 mmol of organic linker (bpa,
dpb, bpy and bpe) was dissolved in 5 mL of acetonitrile with
10 min sonication. Then, the solution with organic linker was
added into the solution with CuCl. Following magnetic stirring
for 60 min, the precipitate was washed respectively with acet-
onitrile and deionized water thrice. All samples were obtained
following freeze-drying for 24 h.

Materials characterization

The phase and structure of the as-synthesized samples were
analyzed by a Philips PW-1830 X-ray diffractometer (XRD)
using Cu Ka radiation (A = 1.5406 A, scan rate = 5°min™").
Scanning electronic microscopy (SEM) images and transmission
electronic microscopy (TEM) images were collected on a Hitachi
New Generation SU8010 SEM and a JOEL 2100 TEM, respec-
tively. X-ray photoelectron spectroscopy (XPS) measurements
were conducted on AXIS-ULTRA DLD-600W XPS (mono Al
Ko 1486.6 eV) and recorded by the hemispherical analyser with
a step-size of 0.05 eV. Fourier-transform infrared (FTIR) spectra
were collected on a Nicolet 6700 spectrometer. Thermogravi-
metric analysis (TGA) profiles were obtained from a TGA/
SETARAM thermogravimetric analyzer from 25 to 600°C with a
heating rate of 10°C min™' in air flow. The isotope-labelled
experiments were carried out using *CO,, and the products
were analyzed using gas chromatography-mass spectrometry
(7890B and 5977B, Aglient). The extended X-ray absorption fine
structure (EXAFS) measurements were carried out on the

sample at 21A X-ray nanodiffraction beamline of Taiwan Pho-
ton Source (TPS), Synchrotron Radiation Research Centre. This
beamline adopted a 4-bounce channel-cut Si (111) mono-
chromator for mono-beam X-ray nanodiffraction and X-ray
absorption spectroscopy. The end-station was equipped with
three ionization chambers and Lytle/SDD detector after the
focusing position of the KB mirror for transmission and fluor-
escence mode X-ray absorption spectroscopy.

Activity and selectivity measurement

The CRR catalytic activity of different samples was investigated
by a commercial flow cell (Gaossunion) in 1 mol L™' KOH
solution. The volumes of the anode and cathode chamber elec-
trolyte were both 15mL. To prepare the working electrode,
25 mg of catalyst was dispersed by sonication in 2.85 mL of
isopropanol and 150 puL of 5 wt% of Nafion for 60 min. Next, the
inks were airbrushed onto a gas diffusion layer (GDL, Sigracet
29 BC) as the cathode electrode (3 cm x 1 cm, loading mass:
1.0 mgcm™2). The reference and counter electrodes were
Ag/AgCl (3.0 mol L™* KCI) and Pt foil (3cm x 1cm; 1 mm
thickness) connected to a potentiostat (Gamry Interface 3000),
respectively. An anion exchange membrane (FAB-PK-130) (Fuel
Cell Store) was sandwiched between the two polytetra-
fluoroethylene sheets to separate the chambers. In addition,
1 mol L™' KOH was circulated around the cathode and the
anode at a flow rate of 10.0 mL min™" during the CRR. During
this process and then testing, CO, was continuously purged at a
rate of 20 mL min~". The gas products were self-injected into a
gas chromatograph (Shimadzu GC-2014) equipped with TCD
and methanizer/FID detectors. Liquid products were analyzed
by H' nuclear magnetic resonance spectroscopy (NMR,
400 MHz, Bruker). Dimethylsulfoxide (DMSO) as known
internal standards was utilized to obtain a calibration curve to
quantifying the liquid products. The resistance of 1.9 Q had been
used to calculate the iR-correction. The electrical double layer
capacitances (Cq) of samples were used to computer the elec-
trochemical active area of the samples after CRR, which was
obtained from CV plots in a small potential range of —0.6 to
—0.7 V (vs. Ag/AgCl).

XPS and XRD analyses of samples after CRR
We identified the Cu valence state of solid solution and the

2 © Science China Press 2023
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phase of catalysts after CRR by XPS analysis or XRD. When we
completed the CRR test, the electrode was washed by deionized
water and ethanol thrice. The sample after CRR was obtained
after vacuum drying for 12 h. Then, we could identify the Cu
valent state or the phase of the sample after CRR.

In situ ATR-IR spectroscopy

It was conducted by using a Thermo-Fisher Nicolet iS20
equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector
using a VeeMax III ATR accessory (Pike Technologies). A ger-
manium prism (60°, PIKE Technologies) was mounted in a
PIKE electrochemical three-electrode cell with a platinum-wire
counter electrode and an Ag/AgCl reference electrode (Pine
Research). All ATR-IR measurements were acquired by aver-
aging 64 scans at a spectral resolution of 4 cm™. Electrocatalyst
ink was prepared by dispersing catalyst powder (10 mg) in a
solution containing isopropanol (1.5mL) and 5 wt% Nafion
solution (50 uL) followed by ultrasonication for 60 min. Then,
50 pL of the catalyst ink was dropped onto the prism and left to
dry slowly. The electrolyte was 0.1 mol L™ KHCO3, which was
constantly purged with CO, during the experiment. A CHI 760E
electrochemical workstation (CH Instruments, USA) was con-
nected for chronoamperometric tests from —0.6 to —2.1'V vs.
Ag/AgCl stepwise. Meanwhile, the spectra under open circuit
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In situ Raman spectroscopy

In situ Raman testing was recorded on a HORIBA LabRAM HR
Evolution Raman spectrometer (laser wavelength = 532 nm). For
each measurement, the Raman spectrum was collected by two
acquisitions (20 s per acquisition). The tests were carried out
using a screen-printed chip electrode from Pine Research
Instrumentation. The electrocatalyst ink was prepared by dis-
persing catalyst powder (5mg) in a solution containing iso-
propanol (0.75 mL) and 5 wt% Nafion solution (25 pL) followed
by ultrasonication for 60 min. Ten microliters of the ink gel were
added to the printed electrode before dried at room temperature.
The electrolyte was CO,-saturated 0.1 mol L™ KHCO:;.

All calculations in this work were carried out using DFT
method as implemented in the Vienna Ab initio Simulation
Package code. The electronic exchange-correlation energy was
modeled using the Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) [29]. The
projector augmented wave (PAW) method was used to describe
the ionic cores. For the plane-wave expansion, a 450-eV kinetic
energy cut-off was used after testing a series of different cut-off
energies. A Monkhorst-Pack 2 x 4x 2 k-point grid was used to
sample the Brillouin zone. The convergence criterion for the
electronic structure iteration was set to be 107 eV, and that for
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Figure 2 (a, b) In situ Raman spectra of Cu-bpa and Cu-bpy collected under different potentials. All potentials are versus reversible hydrogen electrode
(RHE). (c) Cu K-edge XANES spectra and (d) Fourier transformed Cu K-edge EXAFS spectra of Cu-bpa-after and Cu-bpe-after.

© Science China Press 2023 3



ARTICLES

SCIENCE CHINA Materials

geometry optimizations was set to be 0.01 eV A™! on force. A
Gaussian smearing of 0.1 eV was applied during the geometry
optimization for the total energy computations.

RESULTS AND DISCUSSION

Effect of molecular electrophilicity on proton transfer

Cu-based MOFs were synthesized with CuCl and bipyridyl
molecules in acetonitrile. Cu-bpy was firstly investigated as its
structure has been identified by Yaghi and Li [30]. As illustrated
in Fig. S1, two Cu atoms are bridged with two chlorine ligands,
and each atom is coordinated to two bpy linkers to form a
slightly distorted tetrahedron. The power XRD pattern of Cu-
bpy matches well with that of the simulated one (Fig. S2). To
investigate the effect of linker’s electrophilicity on Cu-MOFs, we
chose four linkers (bpa, dpb, bpy and bpe) with two identical
pyridyl groups but distinct carbon-carbon linking structures.
Since molecule’s electrophilicity is relative to its lowest unoc-
cupied molecular orbital (LUMO) position [31], we first used
DFT to calculate the projected density of states of N 2p orbitals
(N2p) in different linkers (Fig. S3). It is revealed that the elec-
trophilicity of four linkers increases in sequence from bpa to bpe
(Fig. 1b). As a result, pyridine (Py) in the linker could be initially
protonated to form pyridinium ions (PyH*) intermediate during
the electrochemical reaction [32], in which H* can participate in
the PCET process [33]. Therefore, the proton availability of
these Cu-MOFs is a critical factor in determining the PCET
process. Based on the classical Bronsted-Lowry acid-base the-
ory, the proton availability of PyH* depends on the molecule’s
electrophilicity (Fig. 1c). If the electrophilicity is low, the proton

can be easily transferred to the *CO intermediate, favoring its
hydrogenation (top). On the contrary, the molecule with high
electrophilicity cannot implement this transfer, thereby pro-
moting the dimerization step (bottom). Based on this theoretical
analysis, we then synthesized the other three Cu-MOFs (Fig. S4,
linker = dpb, bpy and bpe) with the same morphology (Fig. S5).
XPS analyses demonstrate that there are two Cu species of Cu'*
and Cu** in Cu-MOFs (Fig. S6) [34]. It is worth noting that a
decreased percentage of Cu'* in Cu-MOFs can be observed with
the increase of electrophilicity of linker. This is because the
linker with high electrophilicity facilitates electronic transfer
from metal to pyridine-N and results in the formation of Cu*
[31]. FTIR spectroscopy further indicates that the character peak
of C=N bond in bipyridyl molecules decreases from 1614 to
1603 cm™" with the decreased linker electrophilicity due to the
electron transfer from metal atoms to organic molecules

(Fig. S7).

Characterization of Cu-based MOFs after CRR

It has been known that Cu-based MOFs as CRR catalysts always
undergo a structural reconstruction, resulting in the reduction of
Cu?* or Cu'* to Cu® [35-37]. We employed a set of in situ and ex
situ characterizations to investigate the structure of Cu-MOFs
after CRR. The XRD and XPS results prove that Cu-MOFs
samples have been electrochemically reduced to stable Cu’
during CRR operation (Figs S8 and S9). SEM images show that
the initial nanosheets have been destroyed during the CRR
operation with the formation of nanoparticles and organic
materials (Fig. S10). TEM images further confirm that the
morphology and size of Cu nanoparticles in derived catalysts are
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(f) their highest FE of distinct CRR products at 50, 400, 400, 500, and 300 mA cm™2, respectively.
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same (Fig. S11). In situ Raman was used to detect the linkers on
the surface of the MOFs-derived Cu under different reaction
potentials (Fig. 2a, b, and Fig. S12). The characteristic peaks of
organic molecules remain stable under potentials and, more
importantly, are consistent with that of pure linkers (Table S1),
suggesting that all the linkers steadily adsorb on the surface of
Cu catalysts during CRR operations. Cu X-ray absorption near
edge structure (XANES) spectra display that Cu species in Cu-
bpa exhibit an oxidation state close to that of Cu-bpe after the
CRR (samples are defined as Cu-bpa-after and Cu-bpe-after)
(Fig. 2¢). In the R-space EXAFS spectra (Fig. 2d), Cu-bpa-after
has a similar Cu-O and Cu-Cu peaks to that of Cu-bpe-after,
suggesting that linker’s electrophilicity has no effects on the
coordination environment of Cu nanoparticles derived from
MOFs. Moreover, we also confirmed that the Cu mass percen-
tage and the electroactive surface areas in the derived Cu
nanoparticles are similar (Figs S13, S14, and Table S2). There-
fore, we conclude that Cu-MOFs samples have been reduced to
stable Cu metals coated with linkers after CRR (Fig. S15) and
more importantly, the Cu structure effects on the CRR selec-
tivity, for example particle size, morphology, crystallinity, dis-
tribution, and chemical composition.

Evaluation of CRR activity

The CRR catalytic performances of the traditional CuCl and Cu-
based MOFs were investigated in 1 mol L™' KOH solution by
using a flow cell (Figs S16-S19). As shown in Fig. 3a, there is no
dominant CRR product for CuCl, which is similar with widely

reported oxide-derived Cu [38]. When the linker with lower
electrophilicity (e.g., bpa) was introduced, Cu exhibited a
strikingly different CRR performance with that of CuCl
(Fig. 3b). At large current densities (>200 mA cm™2), the FEs for
CHj, are significantly higher than those of C;Hy, and a maximum
FEcus of 58.2% can be achieved at 400 mA cm™2. With the cat-
alyst containing high-electrophilicity linkers (e.g., Cu-bpe), high
FEs for C,Hy up to 65.9% can be achieved at 300 mA cm™
(Fig. 3¢c). For Cu-dpb, its electrophilicity locates between Cu-bpa
and Cu-bpy, and the hydrocarbon product is a mixture of CHy
and C,H, (Figs S20 and S21). Therefore, we can conclude that
the linker with low electrophilicity favors the CH, formation,
whereas the linker with high electrophilicity benefits the C,H,
generation (Fig. 3d). It should be noted that Cu-bpa and Cu-bpe
display higher current densities for CH4 and C,H,, respectively,
than most of previously reported Cu-based catalysts at a low
overpotential zone (Fig. 3e). Importantly, with our Cu-MOF
catalysts, the CRR products can be tuned in a wide distribution,
whilst a high FE for one specific product (CH4 or C,Hy) can be
achieved simultaneously (Fig. 3f). We further used *CO, isotope
labeling to prove that the CRR products were resulted from CO,
reduction rather than carbon containing linkers’ decomposition
(Fig. S22). In addition, we found that this surface modification
of Cu with linkers derived from MOFs can achieve a higher C-C
coupling efficiency than that of a physical mixture of commer-
cial Cu nanoparticles and linkers (Fig. S23), further suggesting
the importance of in situ formed MOF-derived Cu coated with
linkers.
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In situ characterization of proton source

To elucidate the distinct selectivity of four samples, we employed
in situ ATR-IR spectroscopy to analyze the surface structure of
catalysts over the CRR process. Firstly, compared with Cu-bpy, a
negative peak at 1613 cm™" and a positive peak at 1431 cm™ are
observed in Cu-bpa (Fig. 4a), which belong to Py in the bpa
linker. The peak at 1560 cm™ is assigned to PyH* [39]. By
contrast, for Cu-bpy, in addition to the peaks of PyH* and Py,
an interface water peak can also be observed at 1654 cm™
(Fig. 4b), similar to those of CuCl, Cu-dpb and Cu-bpe
(Fig. S24). In the Cu-bpa spectra, we can observe the downward
and upward Py peaks at 1613 and 1431 cm™, respectively,
suggesting that the conversion reaction between PyH* and Py is
reversible. The proton resulting from the deprotonation of PyH*
promotes the hydrogenation of *CO intermediates. Therefore,
the proton source for CH, formation is PyH* (Fig. 4c). In the
Cu-bpy spectra, we can observe the upward Py peaks at

1431 cm™ and not observe downward Py peak at 1614 cm™,

suggesting that the deprotonation of PyH* is hardly carried out
with the formation of Py. It results in a slow proton transfer,
which promotes *CO dimerization. Thereby, the proton source
for C,H, formation is water (Fig. 4d). In addition, the interface
water peak of Cu-bpy indicates the formation of a strong
hydrogen bonding [40]. The previous report has demonstrated
that the hydrogen bonding can stabilize *CO intermediates and
increase its coverage, thereby enhancing the dimerization for
C,H, formation [41], which agrees well with our electrochemical
observations.

Structure-property relationship of molecular electrophilicity and
CRR selectivity

We then investigated the critical intermediates in CRR to
understand the influence of catalysts’ proton availability on the
PCET processes. A CHO* intermediate at 1505 cm™ is clearly
observed on Cu-bpa with potential being applied (Fig. 5a). This
intermediate can achieve further hydrogenation via a series of
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*OCH; and OCCOH* on Cu-bpa and Cu-bpy under different potentials.
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PCET reactions to form *OCHSj3, which is the final intermediate
in the generation of CH, [42]. By contrast, Cu-bpy exhibits two
strong peaks at 1595 and 1190 cm™ (Fig. 5b), which correspond
to OCCOH* for the formation of C,H,. This is derived from the
dimerization of two ¥*CO and then further hydrogenation [43].
The linear relationships between the integral area of these two
intermediates and potentials show that the slope of *OCH; is
nearly twice that of OCCOH* on Cu-bpa, whereas the slope of
*OCH5 is one-sixth that of OCCOH* on Cu-bpy (Fig. 5¢, d, and
Fig. $25). By contrast, a lower slope of OCCOH* was observed
on Cu-dpb, whereas a higher slope of OCCOH* was also
observed on Cu-bpe (Fig. $26).

We further compared the slope ratio of OCCOH* to *OCHj
for Cu-bpa, Cu-dpb, Cu-bpy, and Cu-bpe. It increases from 0.5
to 5.7, 6.2 and 12.2, respectively, with the increase of linker
electrophilicity. This result suggests that the linker with a higher
electrophilicity favors the formation of OCCOH* while inhibits
that of *OCH;. Therefore, this trend clearly explains the
intrinsic reason that Cu-bpa generates CHy as the dominant
product while Cu-bpe produces C,H,, matching well with the
CRR results.

CONCLUSION

In summary, we developed a molecular engineering strategy to
regulate CRR selectivity of CH, and C,H, on MOF-derived-Cu
catalysts. Based on the DFT computation, electrochemical
results, in situ ATR-IR as well as Raman spectroscopy analysis,
we explicitly revealed the regulation mechanism by tuning the
molecular electrophilicity and proton availability to alter the
critical PCET processes in CRR. We found that the linker with
low electrophilicity can promote proton transfer from PyH* to
*CO intermediates, thus facilitating the formation of CH4. By
contrast, the linker with high electrophilicity can build strong
hydrogen bond to stabilize the *CO dimer, thereby favoring the
C,H, formation. This finding provides new insights into steering
CRR selectivity on Cu-based catalysts by tuning the PCET
process, which could also guide the catalyst design for other
proton-involving electrochemical reactions.
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