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Abstract: Hybrid CO2 electroreduction (HCER) is
recognized as an important strategy to improve the total
value of redox products and energy conversion effi-
ciency. In this work, a coordination catalyst model
system (Ni8-TET with active oxidation sites, Ni-TPP
with active reduction sites and PCN-601 with redox-
active sites) for HCER was established for the first time.
Especially, PCN-601 can complete both anodic methanol
oxidation and cathodic CO2 reduction with FEHCOOH and
FECO over 90 %. The performance can be further
improved with light irradiation (FE nearly 100 %). DFT
calculations reveal that the transfer of electrons from
NiII

8 clusters to metalloporphyrins under electric fields
results in the raised oxidizability of Ni8 clusters and the
raised reducibility of metalloporphyrin, which then
improves the electrocatalytic performance. This work
serves as a well-defined model system and puts forward
a new design idea for establishing efficient catalysts for
hybrid CO2 electroreduction.

Introduction

Electrocatalytic anodic organic oxidation reaction coupled
with carbon dioxide reduction reaction (CO2RR) presents
an obvious advantage in improving the total value of redox
products and overall energy conversion efficiency of the
hybrid electrocatalytic full reaction.[1] In conventional elec-
trocatalytic CO2 reduction electrolyzers, the CO2RR and the
oxygen evolution reaction (OER) occur at cathode and
anode, respectively.[2] However, the OER with slow kinetics
not only consumes a large amount of energy (�90% of the
total power input) but also largely limits the generation of
cathodic products from CO2RR, hindering the conversion
efficiency of CO2RR.[1d,3] In addition, although oxygen as
the product of OER is eco-friendly, it is usually released
directly into the environment due to its low economic value,
which indirectly leads to the loss of energy conversion.[4]

Therefore, the best way to improve the energy utilization
efficiency of the whole electrolyzer is to find a thermody-
namically more favorable anodic oxidation reaction to
replace OER, and to couple it with CO2RR for the co-
production of high-value chemicals, for example, a hybrid
CO2 electroreduction (HCER) containing methanol oxida-
tion (MOR) coupled with CO2RR.[5] In this way, not only
more valuable products can be obtained at the anode, but
also the overall electrocatalytic reaction rate and energy
conversion efficiency can be improved.[6] Currently, some
nanomaterial catalysts have been reported for HCER (such
as MOR coupled with CO2RR). However, in most catalytic
systems, two different types catalysts are required to be
designed for anodic MOR and cathodic CO2RR,
respectively.[7] From a practical application point of view, in
this hybrid electrocatalytic full reaction system, it is more
desirable to use one catalyst for both MOR and CO2RR to
reduce catalytic cost and simplify electrolysis devices. More-
over, the structures of these reported nanomaterial catalysts
are multi-phase composites with complicated interfacial
information, from which it is difficult to obtain a clear
understanding of the relationship between the structure and
the performance of the catalysts. It would be more advisable
to design and construct a bifunctional catalyst with a well-
defined structure to be used as both anode and cathode in
HCER systems.

Theoretically, to achieve the expectation that one
catalyst can be used to realize the anodic MOR and cathodic
CO2RR simultaneously, an excellent strategy is to assemble
the active sites for MOR and the active sites for CO2RR
into the structure of one catalyst. Moreover, if electrons can
be transferred from the oxidation active sites to the
reduction active sites under the action of an electric field,
this will lead to a higher valence state in the part where the
oxidation reaction occurs and a lower valence state in the
part where the reduction reaction occurs. Thus, during the
process of HCER, it will be more active in both oxidation
and reduction reactions, and the energy use efficiency of the
whole electrolyzer will be further improved. Based on this
design concept, we believe that well-structured crystalline
coordination catalysts can offer more opportunities for the
realization of this idea. It is well known that coordination
compounds are crystalline materials bridged by metal ions/
clusters and organic ligands periodically. If these crystalline
materials are used as catalysts, their structures can be
adjusted or designed according to specific requirements.
Besides, their well-defined structural information is very
beneficial for the mechanistic studies of catalytic reactions.[8]
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However, due to the high requirements for structural
stability in electrocatalytic reactions, only a very small
number of crystalline coordination compounds can be used
as electrocatalysts. Among these catalysts, crystalline coordi-
nation catalysts that can be used for HCER have not been
reported yet. Particularly, using one bifunctional crystalline
coordination catalyst for both anodic and cathodic reactions
is fairly challenging.

In this system, three crystalline coordination compounds
(Ni-TPP, Ni8-TET and PCN-601) electrocatalysts were
constructed for MOR, CO2RR and HCER (MOR coupled
with CO2RR), respectively. When Ni-TPP and Ni8-TET
were used as electrocatalysts for CO2RR and MOR
respectively, the Ni in the center of porphyrins as the
reduction active sites can reduce CO2 to CO with a Faraday
efficiency (FECO) of 25.6 % and the NiII

8 clusters as the
oxidation active sites can oxidize methanol to formic acid
(HCOOH) with a Faraday efficiency (FEHCOOH) of 86.3 %. It
is worth noting that when PCN-601 assembled with a Ni8

cluster and metalloporphyrin (Ni) was used as an electrode
material, the MOR and CO2RR performance of PCN-601
(FEHCOOH of 89%, FECO of 96 %) is stronger than that of
Ni8-TET (86.3 %) and Ni-TPP (25.6%). Besides, this
combined bifunctional crystalline catalyst can be used as
both anode and cathode for HCER with an FEHCOOH over
90 % (2.1–2.4 V) and FECO over 80% (1.9–2.5 V). Addition-
ally, by light irradiation, the FEHCOOH can be further
increased to more than 90 % in a wide potential range (1.8–
2.5 V) and FECO to nearly 100 %. The theoretical calcula-
tions demonstrate that the electrons transfer from the Ni8

clusters to the Ni ions in the center of porphyrins during the
catalytic process, which leads to the enhanced oxidizability
of the Ni8 clusters and the enhanced reducibility of the Ni
ions in porphyrins and ultimately results in the enhancement
of both Faraday efficiencies. This is the first report in which
one crystalline coordination catalyst is used to complete
both the cathodic and anodic reactions of HCER electro-
reduction.

Results and Discussion

Based on the our previous work and previously reported
literature, the Ni-TPP, Ni8(OH2)2(OH)4(tet)6 (abbreviated as
Ni8-TET) and PCN-601 were synthesized by a solvothermal
method.[9,10] The phase purity of the three crystalline
coordination compounds was determined by powder X-ray
diffraction (PXRD). As displayed in Figures S1–S3, the
synthesized samples are in good agreement with the
simulated patterns, indicating the successful synthesis and
good phase purity of three compounds. The structure details
of the resulting PCN-601, Ni8-TET and Ni-TPP are shown in
Figure 1. The Ni8-TET is a three-dimensional (3D) MOF
composed of straight-chain ligands (H2tet) and pyrazole-
NiOx coordination spheres (shortened as Ni8 cluster) (Fig-
ure 1a). The structure of Ni-TPP is shown in Figure 1b, it is
composed of a Ni ion and porphyrin ligand (5,10,15,20-
Tetraphenyl-21H,23H-porphine, TPP). For PCN-601, the π-
conjugation Ni metalloporphyrin centers connect Ni8 clus-

ters to generate the 3D porous framework of PCN-601
(Figure 1c). X-ray photoelectron spectroscopy (XPS) was
carried out to trace the surface chemical state of metal
atoms in these three compounds. As can be seen in
Figures S4–S6, the Ni 2p spectrum of the three compounds
deconvoluted into two peaks with a binding energy of 855.6
and 873.0 eV corresponding to Ni2+.[11] Besides, Fourier
transform infrared spectroscopy (FTIR) characterization
and thermogravimetric analysis (TGA) were also per-
formed. Compared with H4TPP and TPP ligands, the
disappeared peaks at 3315 cm� 1 and 966 cm� 1 and the new
peak at 999 cm� 1 in the FTIR spectrum of PCN-601 and Ni-
TPP are assigned to the stretching vibration peak, bending
vibration peak of N� H of porphyrin ligand, and the Ni� N
stretching vibration peaks of PCN-601 and Ni-TPP, respec-
tively (Figures S7–S9).[12] This result indicates that Ni2+ ions
are indeed coordinated with porphyrin ligands. The TGA
results show the thermal decomposition temperature (at
least 450 °C) of the frameworks of three compounds,
indicating their high structure thermostability (Figures S10–
S12). Given that chemical stability is very important for
crystalline electrocatalysts to evaluate their electrochemical
performance, PCN-601, Ni8-TET and Ni-TPP were im-
mersed in solutions of different pH for 48 hours to explore
their structural rigidity (Figures S13–S15). It is found that
the PXRD patterns of immersed compounds are matched
well with patterns before treatment, suggesting that no
phase transition or skeleton collapse occurred during this
process.

Initially, a series of electrochemical measurements were
carried out in a three-electrode setup to explore the electro-
catalytic performance of Ni8-TET and Ni-TPP for MOR and
CO2RR, respectively. The liquid products can be confirmed
by 1H nuclear magnetic resonance (1H-NMR) and ion
chromatography (IC) measurement (Figures S16–S18). The
gaseous products were detected by gas chromatography
(GC) (Figure S19). Compared with the linear sweep voltam-
metry (LSV) curve of Ni8-TET in 1 M KOH without
methanol, the LSV curve of Ni8-TET in 1 M KOH with
0.1 M methanol shows rapidly increasing current densities,
indicating that methanol oxidation is more likely to occur at
the anode rather than OER (Figure S20).[13] Similarly, the
higher current densities of the LSV curve of Ni-TPP in CO2-
saturated 0.5 M KHCO3 solution than in Ar-saturated 0.5 M
KHCO3 solution illustrates that CO2RR is preferred to the
hydrogen evolution reaction (HER) at the cathode (Fig-
ure S21). The Faradaic efficiency of the MOR to HCOOH
(FEHCOOH) and the Faradaic efficiency of the CO2RR to
carbon monoxide (FECO) can be calculated from the
quantitative results of IC and GC, respectively. As shown in
Figure 2a, Ni8-TET demonstrates a catalytic activity for
MOR with a FEHCOOH over 50 % at a potential range from
1.3 to 1.7 V vs. RHE and reaches a maximum value of 93%
at 1.5 V vs. RHE. Besides, the results of the CO2RR test
show that Ni-TPP has a certain CO2RR activity with the
highest FECO value of 25 % at the potential of � 0.9 V vs.
RHE (Figure S22) and the 1H-NMR spectrum shows that no
liquid products are discovered (Figure S23). Some compara-
tive experiments were carried out to confirm the sources of
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catalytic activity of catalysts. As shown in Figures S24 and
S25, carbon paper and other additives (AB and Nafion) do
not affect MOR and CO2RR activity. Additionally, the
MOR activity of H2tet and the CO2RR activity of TPP were
tested, respectively. The corresponding results show that
both H2tet and TPP have poor catalytic performance as the
FEHCOOH of H2tet for MOR is below 10% at different
applied potentials and H2 is the main product of TPP for
CO2RR (Figures S26 and S27). The above results indicate
that the catalytic active sites of MOR are Ni8 clusters, and
the catalytically active sites of CO2RR are Ni ions in the
center of porphyrins.

Then, the MOR and CO2RR activities of PCN-601
composed of Ni8 clusters (active sites for MOR) and nickel
metalloporphyrins (active sites for CO2RR) were evaluated.
As expected, PCN-601 has both MOR and CO2RR electro-
catalytic properties. Figure 2b shows the OER and MOR
activity of PCN-601 evaluated by LSV at the anode in 1 M
KOH and 1M KOH with 0.1 M methanol, respectively. The
current density of PCN-601 increases markedly in 1 M KOH

solution with 0.1 M methanol, and PCN-601 required a
potential of 1.40 V vs. RHE to drive a current density of
10 mA cm� 2 when catalyzing MOR, negatively shifted by
175 mV compared to that of OER (Figure S28). Besides, the
reaction kinetics for MOR and OER during the electro-
chemical process were evaluated by the Tafel plots derived
from the LSV results. As can be seen in the insert in
Figure 2b, the Tafel slope of MOR is 156.6 mV dec� 1, which
is much lower than that of OER (176.7 mV dec� 1). These
results indicate that MOR is more conducive than OER.
Similarly, Figure 2c shows the polarization curves of PCN-
601 in CO2- or Ar-saturated 0.5 M KHCO3 solution, which
shows a remarkable CO2RR performance as a much higher
current density in CO2-saturated KHCO3 solution than that
in Ar-saturated KHCO3 solution. Moreover, the activities
and Faradaic efficiencies of MOR and CO2RR were
quantified by controlled potential electrolysis. The results as
shown in Figure 2d and e, FEHCOOH of PCN-601 is quite high
at above 85 % in the potential range from 1.4 to 1.6 V vs.
RHE, and the FECO of PCN-601 reaches a maximum value

Figure 1. a) Structure representation of Ni8-TET (3D structure formed by straight-chain ligands connecting with pyrazole-NiOx coordination
spheres). b) Structure representation of Ni-TPP (supramolecular structure formed by the accumulation of metalloporphyrin single molecules
through hydrogen bonds and π–π interactions). c) Structure representation of PCN-601 (3D porous framework formed by metallporphyrin
connecting with pyrazole-NiOx coordination spheres). d–f) Potential catalytically active sites of three crystalline coordination compounds used as
catalysts. g–i) Performance speculation of three crystalline coordination catalysts applied in electrolytic cell.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202207282 (3 of 8) © 2022 Wiley-VCH GmbH



of 97% at � 1.0 V vs. RHE, indicating a significantly high
activity for the conversion of methanol to HCOOH and CO2

to CO, respectively. In addition, the partial current density
of PCN-601 for MOR and CO2RR can reach 29.1 mAcm� 2

and � 16.4 mA cm� 2, respectively (Figure 2d,e). By compar-
ing the catalytic performance of the three compounds (PCN-
601, Ni8-TET and Ni-TPP), it can be found that the MOR
performance of PCN-601 is better than that of Ni8-TET, and
the CO2RR performance of PCN-601 is far superior to that
of Ni-TPP (Figure S29 and S30). Moreover, the results of
electrochemical impedance spectroscopy (EIS) measure-
ments show that the shuttle of charge transfer on PCN-601
is faster than that of Ni8-TET and Ni-TPP because the
semicircle of PCN-601 has the smallest diameter (Fig-
ure S31). The reason for the differences in performances
may be that in the process of electrocatalysis, the electrons
of electron-rich Ni8 clusters are transferred to the electron-
deficient centers of porphyrins, so that the electrocatalytic
activities of the redox-active sites in PCN-601 are improved.

Inspired by the excellent electrocatalytic performance of
PCN-601 for anodic MOR and cathodic CO2RR, a hybrid
CO2 electroreduction electrolyzer combining anodic MOR
and cathodic CO2RR (denoted as MOR j jCO2RR), with
concurrent high valued products generation, was further
persued to assess the feasibility of its practical application.
As shown in Figure 2f, the benefit of MOR in lowering the
cell potential was verified by the polarization curves. The
pair of MOR j jCO2RR only needs 1.99 V to deliver a
current density of 5 mAcm� 2 for the formation of CO and
HCOOH, which is 310 mV lower than that for OER j j
CO2RR.

To ensure the anodic methanol oxidation and the
cathodic CO2 electroreduction retain their excellent electro-
catalytic performance, the products from the anode and
cathode were separately collected and the FEs were
calculated (Figure S32 and S33). In comparison with
OER j jCO2RR cell (FECO <65 %, Figure S32), the CO2RR
performance was improved in the two-electrode electrolyzer
when MOR was coupled to CO2RR. The corresponding
cathodic CO2RR produced CO with increasing Faradaic
efficiencies at cell voltage windows from 1.8 to 2.5 V and the
Faradaic efficiencies can be maintained at more than 80%
in the range of 2.1 to 2.5 V. Besides, the corresponding
anodic MOR produced HCOOH with Faradaic efficiencies
over 75 % at all applied voltages and toward a maximum
value of 93 % (Figure 3a).

Metalloporphyrins as photosensitive macrocyclic com-
pounds possess efficient light absorption capabilities (Fig-
ure S34).[14] Moreover, photoelectrocatalysis has been pro-
ven as a promising approach for producing high-value
chemicals.[15] Given these, we proposed that light irradiation
probably facilitates electrochemical activation of HCER. To
verify this hypothesis, we carried out the electrochemical
test of hybrid CO2 electroreduction with light irradiation
(PHCER) in a two-electrode electrolyzer. Before evaluating
the electrochemical activity of PHCER, we conducted a
photo-current response test of PCN-601 at different applied
potentials. Figure 3b shows that the current densities
increase obviously with the assistance of light, which
provides a good test basis for the next PHCER test. The
results of the PHCER test are shown in Figure 3c,d and S35,
compared with HCER, the FEHCOOH of PHCER is improved

Figure 2. Electrocatalytic performances of Ni8-TET, Ni-TPP and PCN-601: a) FEHCOOH of Ni8-TET for MOR test and FECO of Ni-TPP for CO2RR test.
b) LSV curves of PCN-601 at anode in 1M KOH with and without the addition of 0.1 M methanol and Tafel plots (insert) for MOR derived from the
LSV results. c) Polarization curves of PCN-601 in CO2- or Ar- saturated 0.5 M KHCO3 solution. d) FEHCOOH and jHCOOH of PCN-601 during MOR test.
e) FECO and jCO of PCN-601 for CO2RR. f) Cell LSV curve comparison of MOR j jCO2RR and OER j jCO2RR using PCN-601 as both anode and
cathode.
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to over 90 % in all applied cell voltages from 1.8 to 2.6 V
and FECO can be maintained above 95% in a broad voltages
windows (2 to 2.3 V) and even close to 100 % at 2.1 and
2.2 V.

To verify the carbon source of oxidation and reduction
products during the process of MOR and CO2RR, isotopic
experiments were performed by adopting 13CH3OH instead
of CH3OH in the anodic electrolyte and using 13CO2 as a
substitute for 12CO2 in the cathode. 13C-NMR spectrum
confirms the generation of formate, as shown in Figure 3e,
the peaks at about 171.04 ppm and 168.26 ppm correspond
to HCOO� and CO3

2� , respectively. The main products of
CO2RR were analyzed by gas chromatography/mass spec-
trometry (Figure 3f), and the result shows that the peaks at
m/z=13, 16, 29 are assigned to 13C, 16O and 13CO,
respectively. These results fully prove that the products of
MOR and CO2RR indeed derive from the CH3OH and CO2

used in experiments.

The persistence of the catalytic effect is an important
parameter of the catalytic performance of the catalyst. A
chronoamperometric test was conducted to unveil the
stability of PCN-601 in the electrocatalytic process. As
exhibited in Figure 3g, the HCER performance of PCN-601
can be maintained for 7 hours with FEHCOOH over 85 % and
FECO over 90 %. Besides, the samples after the electro-
chemical test were collected for the PXRD test. The results
show that the diffraction peaks of the samples after the
electrochemical test are consistent with that before the test,
which showed that the catalyst has excellent electrocatalytic
stability (Figure S36).

In situ FTIR measurements were performed to ascertain
the intermediates during the MOR and CO2RR processes,
respectively. For MOR, the bands at 2950 and 2841 cm-1 in
the spectra are ascribed to surface CH3OH species. The
peak at 1473 cm� 1 can be assigned to CH2O*.[16] It can be
seen that there are five peaks at 1655, 1565, 1403, 1332 and

Figure 3. Electrocatalytic performances of PCN-601 for hybrid CO2 electroreduction: a) The FEHCOOH and FECO of MOR j jCO2RR. b) Photo-current
response curves of PCN-601 at different bias voltage. c) FEHCOOH of MOR j jCO2RR and MOR j jCO2RR with light at different potentials. d) The FECO

of MOR j jCO2RR, OER j jCO2RR and MOR j jCO2RR with light at different potentials using PCN-601 as anode and cathode. e) 13C-NMR spectrum
of the electrolyte after MOR electrochemical test. f) The mass spectra of 13CO recorded under 13CO2 atmosphere of gaseous product (CO) for
CO2RR. g) Stability of PCN-601 for HCER at 2.1 V cell voltage.
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1299 cm� 1 in the lower wavenumber region which are
assigned to the C=O stretch, asymmetric stretch, symmetric
stretch, C� O stretch, OH deformation of HCOOH*,
respectively (Figure 4a).[17] Besides, Figure 4b shows the in
situ FTIR spectrum of CO2RR, in which, the peaks at 1664–
1280 cm� 1 are ascribed to COOH* (the key intermediate for
the formation of CO). And the IR absorption band of
chemisorbed CO/CO* is detected at 2100 cm� 1.[18]

Density functional theory (DFT) calculations were
conducted to discuss the electrocatalytic mechanism and the
cause of the improved activity. Firstly, electric field exerted
from different directions was applied to the system to discuss

its effect on PCN-601. It can be found that when an electric
field is applied to the system, no matter what direction of it
(Figure 5a), the Ni in the center of porphyrin can be
relatively negatively charged and the Ni in the Ni8 cluster
can be relatively positively charged. This means that as long
as an electric field is applied to the system, the charge will
be transferred from the Ni8 cluster to the porphyrin. Then,
the reactions were studied by using the computational
hydrogen electrode method (CHE method,[19] see Support-
ing Information for calculation details) to calculate the free
energy diagram (FED) of CO2RR and MOR on the Ni8

cluster and Ni-TPP, respectively. As shown in Figure 5b–5c,
the CO2RR activity of the Ni8 cluster is worse than that of
Ni-TPP (ΔG0

max = 1.50 vs. 0.68 eV, ΔG0
max stands for the max

standard Gibbs energy among all the elementary steps),
while the MOR activity of Ni8 cluster is better than that of
Ni-TPP (ΔG0

max = � 0.64 vs. � 0.55 eV), which corresponds to
the experimental results.

Additionally, we can also read some extra information
from the DFT based results. Firstly, for Ni8 cluster, the key
intermediates of CO2RR, the COOH and CO, are not
directly bound with Ni8 cluster. They are only physically
adsorbed on the surface, which is responsible for the poor
CO2RR activity of Ni8 cluster. Secondly, for MOR, both Ni8

cluster and Ni-TPP choose to break the C� H bond after
generating CH3OH*, then the O� H bond is immediately
disconnected after the formation of H2COH*. Besides, the
calculation results show that a side reaction that occurs after
the formation of CHO* to generate CO2 is less likely to
continue because the reaction energy of the side reaction is
more positive than that of MOR path (Figure S37–
S38).[17b, 20] Third, the rate-determining step (RDS) on Ni-
TPP for CO2RR is CO2 +H2O!COOH+OH� . Further
than that, considering Ni porphyrin will receive electrons
from Ni8 cluster, we add an additional electron to see the
result of this behavior. Consequently, we see the reaction
energy of this step reduced by 0.26 eV, indicating that
charge transfer is favorable for the RDS of CO2RR. This is
one first benefit of Ni8 cluster. In fact, the reason why the
adsorption of COOH on Ni-TPP is affected by charge has
been discussed in the previous literature. This is caused by a
dipole-electric field interaction: adsorbed COOH has a
dipole μ that points directly to the metal center (from
negative center to positive center); accepting electrons will
also raise an additional electric field E that points towards
metal center. This will then result in an additional contribu-
tion to adsorption energy by ΔE= � E ·μ, thus aid the
adsorption of COOH, resulting in a change in its activity.[21]

Another benefit of the Ni8 cluster lies in the kinetics of
the RDS of CO2RR. The reaction mentioned in this work
mainly takes place at neutral pH, in which water acts as the
main proton donor. In this case, the efficiency of proton
donation is quite correspondent to the oxophilicity of the
catalyst. The higher the oxophilicity, the higher the
kinetics.[22] For PCN-601 and Ni-TPP, the adjacent groups to
porphyrin are different. PCN-601 connects with pyrazole,
while Ni-TPP connects with benzene. They may provide
different oxophilicity and different activities. To better show
this, we should compare the role of these two different

Figure 4. In situ FTIR spectra of PCN-601 for electrocatalysis: a) In situ
FTIR spectra of PCN-601 for MOR. b) In situ FTIR spectra of PCN-601
for CO2RR.

Figure 5. Density functional theory calculations: a) Difference between
Ni charge from porphyrin (Q1) and Ni8 cluster (Q2). Since Ni8 cluster
contains multi-Ni atoms, Q2 is taken the average values of them.
Charges values are calculated by Bader charge analysis. b) Free energy
diagram (FED) of Ni8 cluster and Ni-TPP for MOR. c) FED of Ni8
cluster and Ni-TPP for CO2RR. The applied electrode potentials for (c)
and (d) are 1.0 and � 1.0 V, respectively. d) Minimum energy path of
the RDS (CO2+H+e!COOH*) in the presence of pyrazole group or
benzene ring.
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groups. So, the NEB simulation of the RDS (CO2 +H+e!
COOH*) is executed. We did two parallel NEB simulations,
respectively with pyrazole and benzene being the OH�

acceptor. This OH� is generated after the O� H bond of
water cracks and the proton releases. Thus, the higher
oxophilicity, stronger OH– adsorption, and faster proton
releases. Consequently, NEB simulations show the activa-
tion energy with the pyrazole group is significantly lower
compared with the benzene ring (2.05 vs. 2.53 eV, Fig-
ure 5d). This proves that the pyrazole group can reduce the
energy barrier. To sum up, as a catalyst, PCN-601 has two
features in improving performance: 1) charge of Ni8 cluster
can transfer to porphyrin under the electric field, resulting
in improved MOR and CO2RR performance; 2) PCN-601
can provide oxophilic pyrazole group to promote the proton
migration reaction of CO2RR.

Conclusion

In summary, for the first time, we used a crystalline
coordination catalyst (PCN-601) to realize the use of one
catalyst as both anode and cathode for the hybrid electro-
catalytic full reaction (CO2RR coupled with MOR instead
of OER). Moreover, due to the transference of electrons
from electron-rich Ni8 clusters to the electron-deficient Ni
ions in porphyrins, both anode and cathode show signifi-
cantly high electrocatalytic activities and high Faradaic
efficiencies for MOR (93.5%) and CO2RR (94.5%). The
performance can be further improved by light irradiation
(FEHCOOH>90 % at all applied potentials and FECO nearly
100 %). In addition to the high-value product (HCOOH) at
the anode rather than low-value O2, the hybrid electrolyzer
requires a low cell voltage of 1.99 V to achieve 5 mAcm� 2

for the overall reaction, which is 310 mV lower than that of
conventional overall CO2RR. This work is the first report on
the use of the same crystalline coordination compound as
the catalyst to complete the catalytic reaction at both the
anode and cathode of a hybrid electrocatalytic full reaction
with very high Faraday efficiency. Besides, this work
provides an important case study and a new design strategy
to construct more crystalline electrocatalysts with high
performance for hybrid CO2 electroreduction.
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