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Abstract: Owing to the unique synergistic effect, dinuclear-metal-molecule-catalysts (DMCs) show excellent performance
in catalytic fields. However, for overall photocatalytic CO, reaction (CO,RR), it is still a challenge to construct well-
matched photosensitizer (PS) components for DMCs-based photocatalysts. Inorganic-quantum-dot PS possesses
capacities of multiple exciton generation and catalyzing water oxidation but is incompatible with DMCs. In contrast,
organic PS can be covalently linked with DMCs but inescapable of using sacrificial electron donors. For overall
photocatalytic CO,RR, organic-inorganic dual-photosensitizing system might be a promising candidate. Herein, we
employed covalent-linking and electrostatic-driven approaches to construct the self-assembly of pyrene-sensitized Co,L
DMCs (Py-Co,L) and perovskite (PVK) quantum dots, i.e., PVK@[Py-Co,L]. Using H,O as an electron donor,
PVK@[Py-Co,L] realized 105.24 umol-g “h™' CO vyield in photocatalytic CO,RR, much higher than PVK
(15.44 pmol-g~"h™") and PVK@Co,L (32.30 pmol-g~'-h™"), ascribing to the efficient photogenerated charge separation
and transfer. The experimental results and theoretical investigations demonstrated that the pyrene linked on Co,L
boosted the electron delivery from PVK to DMCs. Besides, this strategy could also be extended to the photocatalytic H,
evolution coupled with alcohol oxidation. As a proof-of-concept, our work lightens the integration of DMCs, organic and

\morganic PS components, promoting the development of photocatalysis without sacrificial electron donors. )

Introduction

In recent decades, the explosively growing population and
booming development of human society lead to huge energy
demand and severe environmental crisis.!! In addition, the
excessive exploitation and usage of fossil fuels further
increase the CO, level in atmosphere, causing global green-
house effect.”) To address these dilemmas, photocatalysis as
a classical type of solar-to-chemical conversion techniques is
regarded as an effective solution, which has received wide-
spread attention and in-depth study.®! As one of the most
studied artificial photosynthesis reactions, photocatalytic
CO, reduction reaction (CO,RR) is an appealing strategy to

use CO, as a chemical stock to produce commodity
chemicals (such as CO, methane, methanol and other
fuels).l! Not only the atmospheric concentration of CO, can
be lowered to alleviate the greenhouse effect, but also solar
energy can be converted and stored into chemical energy.
Hence, a large number of chemistry and material scientists
have devoted a lot to developing efficient photocatalytic
CO,RR systems, where catalytic sites, i.e., catalysts (Cat),
and photosensitizers (PS) are two crucial components for
the photocatalytic performance.”’ The catalytic site for CO,
reduction is directly related to the activity of CO, photo-
reduction. Owing to the ultrahigh surface-to-volume ratio
and abundant catalytic sites, nanomaterials possess ultrahigh
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catalytic activity and regulable selectivity for products.[’! To
further improve atomic utilization, smaller nanocluster,
multi-atom and single-atom catalysts have been prepared
and employed in photocatalytic applications (Scheme S1).”!
However, it is still a huge challenge to precisely regulate the
coordination configuration and valence state of active sites
within these catalysts.®! The inaccurate configuration of
catalytic site causes broad product dispersion in CO, photo-
reduction, and hence the subsequent purification proceeding
is necessary, which inevitably increases the running cost of
the whole process. As a representative homogeneous
catalyst, molecular catalysts have attracted widespread
attention owing to their high metal utilization, clear and
adjustable structures, and so on.”! Notably, dinuclear metal
molecular catalysts (DMCs) possess unique synergistic effect
of dinuclear metal sites and hence show excellent catalytic
activity."”! Nevertheless, molecular catalysts suffer from the
difficulty of cycling experiments. Lots of efforts have been
devoted to preparing DMCs-based heterogeneous catalysts,
such as metal-organic frameworks (MOFs),") covalent-
organic  frameworks (COFs),”? and self-assembly
composites.'! The DMCs-based composites are regarded as
one of the most promising materials for photocatalytic
CO,RR.

As the other important component, PS should possess
excellent light-absorbing capacity to generate photoexcited
electrons and holes for photocatalysis. As shown in
Scheme 1, the multitudinous PS materials can be roughly
divided into organic and inorganic categories. The organic
PS mainly includes metal complexes and organic dye
molecules, such as phenanthroline ruthenium, porphyrin,
pyrene, pyrrole boron and eosin.' The inorganic semi-
conductor is commonly selected and employed as inorganic
PS, e.g., metal oxides, halide perovskites (PVK) and metal
sulfides."” Organic PS materials have superiorities of
molecularly adjustable energy levels, excellent compatibility
with molecular catalysts, and solution processability.!'!
However, their single-electron excitation characteristics,
weak photostability, and poor efficiency of separating
photogenerated electrons and holes seriously hinder further
development. Based on previous publications, although the
organic PS-based system can be employed in water oxida-
tion half-reaction,! its artificial photosynthesis without
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Scheme 1. Schematic diagram of common organic and inorganic PS
components.
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sacrificial electron donors is commonly realized by coupling
two half-reactions.*#! However, in a single reaction system,
the organic PS-based artificial photosynthesis without
sacrificial electron donors is still rarely reported. In contrast,
inorganic PS, especially quantum dots (QDs), possesses
multi-exciton excitation ability, long exciton lifetime, long
charge migration distance and catalytic activity for water or
alcohol oxidation.!"**!"! The inorganic PS and organic molec-
ular catalysts could be combined via several approaches,
(e.g., physical mixture, space confined strategy and electro-
static interaction).™*1 Nevertheless, the sluggish charge
transfer between inorganic PS and organic molecule cata-
lysts can not be comparable to the intramolecular charge
transfer in self-photosensitizing organic molecule catalysts
(Scheme 1). To realize the efficient photocatalytic CO,RR
coupled with water oxidation, the advantages of organic and
inorganic PS components are both required, and hence it is
an effective and feasible approach to construct the organic—
inorganic dual-photosensitizing photocatalysis system.

Prior to constructing efficient photocatalytic system, the
charge transfer between PS and Cat should be discussed in
detail and further studied, which is mainly dependent on the
integrating modes of PS and Cat.*¥ As shown in Figure 1a,
the physical mixing and space-confined models are appro-
priate for organic and inorganic PS-based systems, but their
diffusion-controlled electron transfer is sluggish.®d The
electrostatic-driven strategy is applicable for the assembly of
inorganic QD PS and organic catalysts, but the issue of
charge transfer kinetics is still not completely solved.'”! The
covalent-linking approach is exclusive for organic dye PS
and molecule catalysts (namely the self-photosensitizing
molecule catalysts),’>*!* but rarely reported in inorganic PS-
based photocatalytic system. However, given that TiO,,
WO;, CdS and PVK QDs possess the capacity of water or
alcohol oxidation, the inorganic PS is an essential compo-
nent in photocatalytic reactions without sacrificial electron
donor.™ In previous publications, organic dye-sensitized
inorganic PS has been widely studied and employed in solar
cell and photocatalysis to optimize the light-absorbing
ability."™” Nevertheless, the key issue of unfavorable charge
transfer between inorganic PS and molecular catalysis is still
unsolved. In addition, the oxidizing catalytic sites are still on
the organic PS, causing the necessity of using sacrificial
electron donor. Hence, it is urgent to design a novel type of
organic-inorganic dual-photosensitizing DMCs to overcome
these unsolved challenges (Figure 1b).

In this work, we firstly synthesized the pyrene photo-
sensitizing Co,L (i.e., Py-Co,L) via covalent linking ap-
proach, and then prepared the self-assembly of Py-Co,L and
CsPbBr; perovskite (PVK) QDs driven by electrostatic
interaction, labelled as PVK@[Py-Co,L] (Figure 2a). In the
overall photocatalytic CO,RR, CO yield of PVK@|Py-Co,L]
reached 105.24 ymol-g~'-h™', which was around 3-fold high-
er than that of PVK@Co,L (32.30 umol-g~'-h™") and 2-fold
higher than that of physical mixture counterpart PVK/Py/
Co,L (45.76 umol-g~'-h™"). Based on experiment and calcu-
lation results, it was demonstrated that the pyrene chromo-
phore within Py-Co,L boosted the photogenerated electron
transfer from PVK to dinuclear Co sites. Not only that, the
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Figure 1. (a) Schematic diagrams of the traditional integrating modes of PS and Cat components. (b) Schematic diagrams of inorganic-organic
dual-photosensitizing DMCs system and its photogenerated charge transfer routes demonstrated in this work.

dinuclear Co sample PVK@[Py-Co,L] showed higher activ-
ity than the mono-nuclear-Co counterpart PVK@[Py-CoL],
ascribing to the synergistic effect of dinuclear Co sites. Via
the similar constructing approach, novel inorganic-organic
dual-photosensitizing DMC system CdS@[Py-Co,L] was also
prepared and realized efficient photocatalytic hydrogen
evolution reaction (HER) coupled with alcohol oxidation.
As the first example of organic-inorganic dual-photosensi-
tizing DMC, our work not only optimized the charge
transfer between inorganic PS and molecular catalysts, but
also boosted the development of artificial photocatalysis
without sacrificial electron donors.

Results and Discussion

The organic dye PS can be grafted onto molecular catalysts
through covalent bonds to obtain self-photosensitizing
molecular catalysts, where the charge transfer is more
favorable than that of the mixture counterpart.!™¥ Herein,
we employed ligand 3,5-bis (2-pyridyl)-4-amino-1,2,4-
triazole (L) (Scheme S2 and Figure S1) to synthesize Co,L
DMC as Cat, and the molecular structure of Co,L. was
confirmed by mass spectrum (MS), as shown in Scheme S2
and Figure S2. Further, the single crystal of Co,L was
obtained through an interface diffusion method, and the X-
ray diffraction (XRD) profile of the as-obtained Co,L
powder was consistent with the simulated result of Co,L
single crystal, certifying the formation and configuration of
dinuclear Co sites in Co,L (Figure S3). Following, pyrene as
a common organic dye was selected as the photosensitizing
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chromosphere to decorate the Co,L, and the self-photo-
sensitizing Py-Co,LL DMC was synthesized via a Schiff-base
reaction. As shown in Figure 2b, the Fourier transform
infrared (FT-IR) spectrum of Py-Co,L clearly showed a new
characteristic peak at 1597 cm™" assigning to the stretching
vibration C=N bonds. While the characteristic absorption
peak of vc_q) at 1688 cm ' of 1-pyrene formaldehyde (Py-
CHO) disappeared, further verifying the successful forma-
tion of C=N bond between pyrene and Co,L. The ultra-
violet-visible (UV/Vis) absorption spectra showed that Py-
Co,L possessed a similar but red-shifted absorption peak
compared with Py-CHO, ascribing to the enlarged conjuga-
tion degree (Figure 2¢c). Besides, the mass spectrometry of
Py-Co,L also strongly confirmed its molecular structure in
solution (Figure S4). Based on these experiment results, it
was demonstrated that the Py-CHO and Co,L were linked
via the covalent bonds, and the broadened absorption range
of as-prepared Py-Co,L was favorable for improving photo-
catalytic performance.

As for the inorganic PS component, CsPbBr; PVK QDs
were selected and prepared by a solvothermal method, and
the surfactant ligand was oleylamine (OA), i.e., PVK-OA.
The transmission electron microscope (TEM images)
showed that the morphology of PVK-OA was nano cube
with a diameter of 8.64 nm (Figures2d and 2e). High-
resolution transmission electron microscope (HRTEM)
image showed that the crystal fringe of PVK-OA was
around 0.41 nm corresponding to the (110) crystal plane
(Figure S5). As shown in Figure 2f, the XRD profile of
PVK-OA was consistent with the standard pattern
(PDF#18-0364), further confirming its crystal structure. To
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Figure 2. (a) Schematic diagram of constructing PVK@][Py-Co,L]. (For simplicity, the counter anion of Py-Co,L was omitted.) (b) FT-IR spectra and
(c) UV/Vis spectra of Py-CHO, Co,L and Py-Co,L. (d) TEM image and (e) corresponding diameter histogram of PVK-OA. (f) Powder XRD profiles of
PVK-OA and PVK-PF,. (g) Zeta potential of PVK. (h) TEM and (i) HRTEM images of PVK@[Py-Co,L]. (j) EDS elemental mapping images of

PVK@[Py-Co,L].

improve the photocatalytic activity, the OA surfacant caping
on the surface of PVK-OA QDs was exchanged by
ammonium hexafluorophosphonate (NH,PF,) to obtain
PVK-PF, QDs. As shown in Figure S6, the FT-IR spectrum
of PVK-PF, showed the obvious characteristic peak of PF;~
at 805 cm™!, demonstrating that OA had been successfully
exchanged by PF, . Besides, the corresponding energy-
dispersive X-ray spectroscopy (EDS) elemental mappings
elemental mapping of PVK-PF showed the uniform distri-
bution of P, F, Cs, Pb and Br, which further revealed that
the surface of PVK-PF; was decorated by PF¢~ (Figure S7).
Following, XRD and TEM characterizations all revealed
that the morphology and crystal structure of PVK-PF, were
remained and kept consistent with those of PVK-OA
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(Figure 2f and Figure S8). As shown in the HRTEM image,
the crystal lattice of PVK-PF4 was around 0.41 nm, corre-
sponding to (110) crystal facet and consistent with that of
PVK-OA (Figure S9), further verifying its crystalline struc-
ture. In the context, PVK-PF, QD was employed for
constructing composite catalysts and photocatalytic experi-
ment, and hence was labeled as PVK for concision.

The surfacial zeta potential ({) of PVK in ethyl acetate
was around —23.71 mV (Figure 2g), and hence the electro-
positive Py-Co,L. could be adsorbed onto the surface of
PVK driven by electrostatic interaction. The self-assembly
of PVK and Py-Co,L was labelled as PVK@[Py-Co,L]. As
shown in Figure 2h, TEM image showed that the morphol-
ogy of PVK@[Py-Co,L] was still nano cubes, and HRTEM

© 2024 Wiley-VCH GmbH
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image demonstrated the maintained crystalline fringe
(0.41 nm) of PVK in PVK@[Py-Co,L] (Figure 2i and Fig-
ure S10). In addition, the EDS elemental mapping showed
the uniform distribution of Cs, Pb, Br, P, Fand Co, revealing
that Py-Co,L was uniformly adsorbed on the surface of PVK
(Figure 2j).

The XRD profile of PVK@[Py-Co,L] showed obvious
characteristic peaks of PVK (Figure S11), which proved the
maintained crystal structure of PVK in the self-assembly.
The UV/Vis spectrum of PVK@[Py-Co,L] also showed
similar visible-light-absorbing range and adsorption edge
with that of PVK QDs (Figure 3a), signifying its huge
potential in photocatalysis. Given the stability of PVK and
mass transfer of water and CO,, the photocatalytic CO,RR
experiments were performed in gas-solid condition under
visible irradiation (A > 400 nm) with 25 pL. water. As for
PVK@[Py-Co,L] photocatalysts, the mass ratio of PVK to
Py-Co,L was regulated from 10:1 to 40:1. The inductively
coupled plasma mass spectrometry (ICP-MS) results con-
firmed that the weight percentages (wt%) of Cs to Co
increased from around 10:1 to 40:1 (Table S1). When the
mass ratio of PVK to Py-Co,L was 30:1, the CO yield
reached the highest value 105.24 uymol-g'-h™' (Figure 3b
and Table S2), which was employed for further study and
labelled as PVK@[Py-Co,L] in the following. By changing
the amount of water, when the amount of water was 25 pL,
the CO yield of PVK-[Co,L] reached the highest value
(Figure S12). As shown in Figure 3¢ and Table S3, the CO
yield of PVK@[Py-Co,L] (105.24 umol-g'-h') was about 7
times higher than that of pure PVK (15.11 ymol-g~'-h™).
However, the CO yield of PVK@Co(NO;),
(15.96 pmol-g '-h™') was just slightly higher than that of
pure PVK but much lower than that of PVK@[Py-Co,L],
indicating that the coordination configuration of Co sites
was crucial for CO, photoreduction.
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To further investigate the advantages of dinuclear Co
sites, Co,L, CoL, and Py-CoL were synthesized (Schem-
es S3-S6), and their molecular structures were all confirmed
by MS (Figures S13-S15), FT-IR (Figures S16 and S17), and
UV/Vis (Figure S18) results. After that, via the electrostatic
interaction, these molecules were assembled with PVK to
prepare PVK@Co,L, PVK@CoL and PVK@[Py-CoL] coun-
terpart samples. The CO yields of PVK@Co,L and PVK@-
[Py-Co,L] were both higher than those of mono-nuclear
counterpart samples, i.e., PVK@CoL and PVK@[Py-CoL]
(Figure 3d and Table S3). It was proved that DMCs-based
samples possessed higher photocatalytic activity than mono-
nuclear counterparts, ascribing to the synergistic effect of
dinuclear Co sites.

To further uncover the superiority of novel inorganic-
organic dual-photosensitizing system, Co,L, pyrene and
PVK were mixed together to prepare the physical mixture,
i.e., PVK/Py/Co,L. The CO yield of PVK/Py/Co,L was only
45.76 ymol-g*-h™!, much lower than that of PVK@[Py-
Co,L] (105.24 ymol-g™'-h™"), as shown in Figure 3¢ and
Table S3. In addition, the CO yields of PVK@[Py-CoL] and
PVK@[Py-Co,L] were both higher than those of counterpart
samples without pyrene (i.e., PVK@CoL and PVK@Co,L).
Besides, single Py-Co,L was not capable of photocatalyzing
CO,RR using H,O as an electron donor. As for these
samples, the contents of Co were all about 1.00 wt %, which
was determined by ICP-MS results (Table S4). Therefore, it
was strongly confirmed that this novel inorganic-organic
dual photosnesitizing system possessed the best photocata-
lytic performance in comparison with traditional single
inorganic or organic PS-based systems.

A series of blank control experiments were conducted to
explore the process of CO, photoreduction, and it was
demonstrated that catalyst, water and light were all neces-
sary for CO generation (Figure 3f). The isotope trace
experiment results further demonstrated that the generated
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Figure 3. (a) UV/Vis spectra of PVK and PVK@[Py-Co,L]. (b) CO yields of PVK@][Py-Co,L] dependent on different mass ratios of PVK to Py-Co,L. (c)
Photocatalytic CO,RR performance of PVK@[Py-Co,L] (30:1) and comparative catalysts. (d) Photocatalytic performance of PVK@ColL, PVK@|Py-
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CO and O, were originated from the CO, reduction and
H,O oxidation, respectively (Figure S19). Moreover, the CO
and O, yields gradually increased along with time, and the
yield of CO was about 2-fold that of O, all the time, as
shown in Figure 3f and Table S5. These results all demon-
strated that CO, photoreduction was indeed coupled with
water oxidation, and the CO and O, products were
continuously generated during photocatalysis.

After photocatalytic reaction, PVK@[Py-CO,L] catalyst
was still immobilized on the filter and kept initial yellow
color (Figure S20). Following, the stability of photocatalysts
was further measured by cycling experiments. The photo-
catalytic activity of PVK@[Py-CO,L] could still be main-
tained without an obvious decrease, and CO yield still
reached 94.29 ymol-g'-h " after four runs (Figure S21). The
PVK@[Py-CO,L] was also employed under solar irradiation
in Tianjin, China, and CO yields in sunny, cloudy, overcast
and rainy days could reach 96.07, 56.56, 25.89, and
8.55 umol-g~'-h™', respectively (Figure S22 and Table S6),
signifying its potential in practical conditions. The decreased
photocatalytic activity could be attributed to the lowering of
solar irradiation intensities (from sunny to rainy days). The
diffraction peaks of PVK were well maintained in the XRD
profile of used PVK@[Py-CO,L] (Figure S23). Moreover,
TEM images showed that the morphology of PVK@[Py-
CO,L] could still keep nano-cubes after photocatalysis
(Figure S24). In addition, ESR results showed that the
concentration of Br vacancy remained almost unchanged
after photocatalysis (Figure S25). Based on these results, it
was demonstrated that this novel inorganic-organic dual
photosensitizing photocatalyst (PVK@[Py-CO,L]) possessed
good stability during the photocatalytic process.

The possible reaction mechanism of photocatalytic
CO,RR on PVK@[Py-CO,L] was investigated via in situ FT-
IR measurements. As shown in Figure S26, the characteristic
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peak of COOH#* intermediate at 1635cm™' was clearly
observed, and then a new characteristic peak belonging to
CO* intermediate was detected at 2077 cm™! after 1 min.
Besides, the intensity of *COOH characteristic peak gradu-
ally increased with the prolongation of reaction time. These
results revealed that the rate-limiting step was the formation
of *CO (*COOH+H" +e¢™—*CO +H,0).

Based on the photocatalytic test results, the as-prepared
PVK@[Py-Co,L] exhibited huge superiority in photocata-
lytic CO,RR, which might ascribe to the excellent charge
delivery kinetics in this novel inorganic-organic dual photo-
sensitizing system. Prior to studying the photogenerated
charge separation and transfer behaviors, the band structure
of PVK and reduction potential of Py-Co,L should be
measured to determine the carrier delivery route. The band
gap (Eg) of PVK was determined as 2.27 eV by Tauc plot
analysis (Figure S27a), while the Mott-Schottky measure-
ment result in Figure S27b showed that the conduction band
(CB) position of PVK was obtained to be —1.34 V versus
normal hydrogen electrode (NHE). Therefore, the valence
band (VB) position was calculated to be 0.93 V. Subse-
quently, cyclic voltammetry (CV) measurements showed
that the reduction and oxidation potentials of Py-Co,L were
—0.85V and 1.42 V versus NHE (i.e., LUMO and HOMO),
respectively (Figure S28). Besides, it was worth noting that
the slope of the linear sweep voltammetry (LSV) curve of
Py-Co,L under CO, atmosphere was higher than that under
Ar atmosphere, confirming that Py-Co,L. was capable of
catalyzing CO, reduction (Figures S29 and S30). The energy
levels of PVK and Py-Co,L. were summarized in Figure 4a,
and these two components were both capable of absorbing
visible light. In thermodynamics, the photogenerated elec-
tron of PVK could transfer onto Py-Co,L for CO, reduction.
PVK and Py-Co,L. were capable of catalyzing water
oxidation and CO, reduction, respectively.
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Figure 4. (a) Schematic illustration of charge transfer process. (b) Side view of charge density difference in PVK and Py-Co,L composite processes.
(c) Electrostatic-driven-recombination-induced binding energy shift (A binding energy) of PVK@[Py-Co,L] in comparison with PVK and Py-Co,L. (d)
XPS spectra of Co 2p for Py-Co,L in dark (black line) and under irradiation (red line). (e) Irradiation-induced binding energy shift (A binding
energy) in PVK@[Py-Co,L]. (f) Photocatalytic CO,RR by PVK@[Py-Co,L] where Py-Co,L was poisoned by KSCN before assembled with PVK.

Angew. Chem. Int. Ed. 2024, 202417373 (6 of 12)

© 2024 Wiley-VCH GmbH

85UB01 SUOLIWLIOD SAIIeaID 8|qeal|dde auy Ag peusenob afe sopie VO ‘SN Jo sa|ni oy Aleid1 ] 8UIIUO AB]1AA UO (SUONIPUOD-PUe-SWLLBY/L0D A8 |IM ARe1q1BUlJUD//SANY) SUONIPUOD PUe SWIB | 84} 89S *[Z0z/2T/80] Uo Arigiauliuo Aejim ‘ABojouype ] JO Aisienun ulluer ] Aq £/€/TyZ02'@1Ue/Z00T 0T/10p/Wod A8 im Aeiqijpul|uo//sdny wolj pepeojumod ‘0 ‘€./ETZST



GDCh
=

Density functional theory (DFT) calculation results
showed that the Py-Co,L molecule could be stably adsorbed
onto the surface of PVK, and the obvious charge density
difference of PVK and Py-Co,L could be ascribed to the
strong interaction between these two components (Figure 4b
and Figure S31). The X-ray photoelectron spectroscopy
(XPS) profiles of PVK, Py-Co,L and PVK@[Py-Co,L] (Fig-
ure S32) confirmed the presence of Cs, Pb, Br, F, P, C, N,
and Co elements in the samples. As shown in Figure 4c and
Figure S33, the high-resolution XPS results showed that the
binding energies of Cs, Pb and Br all decreased after the
self-assembly process, while the Co binding energy of
PVK@[Py-Co,L] increased, revealing that the electron of
Py-Co,L was partially transferred onto PVK in the PVK@-
[Py-Co,L] self-assembly hybrid. Following, in situ XPS
under light illumination was employed to monitor the
migration of photoexcited electrons in the PVK@[Py-Co,L ]
hybrid system. Firstly, Py-Co,L. was a self-photosensitizing
molecular catalyst, and the corresponding in situ XPS
showed an obvious negative shift (—0.4eV) for Co 2p
binding energy (Figure 4d), indicating that the photogener-
ated electron of pyrene within Py-Co,L could be transferred
onto Co,L to increase the electron density of Co sites. As
for PVK@[Py-Co,L], the binding energies of Cs, Pb and Br
under illumination were higher than those results in dark,
while the binding energy of Co 2p decreased by around
0.2 eV upon illumination (Figure 4e and Figure S33). These
results demonstrated that photogenerated electrons of PVK
were transferred onto Py-Co,L. in PVK@[Py-Co,L] under
light illumination. The theoretical calculation and XPS
results both proved that the strong interaction and photo-
generated charge transfer between PVK and Py-Co,L.

It was speculated that dinuclear Co sites acted as
catalytic sites for CO, reduction. To confirm this hypothesis,
the Co sites in Py-Co,L was poisoned by potassium
thiocyanate (KSCN), and then the poisoned Py-Co,L was
assembled with PVK. The CO yield of poisoned PVK@|[Py-
Co,L] was only 14.82 ymol-g~'-h™', comparable to that of
pure PVK (15.11 umol-g~'-h™"), as shown in Figure 4f.
Hence, it was strongly proved that the Co sites within Co,L
indeed served as the catalytic site for CO, reduction in this
hybrid system. Based on Co sites, turn over number (TON)
of these Co-based samples were calculated (Figure S34).
TON of PVK@[Py-Co,L] reached the highest value
(3387.10), which was much higher than those of PVK@|Py-
CoL] (1208.82), PVK@Co,L (957.61) and the physical
mixture PVK/Py/Co,L (964.31). As shown in Figure S35, the
LSV curves showed that Py-Co,L possessed the highest
current density in comparison with Co,L and CoL, indicat-
ing that dinuclear Co sites within Py-Co,L. had superior
catalytic potential. It was further proved that the dinuclear
Co sites and self-photosensitizing type were both important
for the enhanced photocatalytic performance.

Following PVK QDs were employed in photocatalytic
CO,RR measurements, and the CO and O, products (2:1
mole ratio) were detected (Figure S36), it was demonstrated
that PVK could acted two roles, i.e., the photosensitizing
center and catalytic site for water oxidation. Hence, the
water oxidation reaction occurred on PVK. To sum up, on
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the one hand, the photogenerated electrons of pyrene
chromophore could transfer onto Co sites within Py-Co,L.
On the other hand, it was also forcefully demonstrated that
the PVK absorb visible light to produce photogenerated
electrons which could transfer onto Py-Co,L for CO,
reduction.

Based on the photocatalytic results, this kind of novel
inorganic-organic dual photosensitizing system was favor-
able for improving CO, photoreduction, and hence the
charge transfer kinetics should be deeply investigated to
uncover the mechanism for its superior photocatalytic
performance. In comparison with PVK, PVK@Co,L. and
PVK/Py/Co,L, the photoluminescence (PL) spectrum of
PVK@[Py-Co,L] showed the lowest fluorescence intensity
(Figure 5a), indicating the highest separation efficiency of
photogenerated carriers in PVK@[Py-Co,L]. Then, electro-
chemical impedance spectroscopy (EIS) and photocurrent
measurements were employed to study the charge transfer
kinetics in photocatalytic processing. The semi-circular
radius values of the EIS Nyquist plots of these samples were
in a gradually decreasing order: PVK > PVK@Co,L > PVK/
Py/Co,L > PVK@[Py-Co,L] (Figure 5b), signifying that the
decoration of pyrene on Co,L indeed boosted the charge
transfer between PVK and dinuclear Co sites. As obviously
shown in Figure 5c, when pyrene was introduced into
PVK@Co,L through C=N bonds, PVK@|Py-Co,L] exhibited
the highest photocurrent density, highlighting the important
role of grafted pyrene on boosting the charge transfer. The
higher separation efficiency of photogenerated carriers
means the more charge gathered on the surface of photo-
catalysts. The surface photovoltage (SPV) via Kelvin probe
force microscopy (KPFM) was employed to detect the
surface potential change of photocatalysts, which was closely
related to the photogenerated carrier spatial separation.
SPV value was employed as important evaluation criteria to
characterize the surface charge density, and the contact
potential difference changes (ACPD) was obtained by differ-
ent SPV values between potential images with and without
illumination (Figures 5d, Se and Figures. S37-S40). As
shown in Figure 5f and Table S7, PVK@[Py-Co,L] possessed
the highest ACPD value (238.73 mV) in comparison with
PVK (52.17 mV), PVK@Co,L (66.06 mV) and PVK/Py/
Co,L (138.49 mV), further signifying the best separation of
photogenerated charges in PVK@[Py-Co,L]. These results
were consistent with the EIS results, once again demonstrat-
ing that the organic photosensitive unit pyrene of Py-Co,L
had a favorable effect on accelerating charge transfer from
PVK to the dinuclear Co sites within DMCs.

In order to deeply explore the effect of pyrene,
theoretical calculation and time-resolved spectrum measure-
ments were employed to study the photogenerated carrier
kinetics of PVK QD and self-photosensitizing Py-Co,L. As
depicted in the electrostatic potential (ESP) maps, within
the Py/Co,L and Py-Co,L catalysts, the pyrene moiety
exhibited a lower electrostatic potential, indicating a
propensity for electron donation (Figure 6a, Figures S41 and
S42). Conversely, the cobalt sites possessed a higher electro-
static potential, signifying a tendency to accept electrons. To
understand the nature of excited states, natural transition
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orbital analysis was performed based on time-dependent
DFT (TD-DFT) results. As shown in Figure 6b and Fig-
ure S43, the excitation process in both Py/Co,L and Py-Co,L
involved that photogenerated electrons transferred from the
pyrene to the cobalt section, characterizing it as a charge
transfer excitation. The distinction laid in the fact that the
excitation in Py/Co,L was an intermolecular charge transfer.
Whereas, in Py-Co,L, it was an intramolecular charge
transfer through the covalent bonds, which was more
efficient. Following, PL spectra clearly showed that the
fluorescence intensity of Py-Co,L was much lower than that
of Py/Co,L physical mixture (Figure S44), indicating that the

Angew. Chem. Int. Ed. 2024, 202417373 (8 of 12)

C=N bond within Py-Co,L effectively suppressed the
recombination of photo-generated electrons and holes. As
shown in Figure 6c and Table S8, time-resolved confocal
photoluminescence (TRPL) results showed that the PL
lifetime of Py-Co,L. was 0.24 ns, much lower than Py/Co,L
(5.48 ns). The faster PL decay of Py-Co,L revealed that its
intramolecular charge transfer was more favorable than the
intermolecular mode in physical mixture Py/Co,L, which
was attributed to the linking effect of C=N bonds between
pyrene and Co,L. Then, the charge transfer kinetics of PVK
was further explored, and the PL intensities of these PVK-
based samples were in a decreasing order: PVK >
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PVK@Co,L ~ PVK/Py/Co,L > PVK@[Py-Co,L]. Moreover,
PVK@[Py-Co,L.] possessed the shortest PL lifetime
(11.12 ns) compared with PVK@Co,L (19.64 ns), PVK/Py/
Co,L (17.69 ns) and PVK (24.55 ns), indicating the best
separation of photogenerated electrons and holes in PVK@-
[Py-Co,L] (Figure 6d and Table S9). It was also demon-
strated the fastest electronic transfer process between PVK
and [Py-Co,L] within the self-assembly. It was worth noting
that the PL lifeime of PVK@[Py-Co,L] (11.12 ns) was almost
50-fold higher than that of Py-Co,L (0.24 ns). Owing to the
exponential difference of PL lifetimes, the charge transfer
from pyrene to Co,L within Py-Co,L. was much faster than
that from PVK to Py-Co,L. Based on the above-mentioned
results, it was speculated that the organic and inorganic PS
components were excited by irradiation to produce photo-
generated electrons. Due to the different carrier transfer
kinetics, the photogenerated electrons of pyrene quickly
transferred to the Co sites, causing electron deficiency state
of Py-Co,L. The photo-generated electrons of PVK then
transferred to the electron-deficient Py-Co,L, which was
more favorable than that in PVK@Co,L.

To further reveal that the simultaneous photoexcitation
of pyrene unit and PVK was the key factor on improving
photocatalytic activity, it is necessary to reveal the wave-
length dependency on photocatalytic performance. Firstly,
the PL spectra of Py-Co,L, Py/Co,L and Py-CHO under the
excitation light with 405 nm wavelength proved that the Py-
Co,LL could be excited by 405nm monochromatic light
(Figure S45a). As shown in Figure S45b, the corresponding
photocatalytic measurements further confirmed this conclu-
sion. Secondly, the monochromatic lights with different
wavelengths were employed for photocatalytic CO,RR
experiments on PVK-based samples. As shown in Fig-
ure S46a, the monochromatic light (A=405nm) could be
absorbed by Py-Co,L and PVK. Hence, under 405 nm
irradiation, CO yield of PVK@[Py-Co,L] (204.87 umol-g ")
was higher than that of PVK@Co,L (137.30 umol-g'), as
shown in Figure S46b. Under the irradiation with 525 nm
wavelength, only PVK could be photoexcited to produce
photogenerated electrons and holes, but Py-Co,L could not
be motivated. As expected, the CO yield of PVK@[Py-
Co,L] (121.80 umol-g™") was almost equivalent to that of
PVK@Co,L (116.15 pmol-g™"), as shown in Figure S46b. In
addition, the similar trend was also confirmed by the
photocatalytic CO,RR measurements under irradiation (1
>400 nm or A >500 nm), as shown in Figures 3d and S47.
However, under irradiation with 590, 636 or 808 nm wave-
lengths, no CO product was detected in photocatalytic
CO,RR on PVK@[Py-Co,L| (Figure S48). Finally, the
apparent quantum efficiency (AQY) values of PVK@[Py-
Co,L] and PVK@Co,L. were measured under irradiation
with 405 nm or 525 nm wavelength, as shown in Figure S49
and Table S10. AQY of PVK@[Py-Co,L] at 405 nm (0.63 %)
was much higher than that of PVK@Co,L (0.33 %). How-
ever, under 525 nm irradiation, AQY of PVK@[Py-Co,L]
(0.29%) was almost equivalent to that of PVK@Co,L
(0.28 %). Based on these results, simultaneous excitation of
PVK and pyrene unit is an important step for improving the
photocatalytic performance for CO,RR, i.e., the enhanced

Angew. Chem. Int. Ed. 2024, 202417373 (9 of 12)

Research Article

Angewandte

intemationaldition’y) Chemie

photocatalytic activity was mainly dependent on the II-
Scheme mechanism between PVK and Py-Co,L (Fig-
ure S28c¢).

The novel inorganic-organic dual-photosensitizing sys-
tem of PVK@[Py-Co,L] was different from the traditional
organic dye-sensitized inorganic semiconductor photosensit-
ing system which was widely employed in solar cell and
photocatlysis. As shown in Figure 6e, pyrene was decoraged
onto the surface of PVK to construt Py-PVK, and then Co,L
was assembled with Py-PVK. In this as-obtained [Py-PVK]-
@Co,L, the charge transfer between inorganic PS and DMC
and catalytic sites for water oxidation were both unsolved.
In contrast, PVK@Py-Co,L could effectively resolve the
above-mentioned problems. The CO yiled of PVK@[Py-
Co,L] reached 105.24 ymol-g'-h™! almost 3-times higher
than that of organic dye-sensitized [Py-PVK]@Co,L counter-
part (30.56 umol-g'-h™"), further verifying the superiority
of its unique hetero-structure. In comparison with the
reported publications, the TON of Co sites, photocatalytic
activity by weight and AQY of PVK@[Py@Co,L] are all at
top levels (Tables S11-S13), indicating that our strategy is
effective to improve the photocatalytic performance for
CO,RR.

To verify the universality of this inorganic-organic dual-
photosensitizing approach, other two inorganic photosensi-
tive materials, i.e., CsPbBr; perovskite nanosheets (PVK
NS) and CdS nanorods, were prepared and then combined
with Py-Co,L, Co,L, Py/Co,L in a similar approach.

Compared with PVK QDs, XRD profile of PVK NS
only showed two characteristic peaks corresponding to (100)
and (200) planes (Figure S50), indicating the successful
synthesis of PVK NS. The lamellar morphology of PVK NS
was clearly observed by TEM images (Figure S51 and
Figure 7a). HRTEM images showed the lattice fringes of
0.30 nm and 0.42 nm corresponding to the (200) and (100)
crystal planes, respectively (Figure S52). The UV/Vis ad-
sorption spectrum of PVK NS exhibited a sharp peak
(Figure S53). The surface zeta potential of PVK NS was
—13.58 mV (Figure S54). Therefore, the electronegative
PVK NS could be assembled with the electropositive Py-
Co,L to construct [PVK NS] @[Py-Co,L]. Then, [PVK
NS]@[Py-Co,L] was employed in photocatalytic CO,RR
using H,O as an electron donor. As expected, the CO yields
of PVK NS-based samples followed an increasing order:
PVK NS (1873 pmol-g'-h™') < [PVK NS]@Co,L
(38.15 ymol-g~'-h™) < [PVK NS]/Py/Co,L
(50.63 ymol-g~'-h™) < [PVK NS]@[Py-Co,L]
(154.78 pmol-g~'-h™") (Figure 7b and Table S14), manifest-
ing the superiority of this novel inorganic-organic dual-
photosensitizing DMC system. Furthermore, the band gap
width (Eg=2.69 eV) (Figure S55a) and the VB position
(—1.49 V) (Figure S55b) were determined by the Tauc
diagram and Mott-Schottky measurement, and the energy
levels of PVK NS and Py-Co,L. was summarized in Fig-
ure 7c. As for [PVK NS]@[Py-Co,L], the lowest peak
intensity in PL spectrum, smallest half arc in EIS Nyquist
plots and highest photocurrent density all demonstrated its
best separation of photogenerated electrons and holes
(Figures. S56-S58).
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Figure 7. (a) TEM image of PVK NS. (b) Photocatalytic CO,RR performance of PVK NS-based samples. (c) Schematic diagram of charge transfer in
[PVK NS]@[Py-Co,L]. (d) TEM image of CdS nanorods. (e) Photocatalytic HER performances of CdS-based samples. (f) Schematic diagram of

charge transfer in CdS@][Py-Co,L].

As another inorganic PS material, CdS nanorods were
synthesized by a hydrothermal approach. TEM images
revealed the rod-like morphology of CdS (Figure 7d and
Figure S59). XRD profile and HRTEM images confirmed
the crystal structure of CdS nanorods (Figures S60 and S61).
The surface zeta potential of CdS nanorods in acetonitrile
was about —28.03 eV (Figure S62), which guaranteed them
to be assembled with positively charged Py-Co,L, Co,L, and
Py/Co,L under electrostatic interaction. The UV/Vis adsorp-
tion spectra demonstrated that CdS and CdS@[Py-Co,L]
have a wide range of light absorption (Figure S63).

Then, given that PVK was unstable in aqueous solution,
the as-obtained CdS based samples could be employed for
the photocatalytic HER in aqueous solution. To avoid the
usage of sacrificial electron donors, the alcohol oxidation
could be coupled with HER, and hence the benzyl alcohol
was employed an electron donor. As shown in Figure 7e and
Table S15, the H, yield of CdS@[Py-Co,L] reached
6359.33 umol-g~'-h™', which was much higher than those of
CdS (1006.67 pmol-g'-h™1), CdS@Co,L
(3180.00 pmol-g~'-h™) and CdS/Py/Co,L
(4666.67 pmol-g~'-h™"), proving the superiority of CdS@[Py-
Co,L] heterostructure in photocatalysis. The high-perform-
ance liquid chromatography (HPLC) confirmed that benzyl
alcohol was oxidized to benzaldehyde during the catalytic
process (Figure S64). In addition, the band gap width (Eg=
2.37 eV) (Figure S65a) and the VB position (—1.15 V) (Fig-
ure S65b) were determined by Tauc diagrams and Mott—
Schottky measurements, respectively, and the energy levels
of CdS and Py-Co,L were shown in Figure 7f. To investigate
the charge transfer kinetics in photocatalytic system, PL
spectra revealed the lowest fluorescence intensity of CdS@-
[Py-Co,L] (Figure S66), indicating the best separation
efficiency of photogenerated electrons and holes. As for EIS
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Nyquist plots, the smallest half arc of CdS@[Py-Co,L]
revealed the fastest charge transfer (Figure S67), which was
also consistent with its highest photocurrent response (Fig-
ure S68). Via this general construction strategy, CdS@[Py-
Co,L] could be prepared, and the charge transfer between
CdS and Co sites of DMCs could also be accelerated to
realize the highly efficient photocatalytic HER coupled with
alcohol oxidation.

To sum up, this novel inorganic-organic dual-photo-
sensitizing approach could be extended to construct [PVK
NS]@[Py-Co,L] and CdS@[Py-Co,L] to realize photocata-
lytic CO,RR coupled with water oxidation and HER
coupled with alcohol oxidation, respectively. Hence, this
inorganic-organic dual-photosensitizing system was an effec-
tive and general strategy to achieve high-efficiency artificial
photosynthesis without sacrificial electron donor.

Conclusion

In this work, we employed covalent-linking and electro-
static-driven approaches to construct a novel type of
inorganic-organic dual-photosensitizing system for efficient
artificial photosynthesis without sacrificial electron donors.
Firstly, pyrene was covalently bonded with Co,L. DMC to
obtain self-photosensitizing Py-Co,L. Then, driven by elec-
trostatic interaction, Py-Co,L was assembled with PVK QDs
to obtain PVK@[Py-Co,L]. In the photocatalytic CO,RR
coupled water oxidation, the CO yield of PVK@[Py-Co,L]
(105.24 ymol-g~'-h™") was much higher than those of PVK
(5.11 ymol-g~'-h™"), PVK@Co,L (32.30 ypmol-g~'-h™") and
PVK/Py/Co,L (45.76 ymol-g'-h™'). Besides, this novel in-
organic-organic dual-photosensitizing system also exhibited
higher activity than the organic-dye-sensitized inorganic
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semiconductor photocatalysts (30.56 umol-g*-h™!), i.e. [Py-
PVK]@Co,L. The theoretical and experimental results both
demonstrated that pyrene within Py-Co,L accelerated the
charge transfer between PVK and Co sites of DMCs in this
hybrid. This novel type of PVK@[Py-Co,L] successfully
combined the advantages of inorganic and organic PS
components. The most important issue is that the charge
transfer between inorganic PS and molecular catalysts was
greatly optimized. As a general strategy, [PVK NS]@[Py-
Co,L] and CdS@[Py-Co,L] were also constructed and
employed in photocatalytic CO,RR using water as an
electron donor and HER coupled with alcohol oxidation,
respectively. This work is the first example of inorganic-
organic dual-photosensitizing DMC photocatalyst, which
provides a novel avenue for constructing highly efficient
photocatalysts. This unique inorganic-organic dual-photo-
sensitizing DMC composite was a proof-of-concept to
combine the advantages of inorganic and organic PS
components, accelerating the development of photocatalysis
without sacrificial agents.
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We employed covalent-linking and elec-
trostatic-driven approaches to construct
a novel inorganic-organic dual-photosen-
sitizing dinuclear metal molecular cata-
lyst, i.e., PVK@[Py-Co,L]. In photocata-
lytic reactions, this self-assembly hybrid
not only optimized the charge transfer
between inorganic PS and molecular
catalysts, but also boosted the develop-
ment of artificial photocatalysis without
sacrificial electron donors.
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