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Artificial photosynthesis, coupling CO; photoreduction and water photooxidation reactions, is an important and
green means to convert CO,. Compared with traditional multiphasic heterojunctions, monophasic photocatalysts
for artificial photosynthesis are still very rare. Here we construct a crystalline overall reaction catalyst, RO-4, by
connecting reductive {Cu'g} and oxidative {PMogVeOu42} clusters with bridging oxygen atoms, which allow the
photogenerated electrons to transfer easily between the redox clusters. Under light irradiation, RO-4 can achieve
efficient artificial photosynthesis with a high CO production activity of 20.06 pmol g*h™! (>99.5% selectivity)

along with O; release. Furthermore, in situ DRIFTS and DFT calculations uncover the related reaction in-
termediates and CO2 photoreduction mechanism. This work validates a feasible strategy to engineer monophasic
crystalline RO photocatalysts for efficient artificial photosynthetic overall reaction.

1. Introduction

The increasingly depleted non-renewable energy sources and the
severe greenhouse effect have reached the critical line of sustainable
development [1-3]. Reducing CO5 to fuels (CO, CHy, etc) has been
regarded as one of the most efficient ways to mitigate the greenhouse
effect and close the carbon cycle [4-8]. So far, CO5 reduction has often
been achieved by hydrogenation reaction under high temperature and
pressure conditions or the presence of noble metals like Ru, Pt catalysts
[9,10]. In contrast, artificial photosynthesis involving photocatalytic
CO,, reduction reaction (COoRR) and water oxidation reaction (WOR) is
a low-cost and environment-friendly strategy to reuse CO, [11-13].
However, the half reaction of WOR is tough to achieve dynamically,
most catalytic systems currently need to add additional organic sacrifi-
cial agents to receive electrons in the reactions, which would cause
environmental pollution and increase the difficulty of segregating the
liquid product. Thus, it is a goal to design and synthesize photocatalysts
that contain active sites for both CORR and WOR to achieve the arti-
ficial photosynthetic overall reaction.

Polyoxometalate metal-organic framework (POMOF) is a kind of
crystalline material with precise structure information, which couples
the advantages of both MOF[14,15] and Polyoxometalate (POM)
[16-20] (e.g. excellent redox capability and high structural tunability)
[21]. Furthermore, the well-defined structures can help to identify the
active sites and understand the structure-activity relationship [22].
Based on these strengths, POMOFs have been widely utilized as photo-
catalysts applied to CO3 reduction or water splitting, and further explore
the reaction mechanism. Importantly, the oxidative POM units can be
easily connected to reductive transition metal clusters. The coexistence
of reductive and oxidative components to construct reduction-oxidation
(RO) catalysts enable effectively coupling CO2RR and WOR simulta-
neously [23-25]. Recently, Cu(I)-based catalysts have attracted much
attention for their outstanding performance in catalytic hydrogen evo-
lution reaction (HER) and CO,RR due to their good reducibility, which
can be the candidate as the reductive site in RO photocatalyst [26-31].
On the other hand, phosphovanadomolybdate (PMoV) often exhibits
excellent oxidability applied to various oxidation reactions [32]. Hence,
it may promote the efficiency of artificial photosynthesis by assembling
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a specific Cu(I) cluster and PMoV into a POMOF.

Based on the above consideration, a novel reduction-oxidation
POMOF, RO-4 (CugCl[PMogVe042](p-traPh)4-8H20), was synthesized
by in situ hydrothermal method (see Supporting Information for
detailed methods). In RO-4, the eight nuclear copper cluster {Cug} and
{PMogVeO42} can be catalytic sites for accomplishing COoRR and WOR.
The calculated band structure of RO-4 obtained from ultraviolet and
visible spectrophotometry (UV-vis), Mott-Schottky plots and ultraviolet
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photoelectron spectrometer (UPS) indicate that RO-4 can realize arti-
ficial photosynthetic overall reaction. Under the light irradiation, RO-4
showed excellent photocatalytic activity, of which the yield of CO5-to-
CO conversion was up to 20.06 pmol g"'h~! along with O, release. The
DFT calculation results showed that the CO2RR and WOR probably
occur on {Cug} cluster and {PMogVsO42}, respectively. In comparison,
another photocatalyst CuL that consisted of p-troPh and Cu ions but
without {PMogV¢O42} only showed a weak photocatalytic performance

{Cus}=

{PMosVeOa42} = 0
Oxidation cluster

Fig. 1. Summary of the structure of RO-4. (a) The structure of {Cug} cluster; (b) The coordination environment of {PMogV¢O4>} node; (c) Top view of 2D layers in
AB-stacking mode constructed from {Cug} and ligands; (d) Structure of the 3D framework. Mo, blue; Cu, green; V, yellow; P, pink; C, gray; N, blue; O, red; Cl, brown.
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compared to RO-4, indicating that the coexistence of reductive {Cug}
cluster and oxidative {PMogVO42} cluster is the key factor to achieve
the overall reaction efficiently.

2. Results and discussions
2.1. Synthesis and characterizations of RO-4 photocatalysts

Single-crystal X-ray diffraction (SCXRD) indicated that RO-4 crys-
tallizes in the orthorhombic system with a Cmcm space group, and the
asymmetric unit contains 1/2 {PMogVO42} cluster, four Cu ions, one p-
troPh, one pu4-Cl ion, one coordinated and two free water molecules
(Fig. S2). As shown in Fig. 1a, eight Cu ions, eight triazoles from ligands,
two uy-O atoms and one uy4-Cl ion form an octanuclear {Cug} cluster
together. There are three crystallographic independent Cu atoms in
{Cug}. Four Cu ions (Cul, Cul#, Cu4, Cud#) are 4-coordinated tetra-
hedral configuration with two N atoms from ligands, one y»-O atom and
one yu4-Cl ion. Two Cu ions (Cu2, Cu2#) are triangular pyramidal
configuration coordinated with two N atoms and one terminal O atom
from {PMogVgO42}. The rest two Cu ions (Cu3, Cu3#) are tetrahedral
configuration coordinated with two N atoms, one O atom from
{PMogV¢042} and one water molecule. Each {Cug} cluster links eight
ligands to form a 2D layer, which packs in AB-stacking mode (Fig. S3).
{PMogV¢042} cluster is a heteroatom a-Keggin structure in which four
{Mo2VO;3} units are corner-linked to the central {PO4} and two {VOs}
units caps are on either side of the structure (Fig. 1b and S4)[33-35]. In
order to understand the connection mode of oxidative and reductive
clusters, the coordination environments of {Cug} and {PMogVgQ45} are
analyzed. In Fig. S5, each {Cug} cluster connected four {PMogVsO42}
clusters in three different coordination modes. The top of POM node
connects to {Cug} cluster with four Cu—O bonds. On the mid of the
kegging node, two opposite terminal O atoms connect with two {Cug}
clusters by Cu-O bonds. The bottom of POM node links with a {Cug}
cluster by two Cu-O bonds. In the cavity of layers, {PMogV¢O42} were
filled and connected with four {Cug} clusters in three adjacent layers
(Fig. 1c). Due to the presence of POMs, the 2D layers are assembled into
a 3D framework (Fig. 1d). In addition, the {Cug} cluster can be regarded
as an 8-connected node for concatenating four other {Cug} clusters and
four {PMogVeO42} clusters, in which the {PMogV0O42} can be regarded
as a four-connected node. In this regard, RO-4 reveals a topology with
the Schlafli symbol of {412, 616} {45, 6}, which shows a new type of
topology (Fig. S6). In order to explore the importance of the coexistence
of oxidation and reduction sites, CuL. composed of Cu(l) ions and p-troPh
ligand was further synthesized. CuL crystallizes in the monoclinic sys-
tem with a P2;/n space group. An asymmetric unit contains two Cu ions,
one p-troPh, two Cl ions, one free water molecule (Fig. S7). The ligands
link with {CuyCly} cluster to extend into a 1D chain (Fig. S8 and S9).

The powder X-ray diffraction (PXRD) pattern of the obtained RO-4
was well-matched with the curve simulated from single-crystal X-ray
diffraction, proving the high purity of the samples (Fig. S10). To eval-
uate the chemical stability of RO-4, fresh crystals are soaked in different
aqueous solutions for a period of 24 h. The unchanged peaks disclose
that RO-4 can remain structural integrity in 0.1 M HCl and 0.1 M NaOH
solutions (Fig. S11). The thermal stability of RO-4 was tested through
thermogravimetric analysis (TGA). There is no significant weight loss
before 300 °C, meaning that RO-4 has good thermodynamic stability
(Fig. S12). The valence states of metal ions in RO-4 were analyzed by X-
ray photoelectron spectroscopy (XPS). As shown in Fig. S13, all the el-
ements in RO-4 can be observed from the full-scan spectrum. The V 2p
peak located at 517.02 eV reveals that the valence state V ions is + 4 in
RO-4. The Mo 3d peak can be ascribed to Mo®" and Mo®*, which is
consistent with the previous report. The Cu 2p spectrum shows two main
peaks at 932.2 and 952.1 eV corresponding to Cu™° and Cu?*, of which
the weak Cu?* peak may generate from the part of surface Cu ions
oxidized in air. Most of the Cu ions are still Cu' in the RO-4, which can
also be evidenced in the Auger Cu LMM (LM2) spectrum.
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The light absorption of RO-4, CuL and {PMogV¢O42} were examined
through UV-vis diffuse reflectance spectroscopy, of which the purity of
{PMogV¢O42 } and CuL were also proved by the well-matched PXRD
patterns (Fig. S14 and S15). In Fig. 2a, RO-4 and {PMogVsO42} have
similar spectral absorption regions about 300 ~ 1100 nm, while CuL
only has ultraviolet absorption for the lack of phosphovanadomo-
lybdate, indicating that the POM in RO-4 is response for light absorp-
tion. This result also agrees with their corresponding crystal color under
the optical microscope (Fig. S17). The band gaps (Eg) of RO-4, CuL and
{PMogVeO42} were further evaluated from original UV-Vis-NIR data
with Kubelka-Munk formula: (ahv = C(hv - Eg)"/?), which were calcu-
lated to be 1.75, 2.95, 1.66 eV respectively, indicating that all of them
have the characteristics of the semiconductor (Fig. 2b). The position of
the lowest unoccupied molecular orbital (LUMO) of RO-4 and
{PMogV¢O42} were determined by ultraviolet photoelectron spectros-
copy (UPS). By subtracting the width of the He I UPS spectrum from the
excitation energy (eV), the final calculation results are 1.15, 1.86 and
1.03 eV (vs NHE, pH = 7) of RO-4, CuL and {PMogVO42}, respectively
(Fig. 2¢, S18 and S19) [36]. On the other hand, Mott-Schottky plot
measurements were performed to further verify the accuracy of the
semiconductor band structures on RO-4, CuL and {PMogVO43} at fre-
quencies of 1000, 1500, and 2000 Hz (Fig. 2d, S20 and S21). The ob-
tained C? curves with x-axis were intersected at —0.85 (RO-4), —1.20
(CuL), —0.82 V ({PMogV¢042}) vs Ag / AgCl. The highest occupied
molecular orbital (HOMO) positions were calculated to be —0.65,
—1.00, —0.62 V vs NHE, respectively, which are consistent with the
consequence of UPS. Fig. 2e shows the band structures of RO-4, CuL and
{PMogVgO43}. LUMO and HOMO values are converted to normal
hydrogen electrodes (NHE, pH = 7) in volts (right y-axis). It can be found
that all the LUMO positions of RO-4, CuL and {PMogVO42} are suitable
for reducing CO2 to most products like CO, CHy, etc[37,38]. The values
of their HOMO are all more positive than the oxidation potential of Oy/
H20, which indicates that all of them can theoretically be invoked as
photocatalysts for the entire redox reaction. The ability of the surface of
the RO-4 to absorb CO, molecules also makes it feasible to be utilized as
photocatalyst for CO2RR (Fig. S22). In addition, photocurrent profiles of
RO-4, CuL and {PMogVgO42} show they have sharp and sensitive
transient photocurrent response when the light is periodically switched
under irradiation (Fig. 2f, S23 and S24). The near two times higher
response of RO-4 than CuL and {PMogVO45} reflects the best sepa-
rating efficiency of photoinduced electron and hole pairs of RO-4. The
smaller resistance of RO-4 suggested that the photogenerated charges
are more conducive to migrate to the surface of the catalyst for photo-
catalytic reactions (Fig. S25). Importantly, time-resolved fluorescence
decay spectra (Fig. S26 and Table S4) were carried out to evaluate the
specific charge carrier dynamics [39]. The longer average lifetime of
RO-4 (2.88 ns) than {PMogVeO42} (2.48 ns) revealed that the photo-
generated charges can survive longer to occur photocatalytic reactions
(CO2RR and WOR) when {PMogV042} links with {Cug} into RO-4.

2.2. Photocatalytic performance of COoRR and WOR

Due to the well-matched band structure and concomitant oxidation/
reduction sites, the photocatalytic overall reactions were investigated in
the gas—solid system[40,41] under light irradiation (A = 300 ~ 1100
nm) without additional co-catalyst, photosensitizer, or sacrificial agent.
All the experimental details were described in the Supporting Informa-
tion. As expected, RO-4 showed excellent performance of CO-to-CO
photoreduction with Hy0-to-O5 photooxidation. After 4 h of light irra-
diation, RO-4 exhibited a high CO yield (80.24 pmol g~1) and selectivity
(>99.5 %) along with O, production (Fig. S27). Through detecting CO
yield per hour, a roughly linear relationship between reaction time and
target product was obtained (Fig. 3a). No gas products observed in the
argon atmosphere indicate the CO is converted from CO; rather than the
decomposition of catalyst. Importantly, to explore the importance of the
coexistence of Cu cluster and POM, the photocatalytic performance of
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Fig. 2. Optical characterizations of photocatalysts. (a) Solid-state UV-Vis absorption spectra of RO-4, {PMogV¢O42}, CuL and p-tryPh. (b) Tauc plots of RO-4,
{PMogV042}, CuL. (c) UPS, (d) Mott-Schottky plots of RO-4. (e) The energy band structures diagram for RO-4, {PMogVO42}, CuL. (f) Transient photocurrent curve

of RO-4 that measured in 0.5 M Na,SO4 aqueous solution.

CuL with Cu' active center (Fig. $28) and {PMogVO42} were evaluated
under the same condition. Within 4 h, the CO yield catalyzed by RO-4
was much higher than 22.0 pmol g*1 of bulk {PMogVO45} cluster and
26.0 pmol g_l of CuL (Fig. 3b and Table S5). Furthermore, the physical
mixture of {PMogVeO42} and CuL according to the molecular weight in
RO-4 was also tested (entry 4). The yield of CO is obviously lower than
RO-4, indicating the necessity of direct bonding of the two components.
Besides CO, the production of CH4 (less than 0.1 pmol g’l) was below
the minimum standard of the detection line. Additionally, no secondary
Hy was detected during the overall reaction (Fig. S29), which demon-
strates the high selectivity of RO-4. In order to eliminate the influence of
air on the quantification of Oy products, the photocatalytic tests in an
online system were performed along with RO-4 as the catalyst. The mole
ratio of produced CO to O is close to 2/1, which corresponds to the ratio
of transferred electrons of catalytic process, indicating the occurrence of
the artificial photocatalytic overall reaction (Fig. S30). The cycle test

was carried out to evaluate the durability of the photocatalyst by only
refilling the saturated CO5 and reintroducing fresh water. As shown in
Fig. 3cand Table S6, RO-4 retains ca. 92% of its original activity after 15
cycles (total 60 h). The durability of RO-4 as photocatalyst was also
evaluated under continuous irradiation, the production of CO increased
almost linearly at least 15 h (Fig. S31). There were no significant
changes in the PXRD, FTIR and XPS patterns (Fig. S32-S34), which
proved the structural and chemical stability of RO-4 during the photo-
catalytic process. In order to study the influence factors of CO, photo-
reduction, a series of comparative experiments were carried out and the
results were shown in Table S5. When the system was absence of light
(entry 5) or RO-4 (entry 6), no product could be detected, which indi-
cated that RO-4 is really the catalyst for the reaction and the conversion
process is a light-driven catalytic reaction. When RO-4 is used as the
photocatalyst for the system lacking HyO (entry 7), only trace of CO
could be observed, which maybe utilize coordinated water in the RO-4.
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Fig. 3. Photocatalytic CO; reduction properties over RO-4. (a) In different atmospheres. (b) The yield of CO in a series of comparative tests on different photo-
catalysts. (c) Durability measurements of RO-4 in fifteen continuous runs (4-hour test per cycle). (d) Mass spectrum of produced 3O (m/z=29) catalyzed by RO-4

in the photocatalytic reduction under '3CO,.

It suggested that H5O is the sacrificial agent.

To confirm where the catalytic reaction took place, the pure HyL
(entry 8) was examined, there was not any product that could be
detected, suggesting both the CO2RR and WOR were accomplished by
metal sites. 1°C and %0 isotope experiments were performed to search
for the source of carbon and oxygen in the productions through a gas
chromatography-mass spectrometer (GC-MS). After carrying out the
same photocatalytic test but using 13CO as atmosphere, the obvious m/z
peaks of 13, 16, 29 corresponding to 3¢, 0, and 3CO can be found,
indicating the produced CO was indeed converted from CO; (Fig. 3d).
The increasing absolute abundance of 13C labled CO over time further
proved it (Fig. $35). The distinct m/z peak at 36 corresponding to 20,
indicates the occurrence of water oxidation when using H,'®0 as reac-
tant (Fig. S36).

The migration direction of photogenerated charges was judged by in
situ XPS measurements. As shown in Fig. S37, high-resolution Cu LM2
XPS spectrum reveals that the Cu ions in RO-4 are + 1 oxidation state in
the dark and N3 atmosphere [42]. When RO-4 was exposed under light
irradiation for 30 min, a peak at 918.6 eV corresponding to Cu’
appeared, indicating that the Cu ions receive photoelectrons and are
reduced. On this basis, when the atmosphere was further changed to
CO,, the Cu® XPS signal was obviously attenuated. It can be interpreted
as part of Cu® centers give electrons to CO, molecules and catalyze
CO-RR, and then turn back to + 1 oxidation state at the same time. These
results not only demonstrated that photogenerated electrons can
migrate from POM to {Cug} clusters under light irradiation, but also
indicate that {Cug} clusters act as photocatalytic sites for COsRR. To
evaluate the underlying process for the CO5 photoreduction with RO-4
as a photocatalyst, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was investigated in a mixed atmosphere of CO4

and water vapor (Fig. 4a). After 30 min of light irradiation, the spectrum
exhibits five characteristic peaks of 1319, 1506, 1540, 1636 and 1652
em ™! which can be confirmed to the co-adsorption of CO; and H,0 on
the RO-4 surface. Meanwhile, the peaks located at 1414, 1436 and 1454
em™! confirms to HCO3~ group, and the absorption peaks occurred in
1557, 1521, 1243 and 1714 cm ™! assigns to COO ™ species, respectively.
Notably, the peaks around 1396 and 1250 cm ™! belong to the COOH*
group, which is treated as an intermediator during CO, reduction to CO.
Moreover, the significant peak absorbance of CO* (2060 cm ™) supports
the formation of CO during the photocatalytic CO5 reduction [43-51].

2.3. DFT calculations and exploration on reaction mechanism

Based on the intermediates detected by in situ DRIFTS, we further
calculate the energy changes of the process of photocatalytic CO5
reduction by density functional theory (DFT). The calculation results
reveal that the whole process of CO»-to-CO conversion goes through four
steps: CO; activation, hydrogenation, dehydration and CO desorption
(Fig. 4b), in which CO desorption is considered the potential-
determining step (PDS). The computed values Gibbs free energy
changes are all less than 0.4 eV at every step, indicating that RO-4 is a
prospective photocatalyst for COoRR (Fig. 4c). Through the theoretical
results, a feasible mechanism can be suggested explaining artificial
photosynthesis. Firstly, the photoelectron-hole pairs are excited in
{PMogVeO42} of RO-4 upon light irradiation and then the photoelec-
trons transfer to the {Cug} cluster. The {Cug} receives photoelectrons to
the adsorbed CO- for CO evolution, simultaneously the photogenerated
holes in {PMogVO42} group achieve the HyO oxidation. Under this
catalysis system consisting of light, CO, and water vapor, RO-4 as a
photocatalyst makes the artificial photosynthetic overall reaction
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artificial photosynthesis alone with RO-4 as catalyst.
accomplished steadily (Fig. 4d).
3. Conclusion

In summary, we have designed and synthesized a crystalline photo-
catalyst, RO-4, which was assembled with reductive {Cug} clusters and
oxidative {PMogVO42} clusters through bridging O atoms, to achieve
artificial photosynthesis effectively. The CO2RR and WOR are respec-
tively occurred on {Cug} and {PMogV¢O42} motifs, and the bridging O
atoms showed the advantage of transferring photogenerated electrons
rapidly. Thus, photogenerated charges can be efficiently separated be-
tween reductive and oxidative sites, resulting in that RO-4 reveals a
much higher CO yield (20.06 pmol g'h™?, > 99.5 % selectivity) than
that of CuL (6.50 pmol g'lh’l) and {PMogVO42} (5.50 pmol g'lh’l).
These results verify the rationality of our design idea in constructing RO-
based photocatalyst. More importantly, the 13C and 120 isotopic labeling
experiments are carried out to prove that the produced CO and O, are
indeed derived from CO, and H,O. In addition, the intermediates of the
reaction process were successfully captured by in-situ DRIFT. Based on
the obtained intermediates and precise single crystal structure of RO-4,
it allows us to in-depth understand the photocatalytic reaction mecha-
nism by DFT calculation. This work rarely utilizes monophasic coordi-
nation compound to achieve artificial photosynthetic whole reaction. It
not only broadens the application of crystalline coordination com-
pounds in the field of CO; photoreduction reaction in water vapor, but
also may provide guidance in designing novel monophasic photocatalyst
applied to other overall reactions like water splitting.
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