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Introduction

Photosynthesis of hydrogen peroxide from
dioxygen and water using aluminium-based metal-
organic framework assembled with porphyrin- and
pyrene-based linkerst

Yoshifumi Kondo,? Kenta Hino,? Yasutaka Kuwahara, {2°¢ Kohsuke Mori @ 2°
and Hiromi Yamashita (2 *2°

Photocatalytic production of hydrogen peroxide (H,O,) from dioxygen (O,) and water (H,O) has shown
promise for the artificial photosynthesis of liquid fuel. We previously demonstrated that an Al-based
metal-organic framework (MOF) functions as a suitable platform for photocatalytic H,O, production
owing to the efficient suppression of H,O, decomposition caused by the photocatalysts themselves,
which increases the yield of H,O,. However, the photocatalytic efficiency of Al-based MOFs is often
limited by their short-lived charge separation. The energy transfer process is a beneficial approach to
promoting charge separation and thereby improving the photocatalytic activity; MOFs enable highly
efficient energy transfer between organic linkers because they allow precise control of the arrangement
of the building blocks. Herein, we demonstrate that an Al-based MOF composed of both porphyrin- and
pyrene-based organic linkers (Al-TCPP(10-X)-TBAPyX) is a promising photocatalyst for producing H,O,»
from O, and H,O without additives under visible-light irradiation while simultaneously enabling efficient
suppression of undesired H,O, decomposition. Efficient energy transfer from 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (TBAPy) to tetrakis(4-carboxyphenyl)porphyrin (TCPP) was driven within Al-TCPP(10-X)-
TBAPyX, resulting in dramatically enhanced photocatalytic H,O, production through optimization of the
linker mixture ratio in the MOF structure. The present work not only proposes a new reaction pathway
for H,O, generation via !0, intermediates, which is quite different from well-accepted mechanisms
involving O,"", but also provides a promising strategy for designing catalysts to realize efficient
photosynthetic H,O, production.

require an expensive separation membrane, and its theoretical
output potential of 1.09 V is comparable to that of a hydrogen

Harvesting solar fuels by artificial photosynthesis has great
value in the global mission to address climate change and
energy issues."” Solar fuels should have high energy density and
be easy to store, transport and use. Hydrogen peroxide (H,0,) is
attracting growing interest as a solar fuel because of its high
volumetric energy density, easy storage and easy
transportability.> H,0, can generate electricity via a single-
compartment fuel cell.*® The single-compartment H,0, fuel
cell is an inexpensive and compact fuel cell because it does not

“Division of Materials and Manufacturing Science, Graduate School of Engineering,
Osaka University, 2-1 Yamadaoka, Suita, Osaka, 565-0871, Japan. E-mail:
yamashita@mat.eng.osaka-u.ac.jp

*Innovative Catalysis Science Division, Institute for Open and Transdisciplinary
Research Initiatives (OTRI), Osaka University, 2-1 Yamadaoka, Suita, Osaka, 565-
0871, Japan

°JST, PRESTO, 4-1-8 Honcho, Kawaguchi, Saitama, 332-0012, Japan

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ta01051a

9530 | J Mater. Chem. A, 2023, 11, 9530-9537

fuel cell (1.23 V).** Therefore, solar-driven H,O, production
from Earth-abundant dioxygen (O,) and water (H,O), in
conjunction with H,0, fuel cells, is expected to be a candidate
technology for realizing a sustainable society.

The photosynthesis of H,0, from the coupling of O, and
H,0 is an uphill reaction with a standard Gibbs free energy
change (AG®) of 117 k] mol ™" (eqn. (1))

0, + 2H,0 — 2H,0, (AG® = 117 kJ mol™}) (1)

Over the past decade, substantial research has been focused
on the development of efficient photocatalysts for H,O,
production.*** Following the first demonstration of ZnO pho-
tocatalysts for H,O, production in 1927, inorganic and organic
semiconductors for photocatalytic H,O, production have
emerged.*" However, current photocatalysts for H,O, produc-
tion have numerous associated challenges, such as poor light
absorption properties and short photoexcited carrier lifetimes.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Strategy for development of photocatalysts for H,O,
production by driving an energy transfer process.

Another challenging issue is suppressing H,O, decomposition,
which occurs simultaneously during the reaction and reduces
the yield of H,O,. Thus, it is necessary to design photocatalysts
that both improve activity and inhibit H,O, decomposition.

To overcome the aforementioned problems, we introduced
an energy transfer process into the photocatalytic system—
specifically, energy transfer between chlorophyll (antenna
molecule) and a carotenoid (pigment molecule) in natural
photosynthesis (Scheme 1).*'* An efficient energy transfer
process has been reported to extend the fluorescence lifetime
and improve the light-harvesting ability of acceptor moie-
ties.'>'® The elongated charge separation enables interaction
with more reactants and photocatalysts prior to charge recom-
bination, leading to improved photocatalytic activity. The
general requirements of photocatalysts for an efficient energy
transfer process are (i) sufficient overlap between the emission
spectrum of the donors and the absorption spectrum of the
acceptors and (ii) appropriate spatial proximity of the donors
and acceptors.*

Metal-organic frameworks (MOFs) are a new class of porous
crystalline materials composed of metal-oxo clusters and
organic linkers with well-defined structures.>>*’** The highly
ordered network of MOFs enables precise control of structural
parameters such as the positions, mutual distances and relative
orientations of organic linkers. Therefore, they are considered
ideal platforms to hierarchically integrate photoactive ligands
for synergistic catalysis, and can thus form antenna networks
like those observed in natural photosynthesis.***** Interestingly,
Morris and coworkers reported that the efficiency of energy
transfer is sensitive to the geometric parameters of MOFs.** The
energy transfer process in MOFs deviates from the classical
Forster model, and the structural arrangement of the linker
affects the efficiency of the excitation energy transfer in MOFs.
They demonstrated that energy transfer in a Zr-based MOF
(ROD-7) should be highly anisotropic along the stacking direc-
tion, suggesting that MOFs provide a promising platform for
efficient energy transfer."

To that end, we selected a porphyrin-based Al-MOF (Al-TCPP)
and a pyrene-based Al-MOF (Al-TBAPy) as supports because of
their high water stability and good light-harvesting perfor-
mance.>* AI-TCPP and AI-TBAPy consist of one-dimensional rod-
like Al(OH) clusters linked by tetrakis(4-carboxyphenyl)
porphyrin (TCPP) and 1,3,6,8-tetrakis(p-benzoic acid)pyrene
(TBAPy), respectively (Fig. 1).'***® The TCPP and TBAPy linkers
act as the acceptor and donor moieties, respectively. TBAPy has
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(a) Building units

(b) AI-TCPP (acceptor)

(d) AI-TCPP(10-X)-TBAPyX
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Fig. 1 Schematics of (a) building units, (b) Al-TCPP, (c) Al-TBAPy and
(d) Al-TCPP(10-X)-TBAPyX.

a wide emission wavelength range (400-500 nm) that well
matches the excitation wavelength for TCPP (410 nm).**** The
TCPP and TBAPy linkers have similar connectivity because of
their similar molecular size, which enables them to be intro-
duced within the same MOF structure. Fortunately, Al-TCPP
and Al-TBAPy possess a similar geometrical arrangement in
ROD-7, which presumably favours efficient energy transfer.* In
addition, our group has previously demonstrated that Al-based
MOFs exhibited low reactivity toward H,O,, leading to an
increase in the yield of H,0, in photocatalytic H,O, produc-
tion.” Therefore, Al-MOFs assembled with TCPP (as an
acceptor) and TBAPy (as a donor) are expected to function as
a suitable photocatalyst for H,O, production.

Herein, we develop the porphyrin- and pyrene-based AI-MOF
(Al-TCPP(10-X)-TBAPyX) as a photocatalyst for H,O, production
from O, and H,0. Although a few recent investigations on MOFs
containing porphyrin- and pyrene-based organic linkers have
suggested preliminary influences on photocatalysis, to the best
of our knowledge, there has never been a reported study that
clarifies how mixing organic linkers in different proportions in
MOFs systematically affects their photocatalytic performance.
Photocatalytic H,0, production from O, and H,0 without
additives was significantly enhanced when both TCPP and
TBAPy were incorporated within the framework of AI-TCPP(10-
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X)-TBAPyX. Photoluminescence measurements, electron-spin
resonance (ESR) measurements and active-species trapping
experiments were performed to elucidate the unique reaction
mechanism. A comprehensive analysis of the results of the
experiments revealed that the reaction pathway for H,O,
production using AI-TCPP(10-X)-TBAPyX differs substantially
from that for previously reported MOF photocatalysts. The
present study not only offers new insights into the rational
design of MOF photocatalysts with an efficient energy transfer
process, but could also drive a breakthrough in the field of
photocatalytic H,0, production.

Experimental

Materials
Aluminum chloride hexahydrate (AlCl;-6H,0), acetone,
hydrogen  peroxide (H,0,), N,N-dimethylformaldehyde

(DMF),hydrochloric acid (HCl), perchloric acid (HClO,), barium
sulfide (BaSO,), sodium azide (NaNj3) and p-benzoquinone (p-
BQ) were purchased from Nacalai Tesque. 1,3,6,8-tetrakis(p-
benzoic acid)pyrene (TBAPy) was purchased by Ambeed Inc.
Tetrakis(4-carboxyphenyl)porphyrin (TCPP)ox0/[5,10,15,20-
tetra(4-pyridyl)porphinato]titanium(v)  (TiO(tpypH4)""), 5,5-
dimethyl-1-pyrroline N-oxide (DMSO) and 2,2,6,6-tetrame-
thylpiperidine (TEMP) were obtained from Tokyo Chemical
Industry Co., Ltd. Sulfuric acid-d, (D,SO,), dimethyl sulfoxide-
de (DMSO-de) and potassium bromate (KBrO;) were obtained
from Aldrich Chemical Co. All the chemicals were used as
received without further purification.

Synthesis of AI-TCPP(10-X)-TBAPyX

Al-TCPP(10-X)-TBAPyX samples were prepared using a sol-
vothermal method. 30 mg of AICl;-6H,0 was added in 15 mL of
distilled water. TCPP and TBAPy were completely dissolved in
5.0 mL of DMF in the proportions shown in Table S1. These
solutions were mixed and sonicated for 10 min. The mixed
solution was transferred to a 40 mL Teflon-liner in a stainless-
steel autoclave and heated at 120 °C for 20 h. The obtained
solid was collected by centrifugation and washed with DMF and
acetone several times. The obtained product was dried and
activated at 120 °C under vacuum overnight.

Results and discussion
Characterizations of Al-TCPP(10-X)-TBAPyX

Al-MOFs containing porphyrin- and pyrene-based organic
linkers (Al-TCPP(10-X)-TBAPyX) were prepared by a sol-
vothermal method. Powder X-ray diffraction (PXRD) patterns for
Al-TCPP10 and Al-TBAPy10 showed strong peaks and well
matched the reported PXRD patterns for AI-TCPP and Al-TBAPy,
respectively (Fig. 2a).>*%® The peaks at 7.6, 12.1, 13.5, and 15.4°
for Al-TCPP10 correspond to the (201), (401), (110), and (402)
crystal planes of AI-TCPP reported in the literature.>**”*® Al-
TBAPy10 exhibited diffraction peaks at 26 = 8.1, 12.9, 13.9,
and 16.2° which corresponded to (201), (401), (110), and (402)
planes of AI-TBAPy reported in the literature.”>*** For the Al-
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Fig. 2 (a) PXRD patterns, (b) enlarged PXRD patterns and (c) lattice
spacings for (201) planes (d»o1) for Al-TCPP(10-X)-TBAPyX samples.

TCPP(10-X)-TBAPyX samples, the AI-TCPP phase steadily
changed to the AI-TBAPy phase with increasing TBAPy linker
content in the MOF matrix. The diffraction intensity in the
PXRD patterns decreased as the molar ratio of the organic
linkers (TCPP and TBAPy) approached 1. This decrease in
crystallinity might be attributable to homogenization of the
crystalline phase. The 5° < 26 =< 10° range of the PXRD pattern
for each sample is presented in Fig. 2b. The peak at ~8°, which
was assigned to (201) planes in AI-TCPP and Al-TBAPy, gradually
shifted towards higher angles with increasing TBAPy linker
content in the AI-TCPP(10-X)-TBAPyX samples. The lattice
spacing for the (201) planes (d,;) was calculated using the
Bragg equation (Fig. 2c). The value of d,,; decreased with
increasing TBAPy linker content in the Al-TCPP(10-X)-TBAPyX
samples. This trend is consistent with the larger value of d,,, for
AI-TCPP than for AI-TBAPy. These results indicate that the two
different organic linkers were homogeneously incorporated into
the matrix without separation into two phases.

Nitrogen (N,) adsorption-desorption measurements were
conducted to characterize the porous structures of the Al-
TCPP(10-X)-TBAPyX samples. As shown in Fig. 3a, all the
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Fig. 3 (a) N, physisorption isotherms, (b) pore distributions calculated
using NLDFT method, (c) dissolved/*H-NMR spectra and (d) diffuse-
reflectance UV-vis spectra of Al-TCPP(10-X)-TBAPyX samples.
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Table 1 N, adsorption data for Al-TCPP(10-X)-TBAPyX samples

Sample Sger® (m*g™Y) V! (em® g a (A
Al-TCPP10 1160 1.80 5.0
Al-TCPP8-TBAPy2 1079 1.58 5.2
Al-TCPP6-TBAPy4 1240 1.91 5.3
Al-TCPP4-TBAPy6 1193 1.91 5.5
Al-TCPP2-TBAPy8 1169 1.76 5.2
Al-TBAPy10 1184 1.55 5.3

% Determined the BET method by N, adsorption data using ISO 9227
standard. ? Total pore volume reported at p/p, = 0.99. ¢ Peak pore size
determined by the NLDFT method.

samples exhibit type-I isotherms with H4 hysteresis loops,
indicating that they are microporous materials. The increase in
N, adsorption near a relative pressure of 0.9 is presumably due
to inter-particle voids. No substantial differences are observed
in their Brunauer-Emmett-Teller (BET) specific surface area
(Sger) or total pore volume (Vi) because of the similarity in
the crystal structures of AI-TCPP and Al-TBAPy (Table 1). These
results are supported by the pore distributions estimated by the
nonlocal density functional theory (NLDFT) method (Fig. 3b).
The aforementioned results indicate that TCPP and TBAPy
linkers are homogeneously incorporated into the Al-TCPP(10-X)-
TBAPyX matrix while maintaining their well-defined micropo-
rous structures.

Proton nuclear magnetic resonance (1H-NMR) measure-
ments were performed to quantify the molar ratio of TCPP
linkers to TBAPy linkers. The dissolution/"H-NMR technique
involves dissolving the MOFs in a deuterated dimethyl sulfoxide
(DMSO-ds) medium containing deuterated sulfuric acid
(D2SO,4). As shown in Fig. 3c, the observed signals could be
assigned to TCPP (8.4-8.8 ppm) or TBAPy (7.5-8.1 ppm).'® By
integrating the peaks assigned to both the TCPP and TBAPy
linkers, we estimated the ratio between them. The TCPP and
TBAPy content in the Al-TCPP(10-X)-TBAPyX samples corre-
sponded well to the molar ratio used during sample preparation
(Table 2).

Photocatalytic H,0, production from O, and H,O over Al-
TCPP(10-X)-TBAPyX

The photocatalytic H,O, production performance of Al-
TCPP(10-X)-TBAPyX samples was evaluated under visible-light
(A > 420 nm, 100 mW cm ?) irradiation in O,-saturated

Table 2 The molar ratio of the TCPP and TBAPy linkers in the Al-
TCPP(10-X)-TBAPyX samples

Sample TCPP (%) TBAPy (%)
AL-TCPP10 100 0.0
Al-TCPPS-TBAPy2 80.1 19.9
Al-TCPP6-TBAPy4 59.5 40.5
AL-TCPP4-TBAPy6 40.1 59.9
AL-TCPP2-TBAPyS 23.5 76.5
AL-TBAPy10 0.0 100

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Comparison of photocatalytic H,O, production over Al-
TCPP(10-X)-TBAPyX samples. (b) Photocatalytic H,O, production
using Al-TCPP4-TBAPy6, physical mixture of Al-TCPP10 and Al-
TBAPy10 or physical mixture of TCPP and TBAPy. (c) Comparison of
H,O, production catalysed by TCPP, TBAPy and physical mixture of
TCPP and TBAPy. (d) H,O, decomposition in the presence of Al-
TCPP10, Al-TCPP4-TBAPy6 and Al-TBAPy10 under dark conditions
(C:oszo2 = 0.5 mmol Lil).

distilled water without any additive. All AI-TCPP(10-X)-TBAPyX
samples produced H,0, from O, and H,O under irradiation by
visible light (Fig. 4a). Compared with photocatalytic H,0,
production using bare AI-TCPP10 and AI-TBAPy10, photo-
catalytic H,O, production was enhanced when the TCPP and
TBAPy linkers were mixed in the AI-TCPP(10-X)-TBAPyX
samples. In particular, AI-TCPP4-TBAPy6 exhibited the highest
H,0, production rate of 127 pmol L' h™*, which was 2.1-fold
and 4.2-fold greater than the production rates for pristine Al-
TCPP10 and Al-TBAPy10, respectively. This H,0, production
rate is, to our knowledge, among the best reported for a MOF
photocatalyst (Table S2t). In addition, the activity was generally
maintained even after a long-term reaction for 24 h and a 3-
times recycle test (Fig. S11). However, the crystallinity and BET
surface area slightly declined, which may be due to the nano-
sheeting of AI-TCPP4-TBAPy6 by ultrasonic treatment before the
reaction.”” These results suggest that the Al-TCPP4-TBAPy6
photocatalyst is both highly stable and reusable.

To investigate the effect of mixing two types of linkers in
a single AI-MOF matrix, we compared the activity toward H,0,
production between Al-TCPP4-TBAPy6 and a physical mixture of
Al-TCPP10 and Al-TBAPy10 MOFs or a mixture of the organic
linker precursors. The mixing ratio for the AI-MOFs or linkers
was determined to be equal to the molar ratio of the two linkers
in AI-TCPP4-TBAPy6. Notably, AI-TCPP4-TBAPy6 exhibited 2.9-
fold or 2.3-fold greater activity than the physical mixture of Al-
TCPP10 and AI-TBAPy10 (Al-TCPP10 & Al-TBAPyl10 Exp.) or
TCPP and TBAPy molecules (Fig. 4b), respectively. The activity of
the physical mixture of AI-TCPP10 and Al-TBAPy10 (Al-TCPP10 &
Al-TBAPy10 Exp.) was found to be the same as the value

J. Mater. Chem. A, 2023, 11, 9530-9537 | 9533
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calculated from the respective activities of AI-TCPP10 and Al-
TBAPy10 (Al-TCPP10 & AlI-TBAPy10 Cal., ie., the value for Al-
TCPP10 & AI-TBAPy10 Cal. is the sum of 0.4 times the activity
of AI-TCPP10 and 0.6 times the activity of AI-TBAPy10). These
results indicate that the internalization of TCPP and TBAPy
linkers in a single MOF led to an increase in photocatalytic
activity toward H,0, production.

By contrast, the amount of H,0, produced by the physical
mixture of TCPP and TBAPy molecules (TCPP & TBAPy Exp.) was
2.2 times larger than the value calculated from the respective
activity of TCPP and TBAPy (TCPP & TBAPy Cal.) (Fig. 4c). The
activity improvement resulting from physical mixing of the
linkers was presumably due to easier intermolecular energy
transfer between TCPP and TBAPy, unlike the case of physical
mixing of the AI-MOFs. Interestingly, AI-TCPP4-TBAPy6 exhibi-
ted superior catalytic performance compared with the physical
mixture of TCPP and TBAPy molecules (TCPP & TBAPy Exp.).
These results indicate that mixing the TCPP and TBAPy linkers
within the MOF matrix provides a more efficient energy transfer
process than a simple mixture of the two linker molecules. In
addition, the formation of the MOF structures contributes to
the suppression of activity loss originating from the aggregation
of ligands.”***** Therefore, we assumed that the accumulation
of TCPP and TBAPy in the single AI-MOFs induced a strong
interaction between TCPP and TBAPy and suppressed self-
quenching of the ligands, resulting in a higher H,0, produc-
tion rate of AI-TCPP(10-X)-TBAPYX.

H,0, decomposition experiments were conducted in
a 0.5 mmol L™' H,0, aqueous solution using AI-MOFs (Al-
TCPP10, Al-TCPP4-TBAPy6 and Al-TBAPy10) in the dark. The
initial concentration of H,O, was maintained for 3.0 h even in
the presence of AI-MOFs (Fig. 4d). Thus, these results indicate
that Al-TCPP(10-X)-TBAPyX exhibited poor decomposition
ability toward H,0,, enhancing the H,0, yield in photocatalytic
H,0, production.”® In other words, the Al clusters have two
outstanding effects: stabilization of the MOF structure in the
reaction solution and extremely low H,0, degradability,
resulting in a highly efficient H,O, production by AI-TCPP(10-
X)-TBAPyX.

Efficient energy transfer from TBAPy to TCPP in Al-TCPP(10-
X)-TBAPyX

Steady-state photoluminescence (PL) measurements were per-
formed to elucidate the energy transfer mechanism. Fig. 5a
shows PL spectra of AI-TCPP(10-X)-TBAPyX in the wavelength
range 430-600 nm, which originated from a TBAPy linker.
Compared with the PL intensity for Al-TBAPy10, substantial
quenching of the TBAPy-derived PL intensity was observed
when the TBAPy and TCPP linkers were mixed. This result
indicates the onset of energy transfer from the TBAPy donors to
the TCPP acceptors.'* The peaks between 630 and 750 nm
result from the fluorescence of TCPP linkers (Fig. 5b).
Compared with the PL intensity for AI-TCPP10, the PL intensity
was enhanced when the TBAPy linkers were mixed within an Al-
MOF, with Al-TCPP4-TBAPy6 showing the greatest PL intensity.
These results indicate that energy transfer from TBAPy to TCPP
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Fig. 5 Photoluminescence spectra of Al-TCPP(10-X)-TBAPyX, where
photoluminescence originated from (a) TBAPy (excitation wavelength
= 420 nm) and (b) TCPP (excitation wavelength = 420 nm).

occurred within the MOFs, which is attributed to the overlap of
the TBAPy-derived emission wavelength and the TCPP-derived
absorption wavelength.'*® In addition, the aforementioned
trend in PL intensity is consistent with the activity in photo-
catalytic H,O, production, indicating that the superior activity
of AI-TCPP4-TBAPYy6 is attributable to efficient energy transfer
from TBAPy to TCPP, which increases the excitation efficiency of
the reaction site, TCPP.

Fig. 6a shows time-resolved PL spectra of TBAPy linkers in Al-
TBAPy10 and Al-TCPP4-TBAPy6 excited at 405 nm and moni-
tored at 480 nm. The average PL lifetime of the TBAPy linkers
was dramatically decreased from 2.81 to 0.49 ns when TCPP was
mixed into the AI-MOF matrix (Table S37). This shortened PL
lifetime suggests that energy transfer from TBAPy to TCPP
occurred in AI-TCPP4-TBAPy6, consistent with the large

(a) (b)
—ALTBAPY10
o Al-TBAPy10 S
5 Taw = 2811 s ——ALTCPP4-TBAPYS
1 2
2| 1 £ Al-TCPP4-TBAPy6 2
5| | =049 s
3 ‘l," Tawe = 0.49 ns z
o &’ -
(4]
E L <
o |4 K]
=R\ £
(=}
\\' 2
‘ e )
20 30 40 50 415 465 515 565 615
Time / ns Emission wavelength / nm

(c) (d)

Component 1 (2.12ns)

Component 1 (2.08 ns)

Component 2 (9.56ns)
\ Component 2 (65.7 ps)
, —Component 3 (33.8 ns)

5 Component 4 (221 ps) 3 """ SUM
S N SUM <
2] %
z =
420 ’ 470 - 520 570 ‘620 420 470 757207 ‘7‘5;70 620
Wavelength / nm Wavelength / nm
Fig. 6 (a) PL lifetimes for Al-TBAPy10 and Al-TCPP4-TBAPy6 (exci-

tation wavelength = 405 nm). (b) Static state of normalized PL spectra
for Al-TBAPyl0 and Al-TCPP4-TBApy6. TRES spectra of (c) Al-
TBAPy10 and (d) Al-TCPP4-TBAPy6. The excitation wavelength for all
spectra was 405 nm.
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quenching of the steady-state PL intensity observed upon the
incorporation of TCPP linkers."

Interestingly, the steady-state PL spectrum originating from
the TBAPy of AI-TCPP4-TBAPy6 was blue-shifted compared with
that originating from the TBAPy of Al-TBAPy10 (Fig. 6b). To
elucidate the blue-shift in the PL spectrum, we conducted time-
resolved emission spectroscopy (TRES) measurements. This is
a technique used to obtain decay curves for PL lifetimes at
multiple emission wavelengths and to determine the PL inten-
sity of each PL lifetime component at each wavelength. As
a result, the PL spectrum can be separated for each PL lifetime
component. Fig. 6¢c and d present TRES spectra of AI-TBAPy10
and Al-TCPP4-TBAPy6, which were excited at 405 nm. A
comparison of the spectra of AI-TBAPy10 and Al-TCPP4-TBAPy6
reveals that the components with longer PL lifetimes (blue and
green) disappeared with the incorporation of the TCPP linkers.
The disappearance of the long-lived and long-wavelength
emission components is consistent with the shortening of the
PL lifetime and the blue-shift of the emission spectrum derived
from TBAPy due to the incorporation of TCPP. The longer-
wavelength components originate from attenuation at the pyr-
ene cores within the TBAPy linkers.”** The luminescence
produced by the recombination of the pyrene cores is respon-
sible for the energy transfer from the TBAPy linkers to the TCPP
linkers.

Reaction pathway for H,O, production over Al-TCPP(10-X)-
TBAPyX

Fig. 7a shows H,0, production over Al-TCCP4-TBAPy6. H,0,
was produced in the presence of O,, H,O and visible-light
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gaso © No oxygen R R f it
a3 .
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Fig. 7 (a) Comparison of photocatalytic H,O, production over Al-
TCPP4-TBAPy6 under various conditions. (b and c¢) ESR spectra
demonstrating active oxygen species of Al-TCPP4-TBAPy6 under
visible-light irradiation. DMPO and TEMP were used as O," and 10,
trapping agents, respectively. (d) Comparison of H,O, concentration
over Al-TCPP4-TBAPy6 during 3 h of visible-light irradiation with p-
BQ, NaNs and KBrOz as O,~, 'O, and electron scavengers,
respectively.
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irradiation, demonstrating that H,O, was produced from O,
and H,O by AI-TCCP4-TBAPy6 via a photocatalytic pathway.
Activation of O, is a key step in the photocatalytic production of
H,0, from O, and H,0.'*'®3%3* ESR measurements were per-
formed to confirm the active oxygen species involved in the
reaction. The radical trapping agents 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP)
were used to identify O,"~ and 'O,, respectively.** No DMPO-
O, " adducts were detected after the light exposure time was
extended (Fig. 7b). This result discounts the involvement of
0O,’ " as a key active species in this reaction system and suggests
that the reaction mechanism differs from the reaction pathway
involving O,"~ intermediates, which has been deemed as the
main active species in previously reported MOF photocatalysts.?
Clear triplet signals were observed in the presence of TEMP
under visible-light irradiation. These signals were identified as
being associated with 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO), indicating that AI-TCPP4-TBAPy6 produces 'O, via
a light-induced energy transfer process (Fig. 7¢).

To gain insight into the mechanism of photocatalytic H,O,
production over Al-TCCP4-TBAPy6, active-species trapping
experiments were carried out using p-benzoquinone (p-BQ),
sodium azide (NaN;) and potassium bromate (KBrOj3) to capture
superoxide radicals (0, "), singlet oxygen ('0,) and electrons,
respectively.>*® The addition of p-BQ did not substantially
change the amount of H,0, produced, whereas the addition of
NaNj; dramatically suppressed the production of H,O, (Fig. 7d).
These results suggest that H,O, was produced via a 'O, inter-
mediate, and not via general single-electron O, reduction
through O, species. This suggests two possibilities for the
H,0, formation pathway: (i) direct two-electron reduction via
0, species (eqn (2)-(4)) and (ii) H,O oxidation by 'O, species
(eqn (2) and (5)).*”** The proposed reaction pathway to produce
H,0, over AI-TCPP(10-X)-TBAPyX is expressed as follows:

hv |

0, —="0, (2)

'0, + 2H" + 2¢~ — H,0, (3)
2H,0 + 4h* — O, + 4H* (4)
'0, + 2H,0 — 2H,0, (5)

The 0, intermediate is known to involve the selective two-
electron reduction of 0,.*”** In this reaction system, electrons
are supplied toward 'O, from photoexcited electrons of MOFs or
H,0. As shown in Fig. 7d, H,0, production was inhibited in the
presence of the electron-trapping agent. This indicates that
photoexcited electrons of the MOF also contributed to H,0,
production via the direct two-electron reduction reaction (eqn
(3))- Notably, however, energy transfer is also prevented by the
electron-trapping agents. Electron transfer is more dominant
than energy transfer because electron-trapping agents readily
withdraw electrons from excited MOFs.** In addition, 'O,
species can extract electrons from H,O to produce H,0, (eqn
(5))- A similar reaction has been reported elsewhere, where
antibodies were found to produce H,0, from 'O, via H,0
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Oxygen reduction pathway Water oxidation pathway

102 + 2H* + 2 — H202
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2H,0 + 4h* — O, + 4H*

Scheme 2 Proposed mechanism for photocatalytic H,O, production
from O, and H,O over Al-MOFs containing both TBAPy and TCPP
linkers via efficient energy transfer.

oxidation.**® Wentworth et al. demonstrated that H,O; is
formed as an intermediate in the reaction that eventually leads
to the formation of H,0,. Thus, '0, is generated through energy
transfer between the ground state of O, and triplet-state excited
TCPP linkers, and acts as a main species in the formation of
H,0,.

Furthermore, to determine whether holes are essential for
H,0, production, we performed a comparison experiment with
methanol, a hole sacrificial agent. As shown in Fig. S2,7 H,0,
production was dramatically enhanced by adding methanol in
the reaction solution. This is because the oxidation reaction is
easier in methanol than in water. This result indicates that
photogenerated holes are necessary for photocatalytic H,O,
production using Al-TCPP(10-X)-TBAPyX. It is reported that the
HOMO level of a TCPP linker in the reaction site of AI-TCPP(10-
X)-TBAPyX is enough to undergo water oxidation.”® The above
results and the comparison experiments in Fig. 7a present that
Al-TCPP(10-X)-TBAPyX can utilize water as an electron source
for photocatalytic H,0, production.

On the basis of the aforementioned results, we propose
mechanisms for H,O, production over Al-TCPP(10-X)-TBAPyX,
as follows (Scheme 2). The H,0, production process is initiated
by the photoexcitation of the TBAPy linkers under visible-light
irradiation, followed by energy transfer from the TBAPy
linkers to the TCPP linkers. The TCPP linkers transfer to the
triplet state of the excited TCPP linkers. The triplet state of the
TCPP linkers relaxes and provides energy transfer toward O, to
generate '0,. The 'O, species are reduced by photoexcited
electrons of the MOFs, accompanied by a reaction with H' in
H,O0 to produce H,0,; by contrast, generated holes may produce
0, via H,0O oxidation. In addition, 'O, species can directly
oxidize H,O to generate H,O,. The mixing of TBAPy linkers and
TCPP linkers in an AI-MOF matrix accelerates efficient energy
transfer and inhibits relaxation.
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Conclusions

In conclusion, we successfully synthesized a series of Al-based
MOFs integrated with TBAPy and TCPP. Al-TCPP(10-X)-TBA-
PyX showed a phase transformation from AI-TCPP to AI-TBAPy
without two-phase separation as the TBAPy-to-TCPP ratio was
increased. These AI-MOF photocatalysts enabled the photo-
catalytic production of H,0, from O, and H,O without any
additive under visible-light irradiation. In addition, the efficient
energy transfer from the TCPP to the TBAPy enhanced the
photocatalytic activity, which was maximal for Al-TCPP4-
TBAPy6. The efficient energy transfer was maximized by the
integration of both TCPP and TBAPy into a single AI-MOF. In
addition, the poor H,0, decomposition ability of AI-TCPP(10-X)-
TBAPyX allowed for a high H,0, yield. In this reaction system
using Al-TCPP(10-X)-TBAPyX, 'O, was found to be the main
active species for H,0, production, which is completely
different from the H,0, production pathway previously re-
ported for MOF photocatalysts. This work provides new insights
into MOF photochemistry and proposes a new reaction pathway
for photocatalytic H,O, production.
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