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Abstract: Photocatalytic synthesis of hydrogen peroxide (H20,) is a
potential clean method, but the long distance between the oxidation
and reduction sites in photocatalysts hinders the rapid transfer of
photogenerated charges, limiting the improvement of its performance.
Here, a metal-organic cage photocatalyst, Co14(L-CHs)zs, is
constructed by directly coordinating metal sites (Co sites) used for O,
reduction reaction (ORR) with non-metallic sites (imidazole sites of
ligands) used for H,O oxidation reaction (WOR), which shortens the
transport path of photogenerated electrons and holes, and improves
the transport efficiency of charges and activity of photocatalyst.
Therefore, it can be used as an efficient photocatalyst with a rate of
as high as 146.6 ymol g h" for H,O, production under O,-saturated
pure water without sacrificial agents. Significantly, the combination of
photocatalytic experiments and theoretical calculations proves that
the functionalized modification of ligands is more conducive to
adsorbing key intermediates ('OH for WOR and 'HOOH for ORR),
resulting in better performance. This work proposed a new catalytic
strategy for the first time, that is, to build a synergistic metal-nonmetal
active site in the crystalline catalyst and use the host-guest chemistry
inherent in MOC to increase the contact between the substrate and
the catalytic active site, and finally achieve efficient photocatalytic
H,0- synthesis.

Introduction

As a clean chemical oxidant with only water and oxygen as
byproducts, H>O; is widely used in paper and textile bleaching,
chemical synthesis, wastewater treatment, and small-scale fuel
cells due to its low cost and minimal environmental impact.['l At
present, the anthraquinone process, electrocatalytic O, reduction,
and direct synthesis by H, and O, are the main methods for
producing H»0,.”l However, these methods still have some
disadvantages such as high energy consumption, high cost, and
serious safety issues.B! Therefore, people have been committed

to develop environmentally friendly and low-cost ways to achieve
efficient H,O, production.! Photocatalytic synthesis of H,0, is a
potential green synthesis method, which combines the
photocatalytic WOR and ORR under sunlight irradiation to
prepare H;0,.5! So far, the catalysts widely used in the
photocatalytic H,O, synthesis reaction are mainly inorganic
semiconductors (such as TiO,, BiVOs4, and CdS), g-C3sN4-based
photocatalysts, organic polymers and metal-organic complexes. (6]
Most of them are composite materials, and their non-periodic
structures make it relatively difficult to reveal the structure-activity
relationship. On the contrary, constructing catalysts with well-
defined periodic structures can solve this problem and establish
accurate structure-activity relationships, which may in turn guide
the design and synthesis of catalyst with improved performance.

Coordination compounds are crystalline materials formed by
self-assembly of metal ions/clusters and organic ligands.[ Its
metal sites and nonmetal sites (the ligands) can be used as active
sites of WOR and ORR, respectively. Through direct coordination
of the two, the space distance between oxidation site and
reduction site can be shortened, which is conducive to improving
the separation efficiency of photogenerated electrons and holes,
and thus enhancing the rate of photocatalytic H,O, synthesis.
Among them, metal organic cage (MOC),!®! as a kind of hollow
polymetallic cluster, can not only achieve the synergy between
the above-mentioned metal-nonmetal active sites through metal-
ligand coordination, but also contain multiple metal active sites.
Generally, in MOC, with the increase of its nucleus number, more
active sites can be exposed, which is beneficial for improving the
catalytic activity.®®! Moreover, they have a unique cavity structure,
and the reaction molecules can usually enter the cavity easily.["%!
Thus, the reaction molecules can attack the catalytic active site
from both inside and outside of the cavity to make the reaction
more fully.'l More importantly, they have well-defined crystal
structures,'?  which are beneficial for studying reaction
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mechanisms and structure-activity relationships, and for
optimizing and designing efficient photocatalysts.!"®!

Based on the above considerations, we constructed two
stable Co"-based MOCs (Co14a(L-H)24 and Co14(L-CHs)24) with the
same main framework. Among them, Co14(L-CHs)24 is obtained
by functionalizing the ligand of Co14(L-H)24 with the -CH3 group.
Both types of supramolecular cages can serve as catalysts for the
photocatalytic synthesis of H,O., reaction. Due to the
functionalization of MOCs, the light absorbance of the
photocatalyst is improved, and the recombination efficiency of
photogenerated electrons and holes is reduced. Moreover,
theoretical calculations reveal that the -CH3; functionalized ligand
is more favorable to adsorb the key ‘OH and "HOOH
intermediates generated by WOR and ORR. Therefore, Co14(L-
CHa)24 exhibits a higher H,O, generation rate of 146.60 pymol g
h-'. Comparative experiments, isotope tracing experiments, and
computational results jointly demonstrate that, for these two
catalysts, the imidazole site from the ligand is the oxidation site,
generating H,0O- through the 2e™ two-steps WOR pathway, while
the Co site serves as the reduction site, enabling the synthesis of
H20; through the 2e™ two-steps ORR route. More importantly, the
imidazole site directly coordinates with the Co site in these Co'-
based supramolecular cages, narrowing the spatial distance
between the oxidation and reduction sites, and improving the
migration efficiency of charges, and thus improving the catalytic
activity of photocatalytic H,O, synthesis. This work is the first to
construct a synergistic metal-nonmetallic active site for
photocatalytic H.O, synthesis reaction and the reaction substrate
can more fully contact the catalytic active site through host-guest
chemistry, ultimately achieving an efficient H,O, production rate.

Results and Discussion

The HL-CHjs ligand was obtained by functionalizing the benzene
ring of the HL-H ligand with -CHs group. And they can assemble
with Co metal ions to form Co'-based metal-organic cages,
CO14(L-H)24 (CO14(L-H)24(H20)12(N03)4, HL-H = N-benzyl—1-(1H-
imidazol-4-yl)methanimine) and  Co14(L-CHs)2e  (Cou4(L-
CH3)24(H20)12(N03)4, HL-CH3 = 1-(1 H-imidazol-4yl)—N-(4-
methylbenzyl)methanimine). Single crystal X-ray diffraction
analysis reveals that Co1a4(L-H)24 crystallizes in cubic space group
F23 with an asymmetric unit consisting of three cobalt ions, two
L-H ligands, and two water molecules (Figure S5). Meanwhile,
Co14(L-CHa)24 crystallizes in cubic space group F432 with an
asymmetric unit consisting of two cobalt ions, one L-CHjs ligand,
and two water molecules (Figure S6). Co14(L-H)24 and Co14(L-
CHa)24 share similar coordination methods. Co1 is coordinated
with imidazole N of four L-H or L-CHj3 ligands and two water
molecules to form an octahedral coordination structure (Figure 1b
and Figure S7). Significantly, under external stimuli, two water
molecules are easy to break away from the Co1 site to form the
square coordinated Co site, which becomes the open catalytic
active site. Co2 is a six-coordination site with six N atoms from
three L-H or L-CHj3 ligands (Figure 1c and Figure S8). By means
of the above connection, every cage of Co1a(L-H)24 (Figure 1a)
and Co14(L-CHs)24 (Figure S10) is a rhombic dodecahedron cage

10.1002/anie.202308505

WILEY . vcH

containing fourteen Co atoms and twenty-four ligands. For
Co14(L-H)24 and Co14(L-CHs)24, the cavity diameter of the cage is
about 6.61 A and 6.55 A, respectively. If the water molecules of
Co1 break away, the diameter of the cavity increases to 10.93 A
and 10.88 A, respectively (Figure 1d-e). Reactive molecules such
as H,O and O, are easy to reach the cavity. Thus, they can attack
the active site from both inside and outside the cavity, which is
conducive to improving the catalytic activity.

a

MOC with Simplified Ligands Metal-Based MOC

Figure 1. (a) The crystal structures of Co1s(L-H)24. (b) The coordination
environment of Co1 in Co1s(L-H)24. (c) The coordination environment of Co2 in
Co14(L-H)24. (d) The simplified structure of cage containing Co sites and
imidazole sites. (e) The simplified structure of cage containing only Co sites.

The purity of Co14(L-H)24 and Co14(L-CHs)24 was proved by
the well-matched simulated and experimental powder X-ray
diffraction (PXRD) patterns (Figure S12). The thermal stability of
them was demonstrated by the thermogravimetric analyses,
which showed that both MOCs could remain the structural stability
until about 280 °C (Figures S13-S14). X-ray photoelectron
spectroscopy (XPS) was tested to prove the elements contained
in the crystals. The results revealed that both crystals contained
Co, C, N and O elements (Figure S15). Moreover, the Co 2p of
Co14(L-H)24 contained Co 2p1;, and Co 2ps» with binding energy
of 796.15 and 781.24 eV, demonstrating the oxidation state of the
Co ion was +2 (Figure S16). In addition, compared with Co14(L-
H)24, the Co 2p4/; (796.62 eV) and Co 2ps/, (781.55 eV) of Co14(L-
CH:s)24 had the positive shift, which represented a reduction in the
charge density of Co atom in Co14(L-CH3)24.

Optical microscope imaging revealed that the morphology of
Co1s(L-H)24 was orange polyhedral single crystal and Co14(L-
CHa)24 was reddish brown polyhedral single crystal (Figure S17).
Because of the different color of these compounds, we tested their
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light absorption capacity by solid-state ultraviolet, visible and
near-infrared diffuse reflectance spectroscopy (UV/Vis-NIR DRS).
As shown in Figure 2a, Co14(L-CHs)24 had stronger light
absorption capacity than Co14(L-H)24 in a broad region from 300
to 1100 nm. Based on the Kubelka-Munk function, the optical
band gap (Eg) of Co14(L-H)24 and Co14(L-CHs)24 were estimated
to be 2.12 eV and 1.95 eV (Figures S18-S19), respectively,
revealing their potential to act as semiconducting photocatalysts.
The lowest unoccupied molecular orbital (LUMO) positions of
these semiconductor-like crystals were determined by Mott-
Schottky measurements (Figures S20-S21). The final LUMO
positions of crystals were calculated to be —0.18 V (vs normal
hydrogen electrode, NHE, pH = 7) for Co14(L-H)24 and -0.16 V (vs
NHE, pH = 7) for Co1a(L-CHs)24. Therefore, the highest occupied
molecular orbital (HOMO) positions of Co14(L-H)24 and Co1a(L-
CHs)24 were calculated to be 1.94 and 1.79 V (vs NHE, pH = 7)
through UV/Vis-NIR DRS and Mott-Schottky measurements. In
addition, ultraviolet photoelectron spectroscopy (UPS, Figures
S22-S23) was tested to calculate the HOMO positions to further
verify the accuracy of the above results. By subtracting the
excitation energy of 21.22 eV from the width of the He | UPS
spectrum, the HOMO positions of Co14(L-H)24 and Co14(L-CH3)24
were estimated to be —6.81 and -6.64 eV (vs. vacuum level, E.),
respectively. These results were well agreed with those
calculated by UV/Vis-NIR DRS and Mott-Schottky measurements,
demonstrating that the above test results were credible. The band
structures of these photocatalysts were illustrated in Figure 2b.
Obviously, the LUMO positions of these catalysts were more
negative than the redox potential of O2/H,0, (0.68 V vs. NHE, pH
= 7)'l, and the HOMO positions of them were more positive than
the oxidation potential of H,O/H,0, (1.78 V vs. NHE, pH = 7).119]
Therefore, both crystals may have potential to act as
photocatalysts for ORR and WOR toward H,O, evolution. In
addition, Co14(L-CHs)24 possesses a narrower band gap for
capturing more photons, which may result in higher photocatalytic
activity.

Electrochemical impedance spectroscopy (EIS)
measurement was performed to study the impedance of these two
materials. As shown in Figure 2c, Co14(L-CHs)24 had a smaller
semicircular diameter of Nyquist curves than Co14(L-H)24,
indicating that the modification of ligand could reduce the internal
resistance of the materials, improve the electronic conductivity,
and enhance the charge transfer. To explore the charge
separation efficiency of Co14(L-H)24 and Co14(L-CHs3)24, we tested
their transient short-circuit photocurrent response capacities and
steady-state photoluminescence (PL) emission spectra. Both of
Co14(L-H)24 and Co14(L-CHs3)24 had strong photocurrent response
capacities (Figure 2d). More importantly, the transient
photocurrent response intensities of Co14(L-CHs)22 was about
twice that of Co14(L-H)24, reflecting higher photoelectron transport
efficiency. As the Figure 2e showed, compared with Co14(L-H)24,
the emission intensity of Co14(L-CHs)24 was significantly
quenched, suggesting that the CHs-modified Co14(L-CH3)24 had
higher efficient at trapping photoexcited electrons and
suppressing recombination of photogenerated charges.
Meanwhile, the Figure 2f showed that Co14(L-CHs)24 (20.49 ns)
exhibited a shorter excited stated lifetime with respect to Co1a(L-
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H)24 (40.87 ns), providing a lower recombination and higher
separation efficiency of photoinduced electron-hole pairs. Based
on the above results, between Co14(L-H)24 and Co14(L-CHs)24, the
surface of the CHs;-modified photocatalyst had a higher density of
photogenerated charges, so Co14(L-CHs)24 might have a higher
photocatalytic activity for ORR and WOR.
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—0.8 0.0
5 5.0 -
s 3 2
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508 L ossl oMo, 05
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Figure 2. Characterizations of the optical properties for Co14(L-H)24 and Co1a(L-
CHa)2a. (a) UV/Vis-NIR DRS spectra. (b) Band structure diagram. (c) EIS
Nyquist plots. (d)Transient photocurrent response capacities. (e)The steady-

state photoluminescence measurements. (f) Fluorescence decay curves.

The photocatalytic H,O, production activities of the
photocatalysts were carried out in O,-saturated pure water
without sacrificial agent, photosensitizer or pH adjustment under
UV/Vis-NIR light (A = 300-1100 nm). Figure 3a indicated that H>O,
production had a roughly linear relationship with reaction time.
Co14(L-H)24 showed a good catalytic activity with the H,O, yield of
61.94 pymol g over a period of 40 min. Interestingly, Co14(L-
CHs)24 displayed higher photocatalytic activity. Under irradiation
from 0 to 40 min, the HO; yield in the presence of Co14(L-CH3)24
was gradually increased and finally reached 97.73 umol g'. It was
worth noting that the H,O, production rate for Co14(L-CH3)24
(146.60 umol g h™') was about 1.6 times that of Co1a(L-H)24
(92.91 pmol g h"). More importantly, Co14(L-H)24 and Co14(L-
CHs)24 could photosynthesize H.O, under air atmosphere, and
their H,O, production rates were 74.27 umol g h™' and 120.04
umol g™ h™', respectively (Figure 3c). As far as we known, Co14(L-
CHs)24 was the first metal-organic cage photocatalyst for H20,
evolution in pure H,O with O, or air atmosphere. In addition, the
photocatalytic H,O. synthesis rate was almost unchanged even
after three cycling tests (Figure 3b), indicating that Co14(L-CHs3)24
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were highly durable. Meanwhile, the PXRD (Figures S24-S25),
FT-IR (Figures S26-S27), and XPS Co 2p spectra (Figures S28-
S29) of Co14(L-H)24 and Co14(L-CH3)24 obtained before and after
photocatalytic tests showed similar structural features, further
demonstrating the stability of these photocatalysts.
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Figure 3. Performance of Co14(L-H)24 and Co14(L-CHs3)24 for photosynthesized
H202. (a) Photocatalytic activity for H2O2 production in pure water and Oz
atmosphere. (b) Cycling performance. (c) Amounts of H202 produced in different
conditions. (d) ESR signals of the reaction solution with Co14(L-CHs)24 under the
dark and light illumination in the presence of DMPO as the spin-trapping
reagents. (e) H2'%0 isotope experiment to explore the source of H202 for Co14(L-
CHa)2a.

In order to reveal the reaction pathways involved in H.O,
production, a series of control experiments was conducted
(Figure 3c and Figure S30). Under the condition of Ar-saturated
atmosphere, without O,, a small amount of H,O, was still
produced under the catalysis of Co14(L-H)24 and Co14(L-CHs3)24. In
this case, the rates of H,O, production were 36.51 ymol g h
(Co14(L-H)24) and 50.77 pmol g' h™' (Co14(L-CHs)24), evidencing
that both of them could catalyze water oxidation to produce H205.
At the same time, the yield of H,O, under Ar-saturated
atmosphere was lower than that under O, atmosphere, which
proved that H;O, could be produced by ORR and WOR
simultaneously in the presence of oxygen. We then looked into
the two half-reaction (ORR and WOR) to find out the possible
reaction pathways toward H,O, evolution using Co1a(L-H)24 and
Co14(L-CHs)24 as catalysts. For O reduction half-reaction, H.O»
was continuously generated at a lower rate of 95.29 umol g*' h™'!
for Co14(L-CHs)24 when MeOH was used as the hole acceptor.

4
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Similarly, when Co14(L-H)24 acted as catalyst, the H,O; production
rate of ORR was decreased to 62.30 umol g-' h™' with MeOH. This
proved that both photocatalysts could reduce O, to H,O,. For H,O
oxidation half-reaction, with sufficient Ar bubbling to eliminate O,
and KBrO3 addition to act as the electron acceptor, no O, could
be observed and a small amount H,O, (23.52 ymol g h™' for
Co1s(L-H)24 and 56.80 umol g' h' for Co14(L-CHs)24) was
generated. These results revealed that H,O was reactant and O,
was not intermediate during photocatalytic WOR for the H,O;
production. So, Co14(L-H)24 and Co14(L-CHs)24 underwent the 2e~
WOR process to produce Hz0,.

O, + 2H" + 2™ — H0, (1)

Ox+e -0 (2)

O+ 2H* + e —> H0,  (3)

2H,0 + 2h* — H,0, + 2H*  (4)

H,O + h* —» «OH + H* (5)

*OH + «OH — H;0, (6)

According to the reported literature, there are two ORR
pathways and two WOR routes for the 2-electron reaction of
photocatalytic H,O; synthesis in oxygen and pure water. For the
ORR pathways, one is a 2e™ one-step reaction (equation 1), and
the other is a 2e” two-steps reaction with <O, as intermediate
(equations 2 and 3).I'® The WOR routes consist of a 2e” one-step
reaction (equation 4) and a 2e” two-steps reaction with *OH as
the intermediate species (equations 5 and 6).['1 In order to deeply
explore the reaction pathways of WOR and ORR for Co14(L-H)24
and Co14(L-CHs)24, we analyzed the active species during the
reaction process through trapping experiments. 1,4-
benzoquinone (p-BQ) and isopropanol (IPA) were added to the
photocatalytic H,O, synthesis system as *O,™ scavenger and *OH
scavenger, respectively. Obviously, the produce rate of H,O»
decreased significantly. In the presence of p-BQ, the H;O»
production of Co14(L-H)24 and Co14(L-CHs3)24 decreased to 26.88
pumol g h™' and 31.76 ymol g h™', respectively. This indicated
that «O,~ was necessary intermediate for the generation of H,O,
through ORR over both catalysts. Furthermore, electron spin
resonance (ESR) was tested to verify this conclusion. As shown
in Figure S31 and Figure 3d, no DMPO-<O; signal of ESR was
detected with the addition of the catalyst under dark conditions,
while strong ESR DMPO-+O;” signals were detected when
Co14(L-H)24 and Co14(L-CHs)24 were catalyzed after 10 min of
illumination. Therefore, O, was the critical intermediate of H,0-
production for Co14(L-H)24 and Co1s(L-CHs)22, and both
photocatalysts produced H,O; by virtue of the oxygen reduction
path of 2-electron two-steps transfer.

On the other hand, the decreases of H,O, generation of
about 37.88% and 48.55% were observed when IPA was added

to the system with Co14(L-H)24 or Co14(L-CHs)24 as photocatalysts.

So, *OH was key active species during the H>O, production
process by WOR. In addition, DMPO-+OH signals were detected
for Co1s(L-H)2s and Co14(L-CHs)24 during the measurement of
ESR spectra with illumination (Figure S31 and Figure 3d), which
was consistent with the result of the *OH trapping experiment.
Thus, it clearly proved that the WOR routes of two catalysts were
a 2e” two-steps process for photocatalytic H,O, synthesis with
*OH as the intermediate species.
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In order to further explore the source of O element in product
H20;, isotopic labeling control experiments were conducted using
Co14(L-CH3)24 as photocatalyst. Specifically, 5 mg Co14(L-CH3)24
was ultrasonically dispersed into 2 mL of H,'80, which was purged
with 60, for 30 minutes to remove O, from the environment. Gas
chromatography-mass spectrometer (GC-MS) was used to
analyze the oxygen in the reactor head space before and after
illumination. As shown in Figure 3e, no matter before the reaction
or after the photocatalysis, only ®0, existed in the reaction
system, without additional '®0,, which proved that no 80,
intermediates were produced in the process of H,'80 oxidation to
H20. In other words, the WOR process of Co14(L-CH3)24 was not
a 4e” transfer process, but a 2e™ process, which was consistent
with the above results of trapping experiment and ESR
measurement. It was worth noting that the photosynthesized H-O,
decomposed by MnO, produced a product consisting of
approximately 1:1 ®0, and '80,. These indicated that H,O and O,
were both raw materials for photocatalytic H,O, synthesis, and
the atomic utilization rate of H,O, synthesized by WOR and ORR
was close to 100%.

In order to study the active site of the photocatalysts for WOR
and ORR, we used density functional theory (DFT) calculation to
compare the Gibbs free energies for H,O and O, molecules
adsorption at different sites (benzene ring site, C=N site, Co site,
imidazole site) in Co14(L-H)24 and Co14(L-CHs)2a. As shown in
Figures S32-S33, the order of adsorption energies for H.O at
different sites in Co14(L-H)24 and Co14(L-CH3)24 was imidazole site
< benzene ring site < C=N site < Co site. More importantly, the
imidazole sites of both catalysts had the same H,O adsorption
energies of —1.18 eV, indicating that the imidazole sites in both
photocatalysts were active sites for H,O oxidation reaction. To
verify this conclusion, we tested the performance of ligands (L-H
and L-CH3) as photocatalysts for the photocatalytic HzO»
synthesis reaction. As shown in Figure S34, in pure water
saturated with O, the rates of generating H,O; for L-H and L-CH3
were 18.53 umol g™ h™' and 24.31 umol g™ h™!, respectively. When
KBrO; was added as the hole acceptor to test the half-reaction of
H.O oxidation, the synthesis rates of H;O, had significantly
increased, reaching 35.73 pmol g h™' and 50.09 ymol g h?,
respectively. The increase in rate in the presence of KBrO;
indicated that the production of H,O, might not occur through
photo-induced electron via O, reduction reaction, as these
photogenerated electrons were consumed by the hole donors.
This result proved that pure ligands (L-H and L-CHs) could
catalyze WOR to generate H,O,, and electron trapping agents
promoted the interaction between holes and catalysts, improving
the photocatalytic efficiency. Therefore, the active sites where
these Co-based supramolecular catalysts underwent WOR were
in their ligand segments.

However, the order of adsorption energies for O, at these
sites of Co14(L-H)24 and Co1s(L-CHs)24 was different (Figures
S35-S36). In Co14(L-H)24, the order of O, adsorption energy was
exactly opposite to that of H,O adsorption energy, which was
imidazole site > benzene ring site > C=N site > Co site. At the
same time, the adsorption energies for O, at C=N site, imidazole
site, benzene ring site, and Co site of Co14(L-CH3)24 gradually
decreased, which were —-0.45 eV, -0.65 eV, -1.04 eV, and -1.77
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eV, respectively. It is worth noting that the Co sites of Co14(L-H)24
and Co14(L-CHs)24 had the similar lowest adsorption energies for
O, of -1.76 eV and -1.77 eV, respectively. Therefore, the
catalytic active site for O, reduction reaction was the Co site. It is
worth noting that Co2 is fully coordinated, and the two coordinated
water molecules of Co1 are easy to leave to form the active site,
so the reduction site of catalytic ORR is the Co1 site.

as b
= CO4(L-H),4 === C0y(L-H)zq —
= Coy(L-CH),, " 1 1] === Coy(L-CHy)y
2 ’ s !
s ’ \ > / \
3 — ' O / i
1 >
5 1 ; |‘ B 0{ = / \‘
] ] ' g \ —] {
u RDS for WOR (- W ; o
20 Q = o , \ IRDS for ORR
£ 1 o - ) I
w \\ ' AG=274¢eV ey \ ; AG=1.68¢eV
1 \ 1
-1 \ AG =273 eV - AG=1.46 eV

2
*+H0 *H,0 *OH *HOOH *+HOOH *+0, *0,
Reaction Coordinate

*OOH *HOOH * + HOOH
Reaction Coordinate

Figure 4. Free energy diagram of the Co14(L-H)24 and Co14(L-CH3)24 for
photosynthesize of H20: through the (a) WOR and (b) ORR pathways. (c)
Adsorption configuration of ‘OH intermediates on C2-H of the imidazole sites in
Co14(L-CHs)24. (d) Adsorption configuration of ‘OOH intermediates on Co sites
in Co14(L-CHs)24. (€) The proposed reaction mechanism for photosynthesized
of H20z.

In order to further reveal the influence of ligand modification
on H,O oxidation reaction and O, reduction reaction, we
calculated the free energies of each step in the two reaction
pathways. As shown in Figure 4a, the process of WOR was as
follows: first, C2-H of the imidazole site adsorbed and activated
H.O molecules (Figure S37)!'8, then H,O decomposed to
generate "OH intermediates. Figure 4c and Figure S38a showed
that Co1a(L-H)24 and Co14(L-CH3)24 adsorbed "OH on C2-H of the
imidazole sites. The next step was to combine two "OH to obtain
"HOOH, and finally, HOOH desorbed to produce H,0,. Obviously,
the rate determining step (RDS) was to generate "OH, and the
free energy activation energy barriers (AG) of Co14(L-H)24 and
Co14(L-CHs)24 in this step were 2.74 eV and 2.73 eV, respectively.
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Although the activation energy barriers of RDS for the two
catalysts were similar, almost every step energy barrier of Co14(L-
CH:s)24 in the reaction path was slightly lower than that of Co14(L-
H)24. Therefore, Co14(L-CHs)2a modified with -CH3s had higher
catalytic activity for WOR.

As shown in Figure 4b, the process of ORR was as follows:
first, the Co site adsorbed and activated O, molecules to generate
057, then "0, combined with protons in the solution to generate
"OOH intermediate and "HOOH intermediate, and finally desorbed
to obtain H,O,. Figure 4d and Figure S38b displayed that Co14(L-
H)24 and Co14(L-CHs3)24 adsorbed "OOH on Co sites. And the step
of generating "HOOH from "OOH was the RDS in the O, reduction
reaction in this reaction system. And the free energy barriers of
Co14(L-H)24 and Co14(L-CHs)24 in this step were 1.68 eV and 1.46
eV, respectively. Therefore, the -CH; modification on the ligand
greatly reduced the energy barrier of the O, reduction reaction
and improved the catalytic activity. Combining WOR and ORR,
Co14(L-CHs)24 exhibited an overall lower free energy barrier,
which was consistent with the higher H;O, production rate
obtained from experimental testing.

Based on experiments and calculations, we inferred the
possible mechanism of Co-based supramolecular cages
catalyzed photocatalytic synthesis of H,O, (Figure 4e). Under
light irradiation, photocatalysts absorbed light energy to generate
photogenerated charges. Photogenerated electrons migrated to
the Co site, causing the O, molecules adsorbed on the Co site to
be reduced and underwent a proton/electron reaction process to
gradually produce "O,", ‘OOH, and "HOOH. At the same time,
C2-H of the imidazole sites absorbed and activated H,O
molecules through hydrogen-bonding-type interactions. Then, the
transfer of photogenerated holes to the imidazole sites leaded to
the oxidation of H,O molecules adsorbed at this site, gradually
generating "OH and "HOOH. Finally, 'HOOH desorbed from the
Co and imidazole sites to obtain H2O,. In MOCs, the imidazole
sites and Co site coordinates directly, shortening the spatial
distance between the oxidation sites and reduction sites,
effectively improving the separation efficiency and migration rate
of photogenerated charges, making it easier for H,O to use holes
and O, to capture electrons to form active intermediates,
ultimately forming H2O».

Conclusion

In summary, we obtained two stable metal-organic cages, Co1a(L-
H)24 and Co14(L-CHs)24 by functionalizing the ligand with -CHs
group. They could serve as difunctional photocatalysts,
simultaneously catalyzing the H,O oxidation reaction and the O,
reduction reaction to synthesize H,O,. Because the ligand
modification of -CHj; increases the light absorbance of the
photocatalyst and reduces the recombination efficiency of
photogenerated charges, Co14(L-CHs)24 has higher catalytic
activity for producing H;O, in pure water. Under O, or air
atmosphere, the H,O, generation rates of Co14(L-CHs)24 are
146.60 pmol g h' and 120.04 pymol g h™', respectively. The
experimental and computational results prove that the Co site and
imidazole site catalyze 2e™ two-steps O, reduction reaction and
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2e” two-steps H,O oxidation reaction, respectively. This work
proved for the first time the great potential of metal-organic cages
as photocatalysts in the field of H,O, synthesis owing to its host-
guest chemistry, and effectively improved the performance of
photocatalytic H>O, synthesis by virtue of its unique metal-
nonmetal active sites synergistic catalysis.
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Synergistic MetakENonmetallic Active Site
for Photocatalytic H,0, synthesisReaction

Two stable Co"-based metal-organic cages are efficient catalysts for photocatalytic synthesis of H.O; in pure water and O, or air
atmospheres. The metal-nonmetal active site operates synergistically during photocatalytic H,O. synthesis and the reaction substrate
can more fully contact the catalytically active site through host-guest chemistry of cages, ultimately achieving a high H,O- production
rate.
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