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Ordered heterogeneity is significant for molecular photosensitizers to enhance their
practical applications. However, the ordered heterogeneity of molecular photosensitizers
is still a great challenge. In this article, we describe a supramolecular assembly method
for the heterogeneity of molecular photosensitizers, with which a mononuclear Zn(II)
molecular photosensitizer in solution was orderly assembled in long range via m—n
stacking interactions, affording a cheap, solid photocatalyst (7-1) with a porous struc-
ture. With Co(II), Fe(III), or Ni(II) as a cocatalyst, 7t-1 shows noticeably better photo-
catalytic activity for CO, reduction than in a homogeneous system. The definite crystal
structure and precise position of the catalytic center in 7-1 were determined by single-
crystal X-ray diffraction combined with X-ray diffraction adsorption spectra, based on
which the enhanced activity of -1 for photocatalytic CO, reduction was revealed by
theoretical calculation. Thus, the reduced energy gap after ordered heterogeneity accel-
erates the electron transfer, greatly boosting the photocatalytic CO, reduction activity.
This work demonstrates a method for developing crystalline, heterogeneous photocata-
lysts with definite structures and enhanced, catalytic performance.

molecular catalysis | homogeneous catalysis | heterogeneous catalysis | heterogeneity | photocatalytic
CO, reduction

Photocatalysis has shown promising applications in fields of energy, environment, biology,
and so on (1-6). In heterogeneous photocatalytic systems, semiconductors are indispens-
able, which absorb photons with energy equal to or greater than their band gaps to gener-
ate electron—hole pairs for subsequent reduction or oxidation reactions (7-13). Typical
semiconductors, including inorganic quantum dots such as CdS and organic polymers
such as C3Ny, have no definite crystal structures, which hinders the exact revealing of
performance—structure correlation and catalysis mechanism (14-16). In homogeneous pho-
tocatalytic systems, molecular catalysts and photosensitizers have well-defined structures
beneficial for catalysis mechanism revealing and helpful for further structural design and
performance optimization (17-23). However, photosensitizers mostly used in homoge-
neous photocatalytic systems are Ru/Ir noble-metal complexes (24-27), and the separation
and recycling of them is a big problem. The heterogeneity of molecular photosensitizers
could enhance their separation and recycling capability, which is conventionally achieved
by loading them into/on two/three-dimensional supports through covalent bonds, electro-
static interactions, and supramolecular interactions (28-32). Nonetheless, the structures of
the resulting composites are unclear. Thus, the development of highly crystalline heteroge-
neity methods for molecular photosensitizers, albeit greatly challenging, is meaningful and
desirable, with which heterogeneous photosensitizers with excellent performance, well-
defined structures, and definite catalysis mechanisms would be expected.

Since 2011, noncovalent interactions have been found suitable forces accessible to
build stable, porous supramolecular frameworks besides covalent/coordination bonds.
Typical examples are a number of hydrogen-bonded organic frameworks reported
recently (33-37). The successful construction of these ordered, porous materials
inspires us to achieve highly crystalline heterogeneity of molecular photosensitizers by
supramolecular assembly. As the supramolecular assembly process neither destroys the
structures of molecular photosensitizers nor affects the coordination environment of
the metal centers, a highly ordered, solid photocatalyst, in which high-density molecu-
lar photosensitizers are periodically dispersed, may be obtained. As a proof of concept
research, we found that 7t-1, the first example of porous supramolecular © frameworks,
could serve as a model. -1 is assembled from mononuclear [Zn(phen),L] complex
units [H,L = 1-(4-carboxyphenyl)-5-mercapto-1H-tetrazole; phen = 1,10-phenanthro-
line monohydrate] only by intermolecular - stacking interactions (38), which shows
good thermal and chemical stability in aqueous solution and common organic solvents,
thus, facilitates the heterogeneous photocatalysis studies. In addition, mononuclear
[Zn(phen),L] complex units can be easily formed by combining Zn(II) with H,L and
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phen in N,N-dimethylformamide (DMF), which helps con-
struct a homogeneous photocatalytic system in which
[Zn(phen),L] complex unit serves as a molecular photosensi-
tizer. These features provide a chance to prove the above
concept.

As a result, we found that the photocatalytic performance of
the above mononuclear Zn(II) molecular complex could be
greatly enhanced after ordered heterogeneity through n—x
stacking. The resulting crystalline orderly photocatalyst of -1,
after anchoring with Co(II), Fe(III), or Ni(II) as a cocatalyst,
shows noticeably better photocatalytic performance for CO,
reduction than it in the homogeneous system in the absence of
additional photosensitizer (Scheme 1). The CO evolution rate
reaches as high as 494.4 pmol - g~ - h™" and selectivity to CO
as high as 100%. The enhanced catalytic performance of mt-1
can be ascribed to the higher stability and the reduced energy
gap structure after ordered heterogeneity.

Results

Synthesis and Structure. The monomer Zn(Il) complex unit
[Zn(phen),L] can be easily formed by reacting Zn(Ac),-2H,O,
H,L, and phen in DMF in a molar ratio of 1:1:2. Electrospray
ionization mass spectrometry confirm the successful formation
of [Zn(phen),L] in the solution (87 Appendix, Fig. S1). Ultravi-
olet-visible (UV-vis) spectra show that [Zn(phen),L] in DMF
exhibits strong UV adsorption, with the adsorption peaks at
268 and 335 nm (S Appendix, Fig. S2).

Diffusing diethyl ether into the DMF solution of
[Zn(phen),L], large amount of yellow microcrystals were
obtained. Powder X-ray diffraction (XRD) analysis revealed
that the structure of these microcrystals is the same as ®-1 pre-
pared under solvothermal conditions (S Appendix, Fig. S3)
(38). Scanning electron microscope (SEM) measurements fur-
ther confirmed the similar, rod-like morphology (Fig. 1).

Considering the pores of 7-1 are richly decorated with free-
standing thiolate groups (SI Appendix, Fig. S4), we tried to
anchor catalytically active M [M = Co(II), Fe(IlI), Ni(II)] onto
the pore surface of ®-1 by coordination interaction. Thus, a
simple impregnation approach was used to incorporate M into
7t-1, resulting in three types of crystalline 7t-1-M heterogeneous
photocatalysts. Remarkable color changes preliminarily illus-
trate the incorporation of M into ®-1 (S/ Appendix, Fig. S5).
Inductively coupled plasma mass spectrometer (ICP-MS) tests

Scheme 1. Schematic illustration for photocatalytic CO, reduction based
on homogeneous ([Zn(phen),L]) and heterogeneous (r-1) photocatalyst, in
which =-1 is formed by heterogeneity of molecular photosensitizer
[Zn(phen),L] via n-= stacking interactions.
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further confirm the successful incorporation of Co/Fe/Ni into
nt-1 (81 Appendix, Fig. S6 and Table S1). Powder XRD studies
show that the patterns of 7w-1-M are identical to those of @-1,
demonstrating that the framework of -1 keeps stable after
introduction of M (87 Appendix, Fig. S7). SEM images show
that 7-1-M assume rod-like morphology, the same as @-1 (Fig.
1), also illustrating that ;-1 can keep stable after bonding with
M. The element-mapping images show that there are C, N, O,
S, and Zn in 71, and the introduced Co/Fe/Ni is highly dis-
persed in inner and outer m-1 (87 Appendix, Fig. S8). These
observations indicate that the Co/Fe/Ni has been successfully
anchored into @-1, and the bonding sites for Co/Fe/Ni in 7t-1
are homogeneous. The Fourier transform infrared spectra (FT-
IR) measurements showed that the characteristic bands of the
carboxylic groups in @-1 appear at 1,604 and 1,540 cm™ ", and
the intensity of these bands slightly increases in w-1-M (87
Appendix, Fig. S9A). These observations indicate that there is
bonding interaction between the carboxylic group and Co/Fe/
Ni, and the carboxyl group employs a bridge—chelate coordina-
tion mode to bond with Co/Fe/Ni (39, 40). Moreover, new
adsorption peaks at ~417 cm™ Y, corresponding to the stretch/
bending vibration of S-M bond (41), appear for ®m-1-M (S/
Appendix, Fig. S9B), suggesting that, besides carboxylic groups,
the thiolate groups are also the bond sites for Co/Fe/Ni within
mt-1.

X-ray photoelectron spectroscopic (XPS) measurements were
performed to further identify the chemical composition and
valence states of m-1-M. The results show that the binding
energy peaks for Co 2p;/, and Co 2p3,, appear at 796.3 and
780.4 eV, respectively; those for Fe 2p;/, and Fe 2p;3,, at 724.4
and 711.1 eV, respectively; and those for Ni 2p;/, and Ni 2p3/»
at 873.1 and 855.5 eV, respectively (SI Appendix, Fig. S10).
These observations illustrate that the oxidation valences of Co/
Fe/Ni in 7t-1-M have not changed during the anchoring process
(42-44). In the high-resolution S 2p spectra of m-1 (87
Appendix, Fig. S114), the peaks at 161.0 and 162.2 eV corre-
spond to the binding energies of S 2ps;, and S 2py/, respec-
tively. The peak at 167.7 €V is assigned to the satellite peak. In
contrast to -1, the S 2p XPS spectra of :-1-M show broad
peaks at ~162.3 eV (8] Appendix, Fig. S11 B-D), demonstrating
the bonding of thiolate groups with M and the anchoring of M
really via the coordination of thiolate groups (45). Additionally,
the high-resolution O 1s spectra of @t-1 show three peaks, corre-
sponding to the M—O (~530.4 ¢V), M—OH (~531.2 eV), and
physisorption/chemisorption of oxygen (~532.4 ¢V) at/near the
surface (SI Appendix, Fig. S12A4) (46). Compared with 7-1,
slight shifts to higher-binding energy of M—O are observed in
1t-1-M, which indicate that the O atoms of the carboxylic
groups participate in the coordination with M. Moreover, the
intensity of the peaks corresponding to the M-O in @-1-M
obviously become stronger (SI Appendix, Fig. S12 B-D), which
further indicates that the contents of O species coordinating
with M increase. These results, coupled with that of the FT-IR
discussed in Synthesis and Structure, illustrate that M are
anchored on :-1 via S~-M and O-M coordination interactions
(406).

X-ray absorption spectra were further measured to reveal the
electronic structure and coordination environment of M in
7t-1-M. Taking mt-1-Co as a representative, the X-ray absorp-
tion near-edge structure analyses shows that the absorption
edge of m-1-Co is similar to that of CoO, which suggests that
the valence state of Co in .t-1-Co is +2, consistent with the
result of XPS (Fig. 24). Extended X-ray absorption fine struc-
ture (EXAFS) analyses shows that, for Co foil, the main peak at

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118278119/-/DCSupplemental

mag det WD HFW
2.0 600x ETD 13.9 mm|497 ym

Fig. 1.
Thornley detector).

2.20 A corresponds to the scattering path of Co—Co. For ®-1-
Co, the main peak displays around 1.66 A, which is assigned to
the Co—O or Co-S bonds. No peak corresponding to the
Co—Co bond is detected, indicating that the Co is atomically
dispersed (Fig. 2B). This conclusion is further confirmed by
wavelet transform contour plots. As shown in Fig. 2C, by com-
parison with those of CoO, CoS, and Co foil, two prominent
features centered at £ space of ~6.5 and 4.0 A~ are observed,
which can be assigned to S—Co and O-Co bonds, respectively.
These observations not only verify the absence of Co—Co bond
in m-1-Co but also reveal that the Co in m-1-Co is bonded
with S and O, consistent with the results of FT-IR and XPS
analyses. Quantitative EXAFS analysis (Fig. 2D and S/
Appendix, Figs. S13 and S14) was carried out to investigate the
structural parameters. Fitting the EXAFS curve, the numbers of
S$—Co and O-Co bonds in ®-1-Co were determined to be 1.2
and 5.2, respectively, indicating that the Co is coordinated by
one S, one carboxyl O, and four water O atoms (SI Appendix,
Fig. S15 and Table S2). mt-1-M have good chemical stability.
After soaked in H,O and general organic solvents, including
methanol, acetonitrile, and toluene, for 12 h, the powder XRD
patterns of t-1-M are similar to that of 7-1-M freshly prepared
(S Appendix, Fig. S16), and the contents of M in ®-1-M are
also similar to those of m-1-M freshly prepared (Table S3).
These observations illustrate that 7w-1-M possesses good stabil-
ity in H,O and general organic solvents.

Homogeneous Photocatalytic CO, Reduction. The homoge-
neous photocatalytic CO, reduction by [Zn(phen),L] was con-
ducted upon the irradiation by a 300 W Xe lamp in DMF, using
triethanolamine (TEOA) as a sacrificial agent and Co(II), Fe(III),

PNAS 2022 Vol.119 No.11 2118278119
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SEM images for n-1 (A), n-1-Co (B), =-1-Fe (C), and =-1-Ni (D) (HV: high voltage, WD: work distance, HFW: horizontal field width, and ETD: Everhart-

or Ni(Il) as a cocatalyst. The result shows that, upon irradiation,
the pure DMF would decompose to afford some amount of CO
(SI Appendix, Fig. S17). What is important is that the equivalent
amount of CO was detected in the presence of [Zn(phen),L] or
CoCly/FeCl3/NiCl,, indicating that [Zn(phen),L] or CoCly/
FeCl3/NiCl, has no photocatalytic activity for conversion of CO,
into CO, and they also would not boost the decomposition rate
of DMF (87 Appendix, Fig. S18). However, in the DMF catalytic
systems containing both [Zn(phen),1] and CoCly/FeCls, the
amount of CO generated obviously increases. These observations
illustrate that [Zn(phen),L]&CoCl,/FeCl; possesses photocata-
lytic activity for CO, reduction to CO. As shown in SI Appendix,
Fig. S19, the net amount of CO formed from CO, reduction by
[Zn(phen),L]&CoCl, and [Zn(phen),L]&FeCl; are 0.98 and
0.15 pmol, respectively, while [Zn(phen),L]&NiCl, exhibits
almost no activity under the same conditions. Further control
photocatalytic CO, reduction experiments were carried out for
the DMF photocatalytic system containing [Zn(phen),L], CoCl,,
and TEOA. It was found that, without [Zn(phen),L], CoCl,,
TEOA, or light irradiation, no CO was detected (SI Appendix,
Fig. $20), suggesting that all these conditions are indispensable for
the photocatalytic reduction of CO, to CO.

During the process of photocatalytic CO, reduction by
[Zn(phen),L]&CoCl,, it was found that the CO evolution rate
slowed down significantly after 1 h, which may be related with
the photodegradation of [Zn(phen),L], as an obvious hypochrom-
ism of [Zn(phen),L] DMF solution after irradiation for a certain
time with an Xe lamp (87 Appendix, Fig. S2). This result indicates
that mononuclear [Zn(phen),L] complex in homogeneous DMF
soludion is prone to photodegradation. In addition, to reveal the
photoinduced electron transfer process in the photocatalytic CO,
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Fig. 2. (A) Co K-edge X-ray absorption near-edge structure spectra of w-1-Co, Co foil, CoO, and CoS. (B) EXAFS spectra of &-1-Co, Co foil, CoS, and CoO (a.u.:
arbitrary unit). (C) Wavelet transform EXAFS of Co K-edge for =t-1-Co, CoO, CoS, and Co foil. (D) The corresponding EXAFS R space-fitting result for -1-Co.

reduction, the quenching mode of the [Zn(phen),L] in the excited
state, [Zn(phen),L]*, was explored by titration of cocatalyst
(CoCl,) and electron donor (TEOA). As shown in SI Appendix,
Fig. S21, [Zn(phen),L] in DMF shows strong fluorescence at 385
nm upon excitation at 330 nm. With the gradual addition of
CoCl,, the fluorescent intensity of [Zn(phen),L] dramatically

[Zn(phen),L]*

[Zn(phen),L]

CO;

_
i y

[Zn(phen)zLFl

TEOA*

CcO

EOA

Scheme 2. Catalytic mechanism of [Zn(phen),L]&CoCl, for the visible,
light-driven reduction of CO, to CO.

4 of 8 https://doi.org/10.1073/pnas.2118278119

decreased. In contrast, no obvious fluorescence intensity decrease
was observed with the addition of TEOA. These observations
illustrate that the quenched mode of the excited [Zn(phen),L]*
can be assigned to an oxidatively quenched pathway, which means
that the electron transfers from excited [Zn(phen),L]* to Co*™.
Based on these results, the reaction pathway for photocatalytic
CO, reducton by [Zn(phen),L]&CoCl, can be proposed
(Scheme 2). Upon illumination, [Zn(phen),L] adsorbs photons
and is excited firstly. Then, the photogenerated electron of
[Zn(phen),L]* transfers to the Co?* center, generating Co species
with lower valency. The positron in [Zn(phen),L]* is annihilated
by TEOA and goes back to [Zn(phen),L]. The Co species with
lower valency reduces the combined CO, to CO. After the release
of CO, the catalytic system is regenerated, and the catalytic cycle

restarts.

Heterogeneous Photocatalytic CO, Reduction. On the basis of
the successful incorporation of M into 7t-1, as well as the excel-
lent chemical stability of -1-M in H,O and common organic
solvents, the photocatalytic CO, reduction experiments by
7t-1-M were performed in a CH;CN/H,O (4:1 in volume
ratio) system. Other catalytic conditions are the same as those
of homogeneous photocatalytic CO, reduction. As shown in
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Fig. 3. Time-dependent photocatalytic evolution of CO and H, catalyzed by n-1-Co (A), =-1-Fe (B), and n-1-Ni (C). (D) Mass spectrum analyses for the gener-
ated gas from the photocatalytic reduction of '*CO, by ®-1-Co (a.u.: arbitrary unit). Reaction conditions are the following: 2.0 mg catalyst, 5 mL CHsCN/H,0

(4:1 in volume ratio), and 0.3 M TEOA on 300-W Xe lamp for 4 h at 25°C.

Fig. 3, m-1-M show excellent activity and selectivity for photo-
catalytic CO,; reduction to CO; no H; and hydrocarbon prod-
ucts such as CHy were generated (S Appendix, Fig. S22), and
no liquid product was detected in the reaction mixture cither.
Specifically, -1-Co exhibits a CO production rate of 494.4
pmol - g~ - h™', with a selectivity to CO of 100%. Under the
same conditions, the CO production rates for 7t-1-Fe and m-1-
Ni are 396.0 and 97.4 pmol - g~ ' - h™", respectively (Table 1,
Entries 1 to 3). The photocatalytic activity of ©t-1-M is depen-
dent on the amount of M in ®-1-M. When the concentration
of metal—salt solution increases from 1 to 100 mM, the loading
amount of M significantly increases (Table S1); the correspond-
ing m-1-M also shows the best catalytic activity (SI Appendix,
Fig. §23). Further increasing the concentration of metal—salt
solution to 200 mM, the amount of M loaded in ®-1-M is
almost no change, and the amount of CO generated is also

nearly unchanged. These results illustrate that the M amounts
in 7-1-M greatly affect the photocatalytic CO, activity. The M
amount in w-1-M-induced, different catalytic activity can be
attributed to different active sites. Remarkably, either for
Co(II), Fe(Ill), or Ni(ll), m-1-M in heterogeneous systems
show greatly higher photocatalytic activity for CO, reduction
than [Zn(phen),L]&M in homogeneous systems.

A series of control experiments with -1-Co as a photocata-
lyst were performed to identify the key factors for CO,-to-CO
conversion. As shown in Table 1, without -1-Co, TEOA, or
illumination, no CO was generated in the catalytic system
(Table 1, Entries 4 to 6). These results indicate that photocata-
lyst, sacrificial reductant, and light are all indispensable to pho-
tochemical CO,-to-CO conversion. When using Ar instead of
CO,, no CO was detected either (Table 1, Entry 7), revealing
that CO was generated from the reduction of CO,, rather than

Table 1. The control experiments of heterogeneous photocatalytic CO, reduction*

Entry Catalyst CO (umol - g~ - h™" H, (umol - g7 - h7") CO (%)
1 n-1-Co 494.4 0 100
2 n-1-Fe 396.0 0 100
3 7-1-Ni 97.4 0 100
4t — 0 0 —
5* n-1-Co 0 0 —
6 n-1-Co 0 0 —
VA n-1-Co 0 0 —
8 71 0 0 —
9 H,L&phen&Co(ll) 20.0 0 100
10 H,L&phen&Fe(lll) 28.7 0 100
11 H,L&phen&Ni(ll) 8.7 0 100

"Reaction conditions : 2.0 mg catalyst, CH3CN/H,0 (4:1 in volume ratio), 0.3 M TEOA, 300 W Xe lamp for 4 h at 25°C.

*Without photocatalyst.
*Without TEOA.
SWithout light.

YAr atmosphere.
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Fig. 4. UV-vis absorption spectra (A), PL spectra (B), photocurrent response (C), and Nyquist plots (D) of -1 and =-1-M (a.u.: arbitrary unit).

the decomposition of organic species in the photocatalytic sys-
tem. This result was directly evidenced by isotope experiment,
from which >CO was detected when using 13CO, instead of
2C0O, under the same photocatalytic conditions (Fig. 3D).
This solidly and directly evidences that the CO is originated
from the photocatalytic CO, reduction. Then, we further car-
ried out the photocatalytic reaction with 7-1 instead of 7w-1-M;
no CO were detected, indicating that the anchored metal cen-
ters are the active sites and play significant role in photocata-
lytic CO, reduction (Table 1, Entry 8). We also performed the
photocatalytic CO, reduction reaction by using a homogeneous
mixture containing Zn(lI), H,L, phen, and Co(II)/Fe(IlI)/
Ni(IT). Only a negligible amount of CO was detected (Table 1,
Entries 9 to 11). This result indicates that the order assembly
of these constituents in a framework is also important for activ-
ity enhancement. Besides good activity, ®-1-Co also possesses
good durability. As shown in ST Appendix, Fig. S24, after three

runs of photocatalytic CO, reduction reactions, only limited

A
-40-
= 5228
o LUMO -57.88
g -60- 5181 64.74
= —_
8 AE=65.03
= 304
:: 8l AE=57.61
o AE=55.82
|
2 .100-
11}
HOMO_1_ i 1
1204 41734 -115.49 1743 1734
2 3 4
Number of Units
Fig. 5.

activity decrease was observed. SEM images reveal that the
morphologies of T-1-M after photocatalytic reaction changes to
microcrystals, which are similar to crushed w1 (87 Appendix,
Fig. S§25). Powder XRD and UV-vis absorption spectra meas-
urements showed that the XRD patterns and UV-vis spectra of
7t-1-M after reaction are the same as before (SI Appendix, Figs.
S26 and S27). All these observations suggest that t-1-M have
good stability during the process of photocatalytic CO, reduc-
tion (47). It deserves to be mentioned that 7-1-M exhibits bet-
ter stability than [Zn(phen),L] in homogeneous solution,
which may be attributed to the faster electron transfer of 7-1-
M in the heterogeneous system over [Zn(phen),l] in the
homogeneous system. The fast electron transfer makes 7-1
avoid photocorrosion and photogradation.

Catalysis Mechanism. To reveal the enhanced photocatalytic per-
formance of t-1-M, UV-vis absorption spectra, photoluminescence
(PL) spectra, photocurrent response, and electrochemical impedance

AE=52.60 ‘ 2 i
5

(A) Energy-level diagram for five [Zn(phen),L] complex units stacking together one by one, obtained from density functional theory calculations

(HOMO and LUMO). (B) Optimized structures for five [Zn(phen),L] complex units stacking together.
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spectroscopy (EIS) of w-1-M and 7-1, as a reference, were tested. It
is clear to observe that the absorption band of m-1 in the
visible-light region remarkably strengthens after anchoring Co(II)/
Fe(IID)/Ni(I) (Fig. 4A4), which means that electrons of 7-1-M are
more easily excited and transition upon light illumination than 7t-1.
The PL spectra of ®-1-M, especially for mt-1-Co and 7-1-Fe, show
significantly damped emission in contrast to 7t-1, indicating that the
recombination rate of the photogenerated charge carriers is enor-
mously restrained (Fig. 4B). The photocurrent response tests showed
that the current density of 7-1-M is higher than that of 7t-1. Espe-
cially for m-1-Co and 7-1-Fe, the current density are about three
times higher than that of 7t-1 (Fig. 4C). This suggests the better sep-
aration efficiency of photoinduced electrons in 7-1-M over m-1.
Transient fluorescence spectroscopy measurements demonstrated
that the PL lifetime of /-1 reduces from 22.56 to 11.33, 1.75, and
12.80 ns for m-1-Co, m-1-Fe, and m-1-Ni, respectively (S/
Appendix, Fig. S28 and Table S4), further suggesting that the intro-
duction of M significantly accelerates the electron transfer. EIS spec-
tra show that the arc radius of 7w-1-M is much smaller than that of
nt-1 (Fig. 4D), indicating that the charge transfer resistance of 7-1-
M is apparendy lower than that of @-1. By UV-vis diffuse reflec-
tance spectroscopy (DRS) and Mott—Schottky measurements, the
band structures were examined. As shown in SI Appendix, Fig. S29,
the band gaps for -1, 7-1-Co, 7-1-Fe, and 7t-1-Ni were calculated
to be 2.35, 2.17, 1.70, and 2.34 eV (versus normal hydrogen elec-
trode [NHE]) by Tauc plots derived from the DRS, respectively.
The flat band potentials (Vy,) for @t-1, t-1-Co, mt-1-Fe, and m-1-
Ni, determined by Mott—Schottky measurements are —1.35, —1.
26, —1.12, and —1.34 ¢V (versus NHE), respectively (SI Appendix;
Fig. S30). It is generally known that the bottom of the conduction
bands (CBs) in 7type semiconductors is more negative by —0.1 V
than the Vy, (48-50). Thus, the corresponding CB edge potentials
of 1t-1, ®-1-Co, w-1-Fe, and ®-1-Ni are —1.45, —1.36, —1.22,
and —1.44 eV (versus NHE), respectively. Based on these CB edge
potentials and the band gap positions, the valence band edge poten-
tials of 71, :-1-Co, 71t-1-Fe, and m-1-Ni were calculated to be 0.
90, 0.81, 0.48, and 0.90 eV (versus NHE), respectively. Thus, the
corresponding band structure diagram for @-1, ©-1-Co, 7-1-Fe,
and 7-1-Ni can be schemed and shown in S Appendix, Fig. S31.
Obviously, the CBs of ®-1-M are more negative than the redox
potentials of CO, to CO (—0.52 V versus NHE). Therefore, t-1-
M could serve as effective photocatalysts to achieve photochemical
CO, reduction to CO.

It is intriguing to find that the photocatalytic performance of
mononuclear [Zn(phen),l] molecular photosensitizer could be
greatly enhanced after order assembly via -7 stacking interactions.
To demonstrate the change trend of photochemical and photophys-
ical properties after ordered aggregation, the stacking energy and
the highest occupied molecular orbital (HOMO)-lowest unoccu-
pied molecular orbital (LUMO) energy gaps were calculated for
five [Zn(phen),L] molecular photosensitizers stacking together one
by one. As shown in Fig. 5 and S/ Appendix, Fig. S32, with the
number of [Zn(phen),L] increase from 2 to 3, 4, and 5, the
stacking energy change from —33.63 o —59.05, —86.66, and
—112.07 keal/mol, indicating that more and more stable aggrega-
tion states were formed with the increase of [Zn(phen),L]. This
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result supports the experimental observation that, upon light irradia-
tion, 7t-1 shows good stability (S/ Appendix, Fig. S33), while the
mononuclear [Zn(phen),L] shows an obvious photodegradation (57
Appendix, Fig. S2). Moreover, with the increase of [Zn(phen),L]
complex units, the energy gaps between HOMO and LUMO grad-
ually decrease, indicating that the ordered aggregation of
[Zn(phen),L] complex units is beneficial for electron transfer; thus,
the photocatalytic activity can be remarkably enhanced.

Discussion

We evidenced herein a concept that highly crystalline heterogene-
ity of molecular photosensitizers could get ordered heterogeneous
photocatalysts with enhanced photocatalytic activity. The obtained
photocatalyst 7-1, formed by connecting [Zn(phen),L] molecular
photosensitizers merely through - stacking interactions, shows
reduced energy gap over homogeneous [Zn(phen),L] and thus
possesses noticeably better photocatalytic performance for CO,
reduction than [Zn(phen),L] in the absence of additional photo-
sensitizer. This work provides a strategy for designing crystalline-
ordered heterogeneous photocatalysts with definite structures and
enhanced, catalytic performance, which is still a great challenge in
the development of heterogeneous photocatalysts.

Materials and Methods

All the chemicals were commercially available and used without further purifica-
tion. FT-IR spectra were recorded on a PerkinElmer Frontier Mid-IR-FT-IR apparatus
in attenuated total reflectance (ATR) or transmittance mode. Powder XRD meas-
urements were carried out by using a Smart X-ray diffractometer (SmartLab 9 KW,
Rigaku) with Cu Kot radiation (A = 1.54178 A). SEM images were acquired on an
Environmental Scanning Electron Microscope with FEG (Quanta field emission
gun [FEG] 250, FEI). XPS were recorded on an X-ray spectrometer (ESCALAB 250
Xi spectrometer, Thermo Fisher Scientific) with Al Kot as the excitation source. The
contents of cobalt in 7t-1-M were quantified by an ICP-MS (NEXION300, Perki-
nElmer). The UV-vis DRS were obtained by a UV-vis spectrophotometer (UV-3600,
Shimadzu). The product in gaseous phase of the reaction system was analyzed by
gas chromatography (GC-2014+ATF, 230C, Shimadzu) equipped with thermal
conductivity detector (TCD) and flame ionization detector (FID) dual detectors. The
product in liquid phase of the reaction system was analyzed by an ion chromato-
graph (DX-600, Dionex). PL spectra were screened on a fluorescence spectropho-
tomer (F-7000, Hitachi). Time-resolved fluorescence spectra were tested by
another fluorescence spectrophotomer (Horiba FL-3, HORIBA Scientific).

Data Availability. All study data are included in the article and/or
Sl Appendix.
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