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Cu-based metal-organic frameworks (MOFs) are widely employed in CO, reduction reactions (CO,RR).
Mostly, the in-situ reconstructed derivatives such as Cu or Cu oxides during CO,RR are regarded as the
catalytic active center for the formation of catalytic products. However, in many cases, the pristine MOFs
still exist during the catalytic process, the key role of these pristine MOFs is often ignored in revealing
the catalytic mechanism. Here, we designed two Cu(imidazole) with different coordination environments,
namely CuN, and Cu;Ny4 for CO,RR. The structures of the two MOFs were still remained after the catalytic
reaction. We discovered that the pristine MOFs served as activation catalysts for converting CO, into CO.
Sequentially, the Cu-based derivatives, in the two cases, Cu(111) converted the CO into C,, products. The
CuN, with more exposed Cu-N centers showed a higher FEqco and a higher final FEc,, than Cu,N4. This
auto-tandem catalytic mechanism was supported by electrocatalytic performance, TPD-CO, HRTEM, SAED,
XPS, in-situ XANES and XES and DFT computation. The auto-tandem catalytic mechanism provides a new
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route to design Cu-based MOF electrocatalysts for high product selectivity in CO,RR.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cu-based metal-organic frameworks (MOFs) have been recog-
nized as promising catalysts in the CO, reduction reaction (CO,RR)
catalysts for generating of C,, products [1-7]. It has been widely
accepted that Cu-based MOFs usually undergo in-situ reconstruc-
tion, yielding Cu-base derivatives, such as Cu, Cu,0, CuO species
and their heterostructures [8-11]. These generated derivatives are
identified as paramount active sites for facilitating C-C coupling
in CO,RR [11,12]. However, in many cases, distinct MOF precur-
sors can reconstruct the same Cu-based derivatives, but leading
to significantly different catalytic performances [13-15]. For ex-
ample, Cu''/adeninato/carboxylato MOF (Cu''/ade-MOF) nanosheets
were converted to Cu nanoparticles, which obtained C;H4 with
a maximum faradaic efficiency (FE) of 45% [16]. In another case,
similar Cu nanoparticles were derived from semi-conductive MOF-
Cus(HITP),, where a notable production C;H4 was observed attain-
ing its maximum FE of 63% [17]. The phenomenon indicates that,
before the C-C coupling process, there are other activation sites
which critically influence catalytic efficiency.
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Acutually, the structures of pristine MOF precursors still remain
throughout the catalytic process, particularly in prolonged catalytic
cases. In essence, pristine MOFs also harbor the capability to im-
pact the CO,RR process, even though they are commonly over-
looked in discussions of the catalytic mechanism. We posit that
the varied catalytic outcomes stemming from identical Cu-based
derivatives are intricately linked to the presence of pristine MOFs.
Unveiling the role of pristine MOFs can not only provide a new
direction to design high-proformance MOF-based CO,RR catalysts
with minimize trial and error.

Constructing a rational catalytic system to explore the role of
prinstine MOF precursors is still a significant challenge. On the
one hand, to avoid variations in the C-C coupling efficiency in the
second step, the derivatives produced by different Cu-based MOFs
during the catalytic reaction should be completely identical [18,19].
On the other hand, to mitigate the influence of MOF’s residual lig-
ands, the prinstine MOFs chosen for comparsion should prossess
the same chemical component but differet structures [20]. Last but
not lesat, the MOFs catalysts should maintain the srtucture during
the catalytic process, forming MOF-derivatives complexes rather
than being entirely destroyed [21]. Therefore, to invesitigate a rela-
tionship between precursors and catalytic performance, it was es-
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Scheme 1. The design of auto-tandem catalysts CuN,/Cu(111) and Cu;N4/Cu(111) and the proposed CO,RR catalytic mechanism.

sential to ensure structural similarity and stability as well as ligand
consistency.

Here, two Cu(l) imidazole framework isomers with the iden-
tical formula [Cu(imidazole)], were employed as the precursors,
namely CuN, and Cu;N4 based on the coordination status. The
only difference between the two precursors was the Cu coordi-
nation environments (Scheme 1). In the CuN, precursor, one Cu
atom was linearly coordinated to N atoms of two imidazoles to
form zig-zag one-dimensional chain. In the Cu;N4 precursor, two
one-dimensional chains was perpendicularly stacked with a Cu-Cu
bond formed bewteen the atoms of adjacent layers. The two Cu-
based MOFs were both in-situ reconstructed to nanosized Cu(111)
with a large number of MOFs retained under cathodic potential,
named CuN,/Cu(111) and Cu;N4/Cu(111), respectively. The CO,RR
performance of CuN,, Cup;Ny4, CuN;/Cu(111) and CuyN,4/Cu(111) was
evaluated, respectively. The results showed that the both CuN,
and CuyN,4 precursors produced CO while both CuN,/Cu(111) and
CuyNy4/Cu(111) produced C,, products. The CuN, and Cu,N4 pre-
cursors showed a maximum FEqg of 43.1% and FEy of 26.2% for
the production of CO, respectively. Then, the CuN,/Cu(111) and
CuyN4/Cu(111) exhibited a final FEc,, of 64.8% and 43.9%, coore-
spondingly. The FEc,, was closely related to the FEco of the pris-
tine MOF precursors. We demonstrated a auto-tandem catalysis
mechanism to reveal the performance of the Cu(imidazole) sys-
tem. The pristine Cu(imidazole) played an activiation function to
convert CO, into CO, and Cu(111) catalyzed CO to C,, products.
This auto-tandem catalysis mechanism was confirmed by TPD-CO,
in-situ ATR-SEIRAS, and DFT computation. These results conclu-
sively illustrated that pristine CuN, with more exposed Cu-N sites
showed lower CO adsorption energy and generated higher CO sub-
strate concentration, accelerating the formation of C,, products.
This rational mechanism provides a promising way and solution
for the rational design of Cu-MOF catalysts.

The CuN, and Cu;N4 were prepared with the solvothermal
method under different synthetic conditions according to the re-
ported literature method [22,23]. The obtained yellowish and
brownish powder was characterized with powder X-ray diffraction
(PXRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
high-resolution transmission electron microscopy (HRTEM). PXRD
patterns showed that the synthetic materials were consistent with
the simulated CuN, and Cu,Ny4, respectively. XPS results revealed
that the oxidation state of CuN, was monovalent, and Cu;N4 ex-
hibited primary monovalent and a little bit of bivalence due to ad-
ditional Cu-Cu bonding (Fig. S1 in Supporting information). SEM
images exhibited that both of them were block material piled
up layer by layer, and the size reached the micrometer scale.
The morphologies were also confirmed by HRTEM images. Be-
sides, there had no crystal diffraction fringes from HRTEM images.

The above characterizations revealed the pristine CuN; and Cu;Ny4
were successfully prepared and contained no Cu-based nanoparti-
cles (Fig. S2 in Supporting information).

According to the previously reported method [24], under an
electric field, the Cu-MOF underwent these processes of CO, ad-
sorption, Cu reduction, Cu-N coordinated bond breaking, Cu atom
restructuring, Cu nanoparticle growth, and nanoparticle aggrega-
tion. Therefore, we reconstructed CuN, and Cu,N4 by performing
1-h electrolysis from —0.78V to —1.28 V vs. RHE. The reconstructed
electrocatalysts were named as CuN,/Cu(111) and CuyNg4/Cu(111),
respectively. During the reconstruction process, we collected the
electrochemical data and analyzed the products. Therein, gaseous
products were quantified by an online gas chromatograph (GC),
and liquid products were quantified by 'H nuclear magnetic res-
onance spectroscopy ('H NMR). Meanwhile, formate was detected
with a high-performance liquid chromatograph (HPLC) (see details
in Supporting information).

To evaluate the CO,RR performance of CuN,/Cu(111) and
CuyN4/Cu(111), we tested them in both H-cell and flow-cell. On
the one hand, in H-cell, we measured linear sweep voltammetry
(LSV) after 1-h electrolysis at —1.18V vs. RHE in both CO, and
N, saturated 0.1 mol/L KCl electrolyte (Fig. 1a). The CuN,/Cu(111)
exhibited lower onset potential and higher total current density
(Jtotar) than CuyN4/Cu(111) from —0.4V to —1.2V vs. RHE, illus-
trating better CO,RR catalytic performance. Then, to choose ap-
plicable electrolyte, the two catalysts were tested in 0.1 mol/L
KHCO3, 0.5 mol/L KHCO3 and 0.1 mol/L KCI electrolyte, respectively
(Figs. S3 and S4 in Supporting information). The FE of various
products for CuN,/Cu(111) and Cu;N4/Cu(111) were calculated and
compared. Obviously, the C,, product selectivity in 0.1 mol/L KCI
was far higher than 0.1 mol/L KHCO3 and 0.5 mol/L KHCO3_ There-
fore, we chose 0.1 mol/L KCl electrolyte as the test condition in
this work. For CuN,/Cu(111), the C,, products (C;H4, C,H50H,
and n-C3H;0H) were detected from —-0.88V vs. RHE (Figs. S5
and S6 in Supporting information). The maximum FEc . reached
64.8%, including FEC2H4 of 41.5%, FEC2H50H of 18.2%, and FEH—C3H7OH
of 5.1% (Fig. 1b), which was middle level among reported Cu-
based materials (Table S1 in Supporting information) [25-31]. For
CuyNy/Cu(111), the C,, products were detected from —0.98V vs.
RHE. The maximum FEc,, just reached 43.9%, including FEc,y, of
271%, FEc,u,0n of 12.6%, and FEn_c,n,0n of 3.4% (Fig. 1c). During
the operated potential window from —0.98V to —1.28V vs. RHE,
the FE¢,, of CuN,/Cu(111) was higher than Cu,N,4/Cu(111) (Fig. 1d).
Besides, to evaluate the number of active sites of CuN,/Cu(111)
and Cu,N,4/Cu(111), the electrical double-layer capacitor (Cy;) was
measured in non-Faraday potential intervals with a different scan
rate of cyclic voltammetry (CV) (Fig. S7 in Supporting information)
[32-35]. The Cy4 of CuN,/Cu(111) was calculated as 1.02 mF/cm?,
higher than Cu,N,4/Cu(111) of 0.32 mF/cm?, indicating more ac-
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Fig. 1. (a) LSV curves of CuN,/Cu(111) and Cuy;N4/Cu(111) in both CO, and N, saturated 0.1 mol/L KCl electrolyte. FEs of various products at different operated potentialsl
for (b) Cu;N4/Cu(111) and (c) CuN,/Cu(111), respectively. (d) The comparison of FEc,, for CuN,/Cu(111) and Cu,N4/Cu(111) in H-cell. (e) Cy measurements with CV method
in non-Faraday potential interval under different scan rates. (f) Stability test at —1.18 V vs. RHE for 6-h electrolysis in H-cell. FEs of various products at different operated
currents density in flow-cell for (g) CuzN4/Cu(111), (h) CuN;/Cu(111), respectively. (i) The comparison of FEc, for CuN,/Cu(111) and Cu;N4/Cu(111) in flow-cell.

tive sites for CO,RR (Fig. 1e). In addition, their stability was tested
with online quantification of C;H, (Fig. 1f). The FEc,n, and jial
were recorded during 6-h electrolysis. Both FEc,, and jia sharply
increased from 5-min to 30-min electrolysis, illustrating the re-
construction of pristine CuN, and Cu;Ny4. Then, the FEqpp4 almost
maintained, about 40% of CuN,/Cu(111) and 30% of CuyN,4/Cu(111),
showing good stability. Cu(imidazole) catalysts exhibit better sta-
bility than Cu-O based MOFs during CO,RR process due to the
more stable C-N coordination bond based on the hard and soft
acid and base (HSAB) theory. According to the above results, it was
obvious to conclude that the CO,RR performance of CuN,/Cu(111)
was better than CuyN4/Cu(111).

On the other hand, the CO,RR performance of CuN,/Cu(111)
and CuyN4/Cu(111) was also tested in flow-cell (Figs. 1g-i). The
FEc,, of CuNp/Cu(111) and CupN4/Cu(111) were better than H-
cell, where maximum was 72.1% and 71.0% at —700 mA/cm?, re-
spectively. Within the operated current range, the performance of
CuN,/Cu(111) was better than Cu;N4/Cu(111). The observed phe-
nomenon from flow-cell was similar as in H-cell. Nevertheless, the
difference in C,, performance between the two catalysts less obvi-
ous than in H-cell, especially at high current density, this was ow-
ing to the destruction of pristine materials from the PXRD patterns
(Fig. S12 in Supporting information). Therefore, we subsequently
conducted material characterization and mechanism investigation
under H-cell conditions with more stable three-phase reaction in-
terface.

To reveal the actual catalytic sites during the above processes,
the structure of CuN,/Cu(111) and CupN4/Cu(111) was character-
ized by PXRD, XPS, Cu LMM Auger spectra, in-situ X-ray absorption
near edge structure (XANES), in-situ X-ray emission spectroscopy
(XES), HRTEM, and selected area electron diffraction (SAED), re-
spectively (Fig. 2, Figs. S7, S8, S19 and S20 in Supporting infor-
mation). PXRD patterns showed main diffraction peaks of pris-
tine CuN, and Cu,;N4 were retained (Fig. 2a), which was also

observed from SEM images (Fig. S8). Meanwhile, the diffraction
peaks of Cu(111) were detected at 43.2°. These results were fur-
ther confirmed by HRTEM and SAED images (Figs. 2d and e). For
CuN,/Cu(111), HRTEM images showed the block of pristine CuN,
piled up layer by layer, and some nanoparticles dispersed in it. The
crystal spacing of these nanoparticles was measured as 0.209 nm
of Cu(111). In addition, the bright diffraction spots of SAED images
also confirmed that Cu(111) was a predominant crystal plane. The
selective crystal plane derivatization may be attributed to the uni-
form Cu(I) distribution in the precursors. Furthermore, the Cu(111)
plane was beneficial to promote the formation of C,, products [36-
38]. Similarly, the characterization and analysis for Cuy;N4/Cu(111)
were conducted (Fig. 2e). It showed pristine CuyN4 was main-
tained with the formation of Cu(111) nanoparticles. It was worth
noting that other very minor Cu species also existed in the two
catalysts, such as 0.243nm of Cu,0(111). Therefore, the deriva-
tives of CuN, and Cu;N4 were proved to be consistent, at the
same time, the pristine materials were retained. Besides, the ox-
idation states of CuN,/Cu(111) and Cuy;N4/Cu(111) were investi-
gated with Cu LMM, in-situ XANES and XES spectra. As shown
in Fig. S9 (Supporting information), the main Cu LMM peak of
both CuN,/Cu(111) and Cu,;N4/Cu(111) was recorded at the kinetic
energy of 916.4eV belonging to Cu(l), demonstrating the reserva-
tion of pristine CuN, and Cu,N4. Meanwhile, the Cu(0) peak with
a kinetic energy of 918.8eV was observed, indicating the recon-
struction of Cu(imidazole). More convincingly, compared to pris-
tine CuN, and Cu,Ny, the in-situ XANES spectra of CuN,/Cu(111)
and Cu;N4/Cu(111) shifted to a low-energy region during the elec-
trolysis, showing that the oxidation state of Cu(l) was reduced to
Cu(0~I) (Fig. 2b). Besides, in-situ XES also exhibited the Cu oxi-
dation state of pristine CuN, and Cu,N4 were reduced from OCP
to —1.3V vs. RHE (Fig. 2c). In especial, the reconstruction of CuN,
was faster than Cu;N4 and the mixed Cu(0O~I) was more than
CuyN4 these were what made the better catalytic performance of
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(e) CuzN4/Cu(111). The inset is HRTEM and SAED images.

derived CuN,/Cu(111). Besides, both in-situ XANES and XES results
demonstrated that pristine CuN, and Cu,Ny4 did not fully converted
to metallic Cu. Therefore, the pristine materials played an impor-
tant role in these auto-tandem catalysis. Furthermore, to demon-
strate the stability of the catalysts, the structure of CuN,/Cu(111)
and CuyN4/Cu(111) after the 6-h stability test was analyzed. PXRD
patterns showed the main diffraction peaks of pristine CuN, and
Cu,N4 were still retained (Fig. S10 in Supporting information). The
diffraction peak of the Cu(111) derivative was observed, and the
intensity was stronger than the materials after 1-h electrolysis, in-
dicating a continuous reconstruction process during the stability
test. The Cu(111) crystal plane was also identified from HRTEM and
SAED images of CuN,/Cu(111) and CuyN4/Cu(111) (Fig. S11 in Sup-
porting information).

According to the above structural characterizations, both the
pristine Cu MOFs and the same derived Cu(111) existed during the
catalytic process. Based on their different catalytic results, it was
reasonable to speculate that both pristine Cu MOFs and derived
Cu(111) acted as catalysts during the CO,RR process. As Cu(111)
usually reported for the C-C coupling to forming C,, products, we
supposed that the pristine Cu MOFs played an activation function
to active CO,, forming active substance for the next step of C-C
coupling. This catalysis system with two steps was named as the
auto-tandem catalysis system. The different catalytic performance
of CuN,/Cu(111) and CuyN4/Cu(111) was possible came from the
variation of coordination environment. Particularly, the Cu atom of
pristine CuN, was just coordinated with two N atoms, while for
Cu;Ng4, Cu was not only coordinated with two N atoms but also
bonded with the other Cu atom of the adjacent layer. Therefore,
we legitimately attributed the different catalytic performances to
the different coordination environments of the pristine materials.

To reveal the role of coordination environment in MOF precur-
sor, we first investigated the performance of sole CuN, and Cu;Ny
by LSV and FE measurements, respectively. The LSV curve of pris-
tine CuN, also showed lower onset potential and higher ji,, than
Cu,yNy4, indicating better catalytic performance (Fig. 3a). Then, to
avoid catalyst reconstruction, short CO,RR experiments with 50-s
electrolysis were performed from —0.88V to —1.18V vs. RHE for
CuN, and Cu;N,4 and respective CO,RR products were quantified.
There were no C,, products, and just CO and H, was detected
for both CuN; and Cu;N4 (Fig. S13 in Supporting information). For

pristine CuN,, CO product was detected at —0.88V vs. RHE, the
FEco increased with potentials, and the maximum FEqy reached up
to 43.1% (Fig. 3b), which lies a medium level in the Cu-based ma-
terials with single metal site (Table S2 in Supporting information).
Meanwhile, for pristine Cu,Ny4, the maximum FEqy was only 24.4%
(Fig. 3b). Obviously, the CO selectivity of pristine CuN, was much
better than Cu,N4 during the whole operated potential window.
These results illustrated the CO,RR performance of pristine CuN,,
including onset potential and FEcg, was better than Cu;Ny.

To confirm the catalyst structure after 50-s electrolysis, the
HRTEM, SEM, and PXRD characterizations were executed (Figs. S14-
S$16 in Supporting information). Both CuN, and Cu,N, still ex-
hibited pristine structures, and no Cu-based nanoparticles were
observed. Therefore, the above catalytic performance factually re-
flected the ability of the pristine CuN, and Cu;N4 to convert CO,.
To establish a connection between MOF and Cu(111) in the auto-
tandem catalysis system, we made comparison plots of FEcg for
the pristine materials and FEc,, for the reconstructed materials at
various potentials. As shown in Fig. 3c, both FEc,, of CuN,/Cu(111)
and FE., of CuN, were higher than Cu;N4/Cu(111) and CuyNy, re-
spectively. Therefore, the FEc,, for reconstructed materials exhib-
ited a positive correlation with FEq for the pristine materials.

According to some literatures, derived Cu metal was also known
to convert CO, into C,, products through CO as an intermediate.
Therefore, in the auto-tandem catalysis system, it is very impor-
tant to determine which of pristine MOF and the derived Cu(111)
is the main active site for converting CO, to CO. On one hand,
pristine CuN, and Cu;N4 were destructed under 8-h electroly-
sis tests at —1.18V vs. RHE, which was fully reduced to Cu(111)
from PXRD and SEM analysis (Fig. S17 in Supporting information).
Subsequently, the derived Cu(111) was immediately tested to ob-
tain FEcg (Fig. 3d). After destruction, the derived Cu(111) exhib-
ited lower FEcy than pristine MOF from —-0.98V to —1.18V wvs.
RHE. Especially at the potential of C,, products, pristine CuN,
and CuyN,4 played dominant active sites of converting CO, to CO.
On the other hand, to explore the relationship between the two
steps in the auto-tandem catalysis system, we compared the rela-
tive rates of CO, reduction to CO vs. CO reduction to C,, products
for the derived Cu(111) at —1.18 V vs. RHE. (Fig. 3e). All of the rates
were around 2 x 10-7 mol min~! ¢m~2. The former is not much
faster than the latter. Therefore, improving the rate of CO, reduc-
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tion to CO may promote C,, products selectivity due to the rate-
determining step of C-C coupling.

To further investigate the effect of the substrate CO on
the C,, product, control experiments of CO reduction reaction
(CORR) with various CO volume concentrations were performed
on CuN,/Cu(111) and CuyN4/Cu(111), respectively. The CO/N, mix-
ture with CO volume concentrations of 0.2, 0.4, and 1 was em-
ployed instead of pure CO, for electrolysis. At these conditions,
the CORR performance of CuN,/Cu(111) and Cu;N4/Cu(111) was
evaluated at a potential of —1.18V vs. RHE. As shown in Fig. 3f,
for the CO volume concentration of 0.2, 04, and 1, FEc,, of
CuN,/Cu(111) was obtained as 27.3%, 42.9%, and 77.3%, respectively,
while FEc,, of CupNy/Cu(111) was 24.3%, 45.6%, and 75.9%, re-
spectively. Therefore, the FEc,, of CuN,/Cu(111) and CuyN4/Cu(111)
significantly increased with CO volume concentration, illustrating
that the CO concentration directly determines the C,, product
formation. Meanwhile, the obtained FEc,, of CuN,/Cu(111) and
CuyN4/Cu(111) was almost identical under the same CO volume
concentration, revealing that CORR bypassed the first CO, activa-
tion step and only depended on the same active site, in this case,
the Cu(111). Therefore, these results further demonstrated the ra-
tionality of the proposed auto-tandem catalysis mechanism.

To comprehensively reveal the role of pristine CuN, and Cu;Ny4
in the CO,RR process, in-situ attenuated total reflection-surface
enhanced infrared reflection absorption spectroscopy (in-situ ATR-
SEIRAS) was conducted to monitor the intensity difference of *CO
intermediate (Figs. 4a and b, Fig. S20) [39-44]. The IR spectrum
was collected from open circuit potential (OCP) to —1.28 V vs. RHE.
Notably, the *COOH intermediate was monitored at 1652 cm~! and
1657 cm1, revealing the activation of CO,. According to the liter-
ature [40,45], the band located in the region from 2000 cm~! to
2100 cm~! was attributed to the CO linear adsorption on the top
sites of Cu surface (*CO), which was the key intermediate for sub-
sequent C-C coupling step of C,, products formation. On the one
hand, for pristine CuN,, the *CO intermediate with a wavenum-
ber of 2057 cm~! was observed at —0.68V vs. RHE. Meanwhile,
the intensity of *CO intermediate increased with the potentials, in-
dicating faster conversion of CO, to *CO. The *CO stretching fre-
quency shifted to a lower wavenumber as the potentials decreased
from —0.68V to —1.28V vs. RHE owing to the Stark effect [45-
47]. On the other hand, for pristine Cu,N4, the *CO intermedi-

ate was observed at a more negative potential of —0.98V vs. RHE
and a slightly lower wavenumber of 2037 cm~! than CuN,, indi-
cating a higher energy barrier to obtain *CO intermediate. Mean-
while, to quantitatively compare the abilities of Cu sites in CuN,
and Cu,Ny4 for the conversion of CO, into *CO, the *CO intermedi-
ate band intensities were plotted from —0.08V to —1.28V vs. RHE
(Fig. 4c). Obviously, the *CO intermediate band intensity of CuN,
was stronger than that of CuyNy, and it significantly increased with
an increase of potentials, which further supported that CuN, easily
produced more *CO intermediates than CuyNy.

Besides, the temperature-programmed desorption of CO (TPD-
CO) technique was employed to investigate the chemisorption in-
tensity of CO for pristine CuN, and Cu,N4 (Fig. 4d). Before test-
ing TPD-CO, the thermogravimetric analysis (TGA) was conducted
to determine the pyrolysis temperature of the catalysts (Fig. S21 in
Supporting information). CuN, and Cu,N4 showed almost identical
TGA curves, indicating that they were both thermally stable before
about 250 °C. Therefore, we collected the TPD-CO data from 50 °C
to 250 °C. According to the TPD-CO results, pristine CuN, exhibited
a much lower CO desorption temperature of 148 °C than 207 °C of
Cu,Ny, indicating a lower desorption activation energy, which fa-
cilitated the *CO desorption and subsequent C-C coupling step on
Cu(111) site.

Furthermore, to understand the different adsorption strength
for intermediates during the CO,RR process, we analyzed the den-
sity of state (DOS) for CuN, and Cu,N4. Especially, Cu 3d orbital
partial density of state (PDOS) was conducted to calculate the d-
band center which was regarded as the applicable descriptor to
explain catalytic reactivity [48,49]. As shown in Fig. 4e, d-center
value of CuN, and Cu;N4 were —1.4eV and —2.9 eV, respectively.
The position of d-band center for CuN, was closer to the Femi
level (Ef) than Cu,Ny, indicating stronger adsorption of interme-
diates [50]. Besides, the reaction pathway and energy barrier of
*CO intermediate formation were explored with the DFT calcu-
lation [51-53]. The Cu sites of pristine CuN, and Cu,N; were
modeled as the active sites for CO production. The whole reac-
tion pathway from CO, to CO was proposed as follows (Fig. 4f)
[44]: CO, — *COOH — *CO — CO, where the first step CO, — *COOH
was the rate-determining step (RDS). Meanwhile, the intermediates
such as *COOH and *CO were also detected with in-situ ATR-SEIRAS
spectroscopy. The RDS reaction energy of pristine CuN, was calcu-
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Fig. 4. In-situ ATR-SEIRAS results of (a) CuN, and (b) Cu;N4. On the right were the enlarged spectra from 2090 cm~! to 2000 cm~'. OCP was open circuit potential. (c) *CO
band intensity of CuN, and Cu,;N4 from (a) and (b) at different potentials. (d) TPD-CO curve for CuN, and Cu,Ng. (e) DOS calculations of CuN, and Cu,Ny. (f) Gibbs free
energy profiles for CO production on CuN, and Cu;N,4. The inset images were the DFT calculation structure model of *COOH adsorbed on Cu site for CuN, and Cu;Ny.

lated as 0.46 eV, which was lower than pristine Cu,N4 with 0.57 eV.
These results further demonstrated that the pristine coordination
environment of Cu(imidazole) catalysts played a decisive role in CO
generation, thus affecting further C,, production.

In summary, we uncovered that the pristine Cu(imidazole)
played an critical activation function to convert CO, into CO, and
subsequent the in-situ derived Cu(111) acted as the active sites for
C-C coupling. This auto-tandem catalysis activity was closely re-
lated to the coordination environment of the pristine MOFs. CuN,
with more exposed Cu-N sites showed higher ability to form CO,
thus the CuN;/Cu(111) exhibited higher C,, selectivity. The cat-
alytic active sites were explored with HRTEM, SAED, XPS, and
XANES techniques. This mechanism was demonstrated with CORR
control experiment, TPD-CO, in-situ ATR-SEIRAS, and DFT calcula-
tion. We anticipate that the auto-tandem catalysis mechanism will
be utilized in the design and development of Cu-based MOF pre-
cursors for promoting the C,, products selectivity of reconstructed
catalysts. The key of applying the auto-tandem catalytic mecha-
nism is to improve the intrinsic catalytic active and stability of
pristine MOF.
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