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Photocatalytic CO, reduction for the production of multicarbon products has emerged as a green and
sustainable technology, which shows great potential and cost-effectiveness. However, photocatalytic
synthesis of two-carbon (C;) compounds is quite challenging due to the high activation barrier of the C—
C coupling reaction and low content of intermediates. Herein, inspired by the tandem synthesis in multi-
enzyme reactions, Cu—N4 and Mo—-N,4 active sites have been designed and integrated in CuPor-POP-Mo
as cascade dual metal sites for efficient photocatalytic reduction of CO, to ethane (C,Hg) for the first
time. Significantly, an excellent CoHg production rate of 472.5 pmol gt h™! and a high product
selectivity of 87.5% (electron selectivity ~97.5%) have been achieved, which are the record high values in
photocatalytic C,Hg production by using porous polymer catalysts. In situ spectral characterization
studies and DFT calculations indicate that the Cu site enhanced the localized surface coverage of *CO
on CuPor-POP-Mo, while the Mo site of the photocatalyst triggered the C-C coupling of *CO
intermediates, and the energy barrier of which was synergistically lowered by Cu and Mo sites, resulting
in highly effective C,Hg production. This work develops novel metal sites for ethane production and
enables precise modulation of *CO intermediate coverage to decrease the energy barrier for *OCCO
generation, thus opening a new pathway for highly selective photocatalytic CO, reduction toward value-
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Introduction

Ethane (C,Hg) is one of the desirable gases in many industrial
fields due to its wide applications as a fuel, refrigerant, and raw
material or synthetic intermediate of organic compounds.
Traditionally, C,Hg is mainly produced from natural gas sepa-
ration and petroleum cracking." These processes are charac-
terized by energy intensive and high carbon emissions, which
cause many energy and ecological environment problems.
Therefore, seeking new and sustainable C,Hg production
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technologies is urgently needed in the framework of carbon
neutrality. Solar-driven photoreduction of CO, into C,Hg is
promising since only CO,, water and clean solar energy are
being utilized, and the reactions can be performed under
ambient conditions.”> However, the reported products in the
photocatalytic CO, reduction reaction (CO,RR) are mainly C;
products (e.g., CO, CH,, and HCOOH),*>* while C, and multi-
carbon (C,.) products, especially C,Hg, are rarely reported®™ at
the current stage.

In biological systems, CO, reduction to C,, products is
achieved by enzyme catalytic reactions, which can be seen as
a tandem process enabled by two or more enzymes where each
enzyme catalyses a specific step in the CO,RR.'>"" Importantly,
to achieve the goals of high yield and high selectivity, the multi-
enzyme catalytic reactions need to be well regulated in living
organisms for an efficient metabolic process to increase the
intermediates’ concentrations and facilitate their C-C coupling.
Compartmentalization is common in living organisms to
manipulate the multi-enzyme reactions, which refers to the
isolation of multi-enzymes or enzyme systems with tandem
reaction feature into different compartments.”” One typical
example of compartmentalization can be found in chloroplast,
where three-dimensional granum is evolved for loading
enzyme/pigment relevant to water splitting and oxygen evolu-
tion, while the enzyme for the Calvin cycle (CO, fixation) is
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confined in the chloroplast stroma.*® The confined space in cell
membranes benefits the enrichment of intermediates around
the CO, fixation enzymes. These biological phenomena
enlighten us to rationally analyse the production process of the
C,H; product.

Generally, C-C coupling between *CO intermediates is the
rate-determining step for the formation of C, and C,, products.®
Thus, the coverage of *CO and the stability of the *OCCO
intermediate (from C-C coupling) on the catalytic sites are
critically important for C,Hs formation. Regarding these two
key factors, the stability of the *OCCO intermediate ensures the
C-C coupling to produce C,Hg, whereas the high coverage of
*CO promotes the kinetics of the C-C coupling reaction.
According to the multi-enzyme catalytic reactions for CO, fixa-
tion mentioned above, these two steps can be regarded as a kind
of tandem process, where the first step is the stabilization and
enrichment of the C; intermediates (such as *CO and *COOH),
and the second step is the C-C coupling reaction between the C;
intermediates. Therefore, for high yield and high selectivity
production of C,Hs, cascade photocatalysts (one for the first
step, and the other for the second step) must be designed to
integrate the isolated dual catalytic sites separated by
compartmentalization. Porous organic polymers (POPs) have
been considered as a new class of promising candidate cascade
photocatalysts for CO, reduction featuring high structural
designability and excellent chemical stability. In particular,
metalloporphyrin-based POPs not only can stabilize M-N, (M =
Co, Ni, Cu, and Fe) active sites but also can moderately anchor
another metal site into the extended framework structure,
thereby forming adjacent and stable dual-site structures.
However, almost all the reduction products are C; compounds
because most of the POPs used contain a single-metal active
center, which is unfavorable for the C-C coupling.**** To our
knowledge, no studies on the photocatalytic production of C,
and C,, products have been reported by using POP catalysts.

Herein, we designed and synthesized porous organic poly-
mers (POPs) loaded with isolated Cu and Mo dual metal sites
(CuPor-POP-Mo) as cascade photocatalysts for efficient C,Hg
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production (Fig. 1). Benefiting from the unique structure, the
as-constructed CuPor-POP-Mo showed excellent CO,RR perfor-
mance with a C,H, production rate of 472.5 umol ¢~' h™" and
a product selectivity of 87.5% (electron selectivity ~97.5%),
which represent the record high values in both production rate
and selectivity for C,H¢ production under the catalysis of
porous polymer materials such as metal organic frameworks
(MOFs), metal incorporating covalent organic frameworks
(COFs) and POPs. Furthermore, control experiments and in/ex
situ spectral characterization studies were performed, together
with theoretical simulations, to explore the roles of different
metal ions in the photocatalytic CO,RR to C,Hg. It was found
that the Mo site was mainly responsible for the C-C coupling,
while the Cu site enhanced the surface coverage of *CO on the
CuPor-POP-Mo, and synergistically lowered the energy barriers
of *OCCO formation with the Mo site. Thus, an interesting
mechanism was proposed for Cu- and Mo-site cascade photo-
catalytic CO, reduction.

Results and discussion

Synthesis and characterization

CuPor-POP-Mo with Cu and Mo dual isolated metal sites was
prepared by a hydrothermal approach (shown in Fig. 1). For this
purpose, 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphine
(Por) and Cu(OAc), were first used to prepare Cu-Por, which was
then reacted with 5,5',5”-(benzene-1,3,5-triyl)tripicolinaldehyde
(TTPD) in a mixture of 1,3,5-trimethylbenzene, 1,4-dioxane and
6 M AcOH at 120 °C for 96 h to produce porous polymer CuPor-
POP as an insoluble powder. Then, the mixture of MoCls, 2,2’
bipyridin and CuPor-POP was refluxed at 95 °C for 24 h under
a nitrogen atmosphere to fabricate bimetallic porous polymer
CuPor-POP-Mo. For comparison studies, Mo incorporating
porous porphine polymer Por-POP-Mo was also synthesized by
the reaction of 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-
porphine with TTPD and MoCls. The detailed synthetic proce-
dures for the above materials are described in the ESL{

*CO
CO2 COz . [ ) C2H6‘
) ++
o
13934
{3 L
:"g’\’ + ¢Solvothermal 2,2'-Bipyridine
'At ) reaction MoCl; :
{
TTPD CuPor-POP CuPor-POP-Mo

Fig. 1 Schematic illustration for the synthesis of CuPor-POP-Mo and photocatalytic CO, reduction. Here, the amine monomer is 5,10,15,20-
tetrakis(4-aminophenyl)-21H,23H-porphine-Cu(i) (CuPor), and the aldehyde monomer is 5,5,5” -(benzene-1,3,5-triyltripicolinaldehyde (TTPD).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The chemical structures of CuPor-POP, Por-POP-Mo and
CuPor-POP-Mo were characterized by Fourier transform
infrared (FT-IR) spectroscopy (Fig. S1t). The appearance of the
peak at 999 cm ', which is assigned to the Cu-N (pyrrolic)
bond," demonstrates the existence of the Cu-porphyrin moiety
in CuPor-POP (Fig. S1A and Bt). The disappearance of the -C=
O stretching peak at 1699 ecm ™" in the starting aldehyde® and -
N=H stretching peaks at 3204-3353 cm ' in the amine
monomer,* along with the appearance of a new peak attributed
to the -C=N stretching vibration at 1603 cm " in Cu-Por-POP,?
indicates the successful formation of imine linkage. Upon
incorporation of Mo into CuPor-POP, the peaks of the imine —
C=N bond (1599 cm '*** and pyridine -C=N bond
(1374 cm™")*® show a redshift, which provides evidence for the
coordination of Mo toward N atoms of the imine and pyridine
groups® in CuPor-POP-Mo (Fig. S1Bt). Additionally, the peaks
of the imine -C=N (1598 cm ') and pyridine -C=N
(1374 cm™") in Por-POP-Mo also exhibit a redshift related to Por-
POP, indicating Mo coordination with N atoms of imine and
pyridine groups (Fig. S1C and Df). Solid-state "*C NMR spec-
troscopy confirmed the formation of the -C=N bond in CuPor-
POP, Por-POP-Mo and CuPor-POP-Mo with a characteristic
carbon signal at 158.1 ppm (Fig. S21).>” As shown in Fig. S3,t the
broad peaks in the powder X-ray diffraction (XRD) patterns of
CuPor-POP, Por-POP-Mo and CuPor-POP-Mo indicate that these
POPs all have amorphous structures. This is similar to that of
the amorphous POPs containing imine groups reported in the
literature.*® Moreover, the diffraction peaks related to the metal
salts or metal nanoparticles were not found, suggesting the
absence of metal salts and metal nanoparticles in the POPs.

The surface area and porosity of the POPs were assessed by
nitrogen adsorption-desorption measurements at 77 K, and the
results are presented in Fig. S4.7 The BET surface area was
found to be 148, 121 and 41 m* g~ for CuPor-POP, Por-POP-Mo
and CuPor-POP-Mo, respectively. As we expected, the intro-
duction of Mo into CuPor-POP resulted in a significant decrease
in the BET surface area of CuPor-POP-Mo. The well-developed
porous structures for the as-prepared POPs implied the acces-
sible catalytic sites and the facilitated mass transfer, which are
beneficial for catalysis efficiency. In addition, we also deter-
mined CO, adsorption isotherms on the POPs at 25 °C to
identify their affinity to CO, (Fig. S5f). The CO, adsorption
capacity of CuPor-POP, Por-POP-Mo and CuPor-POP-Mo was
8.6,13.0 and 15.8 cm® g~ ', respectively. Obviously, the addition
of Mo in CuPor-POP almost doubled the adsorption capacity of
CO, over CuPor-POP-Mo, which indicates that the Mo atom can
effectively increase the CO, adsorption capacity and would be
favorable for the photocatalytic CO,RR.*® Thermal gravimetric
analysis (TGA) curves (Fig. S6T) of CuPor-POP, Por-POP-Mo and
CuPor-POP-Mo suggested their high thermal stability up to 250
°C. The scanning electron microscopy (SEM) images showed
that the spherical morphology of the POPs was intact after
loading metal ions (Fig. S77). The corresponding transmission
electron microscopy (TEM) image again confirmed the absence
of metal nanoparticles of different sizes in CuPor-POP-Mo
(Fig. S8f1). Moreover, the energy-dispersive X-ray spectrum
(EDS) mapping images revealed that Cu and Mo atoms were
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distributed uniformly on the surface of CuPor-POP and CuPor-
POP-Mo (Fig. S9-S117). The content of copper and molybdenum
atoms in the POPs was determined by inductively coupled
plasma-mass spectrometry (ICP-MS). It was found that the Cu
atom content in CuPor-POP was 10.9 wt%, Mo atom content in
Por-POP-Mo was 13.2 wt%, while the Cu and Mo contents in
CuPor-POP-Mo were 8.5 and 11.9 wt%, respectively. It should be
noted that, unless otherwise specified, CuPor-POP-Mo in the
next discussion refers to the bimetallic POP catalyst with this
composition.

To confirm the local microenvironment and chemical state
of Cu and Mo in the POPs, X-ray photoelectron spectrum (XPS),
Fourier transform extended X-ray absorption fine structure (FT-
EXAFS) spectrum and X-ray absorption near-edge structure
(XANES) spectrum measurements were performed. It can be
seen from Fig. 2A and S127 that the N 1s peak in the XPS
spectrum of CuPor-POP could be deconvoluted into three peaks:
one at 399.7 eV for pyrrolic-N-Cu, one at 399.0 eV for C-N and
one at 398.3 eV for pyridinic-N.*>*° Por-POP exhibited typical
pyrrolic-N (399.5 eV), C-N (399.0 eV), pyridinic-N (398.3 €eV)
peaks and CuPor exhibited typical pyrrolic-N-Cu (399.7 eV),
and C-N (398.7 eV) peaks (Fig. S12C and Dt). These XPS results
suggested that Cu ions in CuPor-POP could form coordination
bonds with the nitrogen atom in the porphyrin centre. The
disappearance of the pyrrolic-H peak (at —2.75 ppm) in the "H
NMR spectrum of CuPor further verified that the Cu was coor-
dinated in the centre of the porphyrin group* (Fig. S13%). In the
Cu 2p XPS spectrum of CuPor and CuPor-POP, one peak at
934.2 eV was assigned to Cu®" (ref. 31-33) (Fig. 2B and S12Ef).
Additionally, the satellite peaks at 942.3, 942.5, 963.0 and
963.3 eV were observed for CuPor and CuPor-POP, respec-
tively.**** This suggested that copper in CuPor and CuPor-POP
mainly existed as Cu®" rather than Cu® and Cu". Similarly, the
peak assigned to Cu®" was also observed at 934.5 eV in CuPor-
POP-Mo, which indicated that the valence state of Cu species
in CuPor-POP-Mo was the same as that in CuPor-POP. Impor-
tantly, for CuPor-POP-Mo, the +0.3 eV shift of Cu 2p binding
energy compared to CuPor-POP and the —0.1 eV shift of Mo 3d
binding energy relative to Por-POP-Mo indicated the charge
redistribution between Cu and Mo and a successful construc-
tion of the coordination bond between CuPor-POP and the Mo
ion.***” To understand the electron transfer process between Cu
and Mo at the molecular level, the Bader charge values of Cu
and Mo sites in CuPor-POP, Por-POP-Mo and CuPor-POP-Mo
were calculated by density functional theory (DFT) simulation
(as shown in Fig. S14t). The Bader charge of the Cu atom in
CuPor-POP and the Mo atom in Por-POP-Mo was 9.983 e and
12.657 e, while that of Cu and Mo atoms in CuPor-POP-Mo was
9.889 e and 12.753 e, respectively. This result confirmed the
charge redistribution between Cu and Mo. Furthermore,
compared with the N 1s spectrum of CuPor-POP, an obvious
positive shift of the N 1s peak in CuPor-POP-Mo was detected
(Fig. 2C), which could have resulted from the formation of the
pyridinic-N-Mo coordinate bond.***° It was noted from Fig. 2D
that the Mo 3ds,, peak could be divided into two peaks located
at 231.1 and 232.7 eV, indicating that the valence state of Mo in
CuPor-POP-Mo was mainly 5+ (ref. 41 and 42) with a small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Coordination environment analysis. (A) High-resolution N 1s
XPS spectra of CuPor-POP. (B) High-resolution Cu 2p XPS spectra of
CuPor-POP and CuPor-POP-Mo. (C) High-resolution N 1s XPS spectra
of CuPor-POP-Mo. (D) High-resolution Mo 3d XPS spectra of CuPor-
POP-Mo. (E and F) FT-EXAFS spectra and the normalized XANES
spectra at the Cu K-edge of CuPor-POP-Mo, Cu,0O, CuO, CuPc and
Cu foil samples. (G and H) FT-EXAFS spectra and the normalized
XANES spectra at the Mo K-edge of CuPor-POP-Mo, MoO,, MoOs and
Mo foil samples.

amount of +6, which resulted from partial oxidation of a hand-
ful of Mo®" by air in the material preparation process. Similarly,
the local microenvironment and chemical state of Mo in Por-
POP-Mo were the same as those in CuPor-POP-Mo (Fig. S157).
Fig. 2E-H show the FT-EXAFS and XANES spectra of CuPor-
POP-Mo and the relevant reference materials. It can be seen
from Fig. 2E that the Cu peak at 1.53 A in the Cu K-edge EXAFS
spectrum of CuPor-POP-Mo was close to that of CuPc (1.5 A),
implying the presence of the N-coordinated atomically
dispersed Cu site,® which is in agreement with the XPS result.
Meanwhile, the absence of the peak at 2.2 A, ascribed to the Cu-
Cu metallic bonds® (copper foil) in CuPor-POP-Mo, further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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confirmed the atomically dispersed Cu site. Fig. 2F exhibits the
Cu K-edge XANES spectrum of CuPor-POP-Mo as well as that of
Cu foil, CuPc, Cu,0 and CuO references. Notably, the near-edge
absorption peak of CuPor-POP-Mo was located at the position
corresponding to CuO. Additionally, the Mo K-edge EXAFS
spectrum of CuPor-POP-Mo only displayed a prominent peak at
1.67 A, corresponding to the N-coordinated atomically
dispersed Mo site (Fig. 2G), which is in line with the result from
the N 1s XPS of CuPor-POP-Mo. However, no peak was observed
at 2.3 A attributed to the Mo-Mo peak,*** which also indicates
the absence of any Mo clusters or nanoparticles in CuPor-POP-
Mo. The Mo K-edge XANES spectra of CuPor-POP-Mo, Mo foil,
MoO; and MoO, are shown in Fig. 2H. The absorption edge of
CuPor-POP-Mo was situated between that of MoO, and MoO;
while close to that of MoOj3, suggesting that the oxidation state
of Mo in CuPor-POP-Mo was between +5 and +6, agreeing well
with the XPS analysis of Mo species in CuPor-POP-Mo.**

The wavelet transform (WT) image further demonstrated the
atomic dispersion of Cu and Mo in CuPor-POP-Mo in compar-
ison with the standard samples (Fig. S16 and S171). It was found
that the atomic dispersion of Cu in CuPor-POP-Mo was much
similar to that in CuPc, while the atomic dispersion of Mo in
CuPor-POP-Mo was very different from that in MoO,, MoO3, and
Mo foil. Combining with the results of XPS mentioned above,
the formation of Mo-O and Mo-Mo bonds****” could be
excluded in CuPor-POP-Mo. The specific coordination number
and microenvironments around the Cu and Mo centres were
investigated by fitting the EXAFS data to the first coordination
shell of CuPor-POP-Mo (Fig. S18 and Table S1t). It was noted
that each Cu and Mo ion was coordinated by four N atoms (Cu-
N, and Mo-N,), and the average bond length of Cu-N and Mo-N
was 2.02 and 2.12 A, respectively, in the first shell. According to
the atom content of N, Cu and Mo in CuPor-POP-Mo deter-
mined by XPS results, the molar ratio of N to (Cu + Mo) was 4.26,
which suggested that CuPor-POP-Mo can provide sufficient
active sites for each Cu and Mo atom to form Cu-N, and Mo-N,
coordinate structures (Table S27).***® Therefore, Mo and Cu
ions in CuPor-POP-Mo were mainly coordinated with N atoms to
form Cu-N, (all N from the porphyrin centre) and Mo-N, (1 N
from imine, 1 N from TTPD, and 2 N from 2,2’-bipyridine) sites.

Optical characteristics and photocatalytic performance

The light-harvesting capability and band gap structures of
CuPor-POP, Por-POP-Mo and CuPor-POP-Mo were investigated
to understand the influence of Cu and Mo dual metal sites on
the intrinsic photocatalytic properties. As shown in Fig. S19,}
the absorption edge of all the POPs in solid-state ultraviolet-
visible (UV-vis) diffuse reflection spectra was larger than
700 nm, indicating that they could be directly used in visible
light photocatalysis.** Compared with CuPor-POP and Por-POP-
Mo, the absorption edge of CuPor-POP-Mo showed a redshift
due to electron delocalization caused by the dual metal sites,
which is more beneficial to visible light photocatalytic reaction.
Based on the Tauc plots obtained from the Kubelka-Munk
equation (Fig. S20t), the optical band gap (E,) of the samples
was calculated to be 1.82, 1.78, and 1.65 eV for CuPor-POP, Por-
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POP-Mo, and CuPor-POP-Mo, respectively. Obviously, CuPor-
POP-Mo had a smaller band gap than that of CuPor-POP and
Por-POP-Mo, which is more accessible for electron transfer from
the valence band (VB) to conduction band (CB). As shown in the
Mott-Schottky plots (Fig. S217), CuPor-POP, CuPor-POP-Mo and
Por-POP-Mo were n-type semiconductors with typical positive
slopes, and the CB edge at pH = 7 was —0.71, —0.68, and
—0.77 V (vs. the normal hydrogen electrode (NHE)), respectively.
The CB value of these POPs was lower than the redox potential
of CO, to CO (—0.53 V), CH, (—0.24 V), C,H, (0.06 V) and C,Hy
(—0.27 V),*** and much higher than the lowest unoccupied
molecular orbital energy level (—1.31 V vs. NHE) of the photo-
sensitizer [Ru(bpy);]Cl,.>* Based on the equation E, = Eyp — Ecg,
the VB position of CuPor-POP, Por-POP-Mo and CuPor-POP-Mo
was computed to be 1.11, 1.01, and 0.97 V, respectively, which
are very close to those obtained from XPS spectra (Fig. S227).
Thus, it is clear that the photocatalytic reduction of CO, was
thermodynamically favorable, and the transfer of photo-
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induction generated electrons of [Ru(bpy);]Cl, was feasible
with the POPs (Fig. S237).

To evaluate the photocatalytic CO, reduction performance of
CuPor-POP-Mo, photocatalytic measurements were performed
in acetonitrile (MeCN)/water mixed solution under visible light
irradiation by using [Ru(bpy);]Cl, and triethanolamine (TEOA)
as the photosensitizer and electron donor, respectively. For the
purpose of comparison, the catalytic performance of CuPor-POP
and Por-POP-Mo was also evaluated under the same conditions.
First, a series of control experiments were conducted for CuPor-
POP-Mo, and the detailed results are presented in Fig. 3A. It can
be seen that the CO, photoreduction reaction did not take place
under the conditions without visible light, TEOA, or [Ru(bpy)s]
Cl,. In the test without catalyst, only a minor amount of H, was
detected. As shown in Fig. 3B, under visible light irradiation,
C,H, was the main product in the presence of CuPor-POP-Mo,
and low C,Hs production rate and selectivity were observed
with Por-POP-Mo as the catalyst, but C,Hg was almost unde-
tectable in the presence of CuPor-POP, as determined by gas
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Fig. 3 The photocatalytic performance of CuPor-POP-Mo under 4 hours of visible light irradiation. (A) Control experiments for the selection of
catalytic conditions. (B) Photocatalytic CO, reduction products over the as-synthesized photocatalysts. (C) Production of C,;Hg under CuPor-
POP-Mo catalysis with different masses of Mo. (D) Comparison of the gas products produced from the photocatalytic CO,RR using CuPor-POP-
Mo as the catalyst with those reported in recent literature. (E) Result of gas chromatography-mass spectrometry with the *C isotope tracer. (F)
Production of CO, reduction products during the stability tests using CuPor-POP-Mo as the catalyst. (G) Performance tested under natural

sunlight (test duration: 4 hours per day).
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chromatography (GC) (Fig. S24+). For all POPs, no liquid prod-
ucts were detected by '"H NMR spectroscopy (Fig. S251). The
above results indicated that in the bimetallic CuPor-POP-Mo
photocatalyst, the Mo site was decisive for the production of
C,H¢ through the C-C coupling reaction, while the Cu site
accelerated the kinetics of the C-C coupling reaction. Thus, the
Cu and Mo dual metal sites in CuPor-POP-Mo synergistically
promoted C,Hg production from CO, photoreduction.

Then, to obtain the optimal production rate and selectivity of
C,Hg, the effect of the content of Mo in CuPor-POP-Mo and the
catalyst dosage used in the reaction on catalytic performance was
investigated, where the content of Cu in CuPor-POP-Mo was fixed
(8.5 wt%). As shown in Fig. 3C, the production rate and selectivity
of C,Hg first increased and then decreased with the increase of
the Mo mass. When the Cu and Mo contents in CuPor-POP-Mo
were 8.5 and 11.9 wt%, respectively, the catalytic performance
was best for the CO,RR to C,Hg. Moreover, it was found that when
the dosage of CuPor-POP-Mo used in the reaction was 5 mg and
the volume ratio of MeCN/water reached 29.5:0.5, the highest
selectivity and production rate of C,H were obtained (Fig. S267).
Surprisingly, under these optimal conditions, CuPor-POP-Mo
exhibited an excellent C,H, production rate of 472.5 pmol g’1
h™" and high product selectivity of 87.5% (electron selectivity of
97.5%), and the production rate was about 3 times that of Por-
POP-Mo. To our knowledge, both production rate and selectivity
of C,H, reported here are record high values in photocatalytic
C,H, production by using porous polymer catalysts (Fig. 3D and
Table S371). Under such conditions, the accompanied by-products
were CO, H,, CH, and C,H,, and their production rate was 11,
37.5, 2.5 and 5 umol g~' h™", respectively. To verify the carbon
origin of C,H,, we utilized the *C isotope-labeled CO, as the
substrate for the CO,RR, and the reacted gas mixture was detected
by gas chromatography-mass spectrometry (GC-MS). Major
signals with m/z values of 16, 17, 29, 30, 31 and 32 assigned to
*13CH,, CH,, *CO, *C,H,, *"*C,H; and “C,Hg, respectively,
were detected when *CO, is used as feedstock for the photo-
catalytic CO,RR by GC-MS (Fig. 3E), confirming that the generated
hydrocarbon was from CO, rather than the other organic
molecules.

The apparent quantum efficiency (AQE) for the CO,RR to
C,H¢ under the catalysis of CuPor-POP-Mo was then studied at
various wavelengths. As shown in Fig. S27 and Table S4,T when
the AQE values of CuPor-POP-Mo were plotted against the
absorption wavelength of [Ru(bpy);]Cl,, the data points fell
nicely on its optical absorption spectrum curve. The highest
AQE value was determined to be 0.55% at 450 nm. This result
confirmed that [Ru(bpy);]Cl, functioned as the photosensitizer
in the present work. Furthermore, long-term stability of the
photocatalyst was investigated due to its particular importance
in practical applications. For the CuPor-POP-Mo catalyst, no
significant decrease in C,H, production rate was observed after
the fourth cycle (Fig. 3F), demonstrating good cycling stability
of this photocatalyst. In addition, the composition and struc-
ture of the CuPor-POP-Mo could be well maintained, as
confirmed by comparing its TEM images, FTIR spectra, PXRD
patterns, and XPS spectra before and after recycling (Fig. S28
and S297).
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In terms of the practical application of CuPor-POP-Mo,
natural sunlight irradiation was also used for the photo-
catalytic CO,RR to C,Hg under the reaction conditions similar
to those mentioned above. For this purpose, a 4 h photocatalytic
reaction (from 10:00 am to 02:00 pm) per day was conducted
outdoors in our campus for 5 consecutive days in December as
described previously.>® Remarkably, the average production rate
and selectivity of C,Hg reached 218 pmol g~ h™' and 81.3%,
respectively (Fig. 3G). Considering the lower temperature
(approximately 21 °C) and weaker light intensity (less than 50
mW cm?) during testing (Table S57), such a high production
rate and selectivity for C,Hs demonstrated the advantages of
CuPor-POP-Mo in the photocatalytic CO,RR to C,Hs. This result
highlights the great potential of the synergistic dual isolated
metal site strategy in the design of cascade photocatalysts for
practical applications.

Reaction mechanism

The photo-generated electron-hole separation efficiency and
photo-generated electron transfer capacity of CuPor-POP-Mo
were also studied to explain why the dual metal sites showed
outstanding performance in the photocatalytic CO,RR to C,He.
As shown in Fig. S30, CuPor-POP-Mo exhibited much higher
transient photocurrent density than CuPor-POP and Por-POP-
Mo due to the synergistic effect of Cu and Mo on the separa-
tion of photo-generated electron-hole pairs. At the same time,
the electrochemical impedance spectra (EIS) of the samples also
manifested that the transfer of photo-generated electrons in
CuPor-POP-Mo was much faster than that in CuPor-POP and
Por-POP-Mo, as judged by the smaller semicircle in Nyquist
plots (Fig. S31}). Moreover, the steady-state PL spectra and PL
decay spectra were measured to evaluate the separation ability
of the catalysts for photo-generated electrons-holes (Fig. S327).
By fitting the curves with a biexponential equation,® the average
lifetime (7,,5) of photo-generated electrons on CuPor-POP, Por-
POP-Mo and CuPor-POP-Mo was computed to be 2.85, 3.65 and
3.82 ns, respectively. Clearly, the lifetime of photogenerated
electrons over CuPor-POP-Mo was longer than that over CuPor-
POP and Por-POP-Mo, which was beneficial for improving
photocatalytic performance. This result indicated that dual
metal sites of Cu and Mo in CuPor-POP-Mo played an important
role in the enhancement of photogenerated electron-hole
separation efficiency under light irradiation. In addition,
steady-state PL spectra (Fig. S33T) suggested that the strong
emission of the photosensitizer [Ru(bpy);]Cl, was effectively
quenched by CuPor-POP, Por-POP-Mo and CuPor-POP-Mo, but
CuPor-POP-Mo exhibited the most pronounced PL quenching
effect, which led to a shorter electron excitation lifetime of
[Ru(bpy)s]Cl, (160 ns).>* This phenomenon disclosed that the
recombination of photo-generated electron and hole pairs of
[Ru(bpy)s]Cl, was better prevented by CuPor-POP-Mo, and long-
lived electrons were provided for CO, reduction, resulting in
enhanced CO, photo-reduction efficiency.

The charge carrier process in excited state dynamics was
further analyzed using femtosecond transient absorption (fs-
TA) spectra (Fig. S347). Under 365 nm pump light excitation,
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[Ru(bpy);]Cl, showed a negative ground-state bleaching peak at
around 450 nm, which suggested the excitation of electrons in
[Ru(bpy)3]Cl,. Meanwhile, when CuPor-POP, Por-POP-Mo or
CuPor-POP-Mo was added into the solution of [Ru(bpy);]Cl,, the
peak with a positive signal of excited state absorption at around
600 nm was observed, which was attributed to the transfer of
the excited electrons to Cu and Mo active sites® (Fig. S35 and
Table S67). These results confirmed that the introduction of Cu
and Mo sites indeed accelerates the dynamic electron transfer
process from [Ru(bpy);]Cl, to CuPor-POP-Mo. To acquire more
evidence for the electron transfer in the photocatalytic reaction,
quasi-in situ XPS measurements were conducted for the mixture
of CuPor-POP-Mo with photosensitizer [Ru(bpy);]Cl,. As shown
in Fig. 4A, a positive shift of the Ru 3d binding energy occurred
from 281.4 to 281.7 eV upon visible light irradiation, implying
that the Ru ion in the photosensitizer lost electrons.** In
comparison, the Cu 2p binding energy negatively shifted from
934.2 to 932.8 eV, and the Mo 3d binding energy also negatively
shifted from 231.5 to 229.2 eV, manifesting that the Mo site had
stronger electron capture ability than the Cu site (Fig. 4B and
C).? However, the binding energy of C, N and Cl was not shifted
after visible light irradiation (Fig. S3671). Consequently, it could
be inferred that photogenerated electrons of the photosensi-
tizer [Ru(bpy)s]Cl, transferred to Mo and Cu ions upon visible
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light irradiation and then the CO,RR took place on Cu and Mo
sites of CuPor-POP-Mo as active centers. To gain a deeper
understanding of the intrinsic relationship between the elec-
tronic structure of metal-based catalysts and their catalytic
performance, the density of states (DOS) of the Cu active site in
CuPor-POP and the Mo site in Por-POP-Mo was determined by
DFT calculations. As shown in Fig. S37,1 Mo possesses a higher
DOS at the Fermi energy (E) level for d-orbitals, which was
significantly higher than that for the d-orbitals of Cu. This result
indicated that more electrons accumulated near the Fermi level
of the Mo site compared with that of the Cu site, which was
more beneficial to the photogenerated charge separation and
transfer in Por-POP-Mo than that in CuPor-POP, resulting in
higher catalytic activity of Por-POP-Mo.>"**

In situ Fourier transform infrared (FTIR) spectroscopy was
used to detect the possible intermediates during CO, photore-
duction to C,He. As demonstrated in Fig. 4D and S38,} in the
presence of [Ru(bpy);]Cl,, the peaks of *COOH (1650 and
1699 cm™1),**% H-CO; ™~ (1421, 1434 and 1635 cm ™ '),3*5+%¢ m-
CO3> (1362, 1506, 1522 and 1540 cm ™ *),*® b-CO;>~ (1285, 1558,
1619, 1671 and 1684 cm™"),*** p-CO;>~ (1393 cm™'),* formate
(1735,1771 and 1794 cm™ ')***” and the absorbed *CO (1717 and
2064 cm !)®%%% were observed in the in situ FTIR spectrum of
CuPor-POP, but the C,-related intermediates were not detected.
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Fig. 4 Quasi-in situ XPS spectra and in situ ATR-FTIR spectra. Quasi-in situ XPS spectra of (A) Ru 3d, (B) Cu 2p and (C) Mo 3d for [Ru(bpy)z]Cl, and

CuPor-POP-Mo under light and in the dark. Room temperature in situ
detection of intermediates during CO, photoreduction.

15172 | Chem. Sci., 2025, 16, 15166-15176

ATR-FTIR spectra of (D) CuPor-POP and (E) CuPor-POP-Mo for the
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However, in the spectrum of Por-POP-Mo and CuPor-POP-Mo,
the peaks for *COH (1746 cm™'),*% *OCCOH (intermediate
after hydrogenation of *OCCO, 1573 cm™")***% and *CO (2064
and 1717 cm™')* occurred (Fig. 4E, S39 and S407). Notably,
significant peaks of *COH, *OCCOH and *CO were observed in
the in situ FTIR spectrum of CuPor-POP-Mo (Fig. 4E and S407).
To quantitatively compare the relative content of the *CO
intermediate produced on Por-POP-Mo and CuPor-POP-Mo, the
peak area of this intermediate was normalized based on the
approach reported in the literature,*** and the results are
summarized in Table S7.7 It was found that with the extension
of the photocatalytic reaction time to 120 min, the peak area of
*CO increased from 0.01 to 2.1 on Por-POP-Mo, and from 0.01 to
2.7 on CuPor-POP-Mo, implying that the introduction of Cu in
Por-POP-Mo increased *CO coverage on POPs. Moreover, the
peak area of *COH and *OCCOH on CuPor-POP-Mo was also
much higher than that on Por-POP-Mo after photocatalytic
reduction of 120 min (Table S8 and Fig. S417). In addition,
significant vibration peaks of *CHj; (C,He¢) and *CH, (C,H,)
were also observed at 1455/2960/2874 and 2924/2819 cm™'
respectively, in the in situ FTIR spectrum of CuPor-POP-Mo,®%¢-%%
and their intensity increased with prolonged CO, reduction
time, which indicated that more C,Hg was formed. To exclude
the interferences of the photosensitizer, sacrificial agent (TEOA)
and photocatalyst, in situ FTIR measurement with *CO, as
feedstock was conducted, and the same reaction intermediates
were also observed and redshift of the corresponding peaks was
evidenced (Fig. S42%). These results strongly support the
conclusion drawn from the above photocatalytic experiments
that the C-C coupling was mainly triggered by the Mo site, while
the Cu site readily enhanced the *CO coverage, and promoted
the C-C coupling reaction. This is quite different from the
electrocatalytic CO,RR to C,, products for the Cu site reported
in the literature.®®

Based on the intermediates detected by in situ FTIR spec-
troscopy, we performed DFT calculations to understand the
mechanism of the dual-metal site photocatalytic CO,RR to C,Hg
in these optimized structural models. First, charge density
difference (CDD) and electron localization function (ELF) were
calculated to describe the interaction of *CO with metal sites in
the photocatalyst. For the purpose of comparison, the same
structural fragment in CuPor-POP, Por-POP-Mo and CuPor-POP-
Mo was considered. It can be seen from Fig. 5A that there was
a minor electron accumulation and depletion between *CO and
the Cu site, indicating that *CO weakly interacted with the Cu
site.®® However, significant electron accumulation and deple-
tion were found between *CO and the Mo site (Fig. 5B and C),
suggesting a stronger interaction between the Mo site and *CO.
Notably, the *CO interaction with the Cu site is weaker than
with the Mo site, indicating that the *CO enables favoring
spontaneous spill over from Cu to Mo sites in thermodynamics.
The preferential interaction with *CO at the Mo surface ulti-
mately drives the localized *CO coverage on CuPor-POP-Mo.”
Furthermore, the related DFT calculations were conducted for
the reaction pathway of the CO,RR to CO over CuPor-POP, Por-
POP-Mo and CuPor-POP-Mo. As shown in Fig. S43,1 all these
catalysts had the potential to convert CO, into CO due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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negative AG values. However, AG value change in the desorp-
tion of *CO decreased in the order: Por-POP-Mo (2.22 eV) >
CuPor-POP-Mo (0.85 eV) > CuPor-POP (—0.26 eV). This means
that the Cu site mainly catalyzed the formation of *CO, but the
*CO intermediate was not stable on the Cu site and easily
escaped from this site. This is the reason why C-C coupling
could not be completed on CuPor-POP. By contrast, the Mo site
in CuPor-POP-Mo suitably stabilized the *CO intermediate, thus
triggering C-C coupling reactions to form C, products.

Based on the in situ FTIR results, both *CO and *OCCOH
(hydrogenation of *OCCO) intermediates were detected during
the photocatalytic CO,RR. Then, we optimized the free energy
diagram for the CO,RR to C,H¢ over CuPor-POP-Mo and Por-
POP-Mo from *CO and focused on the formation of the
*OCCO intermediate. It was found that under favourable energy
conditions, *CO intermediates underwent a C-C coupling
process to form the *OCCO intermediate, and then through the
continuous hydrogenation process, the CH,COH intermediate
was generated, which was followed by either C-O bond breaking
to form *CH,C (ethylene pathway)”>”> or C-H bond formation to
produce *CH3;COH (ethane pathway). Then, the interaction
between as-synthesized POPs and reaction intermediates,
including *CO, *OCCO, *OCCOH, *CHOCHO, *CHOHCOH,
*CH,OHCOH, *CH,COH, *CH,;COH, *CH,CHOH, *CH,CH,OH
and *CH;3CHj3, was carefully studied by DFT calculation (Fig. 5D
and S44%). It can be found that the important intermediates,
such as *OCCO, *CHOHCOH, *CH,COH, and *CH;COH, were
stabilized by both Cu and Mo sites through Cu-O (O atom from
intermediates) and Mo-C (C atom from intermediates) inter-
actions, respectively. As a result, the free energy levels of these
reaction intermediates for CuPor-POP-Mo were all lower than
that of Por-POP-Mo (Fig. 5D). Moreover, the change of AG value
from *CH,COH to *CH;COH formation was more negative than
from *CH,COH to *CH,C on Por-POP-Mo and CuPor-POP-Mo,
indicating a more favourable process for ethane production
than the ethylene pathway. These results revealed that the dual
metal sites in CuPor-POP-Mo: Mo site were mainly responsible
for the C-C coupling and improving the selectivity of C,Hg
through the interaction between the Mo atom and C atom (from
key intermediates), while the Cu site enhanced the surface
coverage of *CO on the CuPor-POP-Mo and synergistically
lowered the energy barriers of *OCCO formation with the Mo
site through the interaction between the Cu atom and O atom.
Thus, Cu and Mo sites synergistically facilitate the generation of
the C,H¢ product. Based on the above experimental and theo-
retical results, a detailed mechanism was proposed for the CO,
photoreduction to C,Hg catalyzed by CuPor-POP-Mo. Upon
visible light irradiation, the photosensitizer [Ru(bpy);]Cl, is
excited to produce electrons. The irregular porosity and electron
delocalization of POPs would be beneficial to the quick transfer
of the excited state electrons to the Cu and Mo sites of CuPor-
POP-Mo. Then, CO, is reduced to *CO on the dual metals and
large amounts of *CO on the Cu site are spilled over into the Mo
site to increase the coverage of *CO and ensured *CO stability
on the catalyst, and subsequently *OCCO intermediates are
formed on the Mo site by C-C coupling in coordination with the
Cu site. Finally, the *OCCO intermediate is continuously
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Fig.5 The density functional theory (DFT) calculations and reaction Gibbs free energy change. Charge density difference (yellow and cyan areas
with an isosurface value of 0.0005 indicate charge accumulation and depletion, respectively). Carbon atoms are presented as light brown, O
atoms as red, Cu atoms as dark blue, N atoms as light blue, and Mo atoms as purple in (A) CuPor-POP, (B) Por-POP-Mo, and (C) CuPor-POP-Mo.
Electron localization function where red and blue areas indicate electron localization and electron delocalization, respectively, in CuPor-POP,
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hydrogenated and deoxidized to C,Hg with the help of Mo and
Cu sites. The remaining holes are captured by the electron
donor TEOA, which is then oxidized to TEOA,,., and the entire
cycle is closed.

Conclusions

In summary, CuPor-POP-Mo with Cu and Mo dual isolated sites
was successfully designed to effectively catalyze the photo-
chemical conversion of CO, to C,Hg. After irradiation with
visible light for 4 h, a C,Hg production rate of 472.5 pumol g~*
h™ and a product selectivity of 87.5% (electron selectivity
~97.5%) were achieved, which appear to surpass that of most
photocatalysts reported previously. Even under natural
sunlight, an average C,Hg production rate of 218 pmol g~ * h™*
and product selectivity of 81.3% could be attained. The superior
photocatalytic performance was ascribed to the synergistic

15174 | Chem. Sci,, 2025, 16, 15166-15176

effect of Cu and Mo sites to promote electron transfer and
suppress the photo-generated electron-hole recombination. In
situ IFTS measurements and DFT calculations suggest that the
formation of *OCCO species on the Mo site from *CO-*CO
coupling was the rate-determining step for the photoreduction
of CO, into C,He. The introduction of the Cu site substantially
improved the surface coverage of *CO on CuPor-POP-Mo, and
synergistically decreased the energy barrier of C-C coupling
which appeared on the Mo site of the photocatalyst. This work
provides new insights into the rational design of cascade cata-
lysts for CO, photoreduction to hydrocarbon fuels with high
activity and selectivity.

Data availability

The data that support the findings of this study are available in
the paper and ESI.t1 Source data are provided with this paper.
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