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g in metal–organic frameworks
for dark photocatalysis†

Yating Pan,‡a Jingxue Wang,‡a Shengyi Chen,b Weijie Yang, b Chunmei Ding,c

Amir Waseem d and Hai-Long Jiang *a

Dark reactions featuring continuous activity under light off conditions play a critical role in natural

photosynthesis. However, most artificial photocatalysts are inactive upon the removal of the light source,

and the artificial photocatalysts with dark photocatalysis abilities have been rarely explored. Herein, we

report a Ti-based metal–organic framework (MOF), MIL-125, exhibiting the capability of dark

photocatalytic hydrogen production. Remarkably, the introduction of different functional groups onto

the linkers enables distinctly different activities of the resulting MOFs (MIL-125-X, X ¼ NH2, NO2, Br).

Dynamic and thermodynamic investigations indicate that the production and lifetime of the Ti3+

intermediate are the key factors, due to the electron-donating/-withdrawing effect of the functional

groups. As far as we know, this is the first report on dark photocatalysis over MOFs, providing new

insights into the storage of irradiation energy and demonstrating their great potential in dark

photocatalysis due to the great MOF diversity.
Introduction

Energy storage and conversion are important solutions toward
global sustainable development.1–3 Natural photosynthesis
refers to the solar energy capture and storage through a series of
donor and acceptor cofactors as charge transfer chains. These
charges captured by cofactors demonstrate charge separation in
the light reaction and possess a long lifetime capable of driving
reactions in the dark.4 Specically, solar energy is captured by
the photosensitizers to produce carbohydrates from CO2 and
H2O, where water oxidation generates O2 and protons in light
reactions, and the protons react with CO2 to afford carbohy-
drates in dark reactions. Inspired by this, articial photo-
catalytic systems have been developed for converting solar
energy into chemical energy and meeting current energy and
environmental challenges.5–7 Unfortunately, compared with
natural photocatalytic systems, most articial photocatalytic
materials display activity under light irradiation only, and lack
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the ability to store electrons in the dark to achieve further
reaction like the natural photocatalytic system; accordingly, the
reports on photocatalysis operated in the dark are limited.8–15

Therefore, it is very attractive to mimic the natural plant cells
and develop articial photocatalysts with a dark photocatalysis
capability, which are able to store reducing/oxidizing energy to
drive reactions in the dark and would be candidates for energy
storage.8–15

Photosensitive unit and energy storage substance are the two
important components to achieve dark photocatalysis in pho-
tocatalysts.11 Therefore, the relevant investigations mainly focus
on the catalysts composed of these two components, such as
Cu2O/TiO2,12 C3N4/carbon nanotube/graphene,13 and g-C3N4@-
Au@SrAl2O4: Eu2+, Dy3+,14 etc. The structural complexity of
composites causes the difficulty of accurately understanding
the structure–property relationship. Unfortunately, the study on
single-component photocatalysts with dark photocatalysis
behavior has remained extremely rare thus far.8,10,15 It is highly
desired to explore photocatalysts with well-dened and readily
tailorable structures for unveiling the underlying mechanism
and achieving rational regulation of dark photocatalysis.

As a class of crystalline porous materials featuring well-
dened and tunable structures, metal–organic frameworks
(MOFs) possess semiconductor-like behavior and great poten-
tial in fundamental photocatalysis.16–39 The diversity of organic
linkers and metal-oxo clusters enables MOFs to be promising
materials for dark photocatalysis, as they integrate the photo-
sensitive unit (organic linkers) with the energy storage
substance (metal-oxo clusters). Moreover, the atomically precise
and tailorable structures of MOFs provide congenital
© 2022 The Author(s). Published by the Royal Society of Chemistry
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conditions for activity regulation by structural alteration in
photocatalysis, including light absorption, charge transfer
kinetics, etc.40–43 It is assumed that the understanding of the
structure–activity relationship toward dark photocatalysis
would be better achieved by a systematic structural regulation of
MOFs.

With the above thoughts inmind, herein, a representative Ti-
MOF, MIL-125,44 constructed of cyclic octamers of TiO5(OH)
linked by 1,4-benzenedicarboxylate (BDC), featuring an evident
color change upon light irradiation by converting Ti4+ to Ti3+ as
per previous reports,24,45 has been found to exhibit dark pho-
tocatalysis behavior. It is demonstrated that such color change
could be maintained for a long time aer the light is off, indi-
cating the electron storage ability due to the long-lived Ti3+

electronic state. As a result, dark photocatalytic hydrogen
production over MIL-125 has been successfully achieved in the
presence of a Pt co-catalyst. Signicantly, thanks to the tunable
MOF structure, the introduction of different functional groups
on the BDC linker greatly affects the generation and lifetime of
Ti3+, resulting in a distinctly different dark photocatalysis
activity (Scheme 1). To our knowledge, this is unprecedented
work on dark photocatalysis over MOFs.
Results and discussion

Typically, MIL-125 and MIL-125-NH2 were synthesized directly
with the Ti precursor and the linkers via a solvothermal
method. Unfortunately, it is difficult to obtain MIL-125-NO2 and
MIL-125-Br with good crystallinity by the sole or mixed linker
strategy under solvothermal conditions. Alternatively, they were
fabricated by linker-exchange of MIL-125,46 and the maximum
exchange extent is �50% (Fig. S1†). Powder X-ray diffraction
patterns (XRD) indicate that all MIL-125-X (X ¼ NH2, NO2, Br)
feature the same structure as MIL-125 (Fig. S2†). Scanning
electron microscopy (SEM) images show that MIL-125-X have
a similar morphology and size to MIL-125 (Fig. S3†). Moreover,
infrared (IR) spectra manifest the successful introduction of the
functional groups in MIL-125-X (Fig. S4†). The functional
groups on the linkers extend the light absorption of MIL-125
(Fig. S5 and S6†).

On light irradiation, the color of MIL-125 changes from
white to blue by using methanol (MeOH) as the electron donor
Scheme 1 Illustration showing the dark photocatalysis over MIL-125
and MIL-125 with different functional groups, MIL-125-X (X ¼ NH2,
NO2, Br).

© 2022 The Author(s). Published by the Royal Society of Chemistry
in an oxygen-free environment (Fig. 1), similar to that observed
in the previous report on MIL-125 photocatalysis.21,24 The color
change is ascribed to the generation of Ti3+ based on the elec-
tron spin resonance (ESR) results (Fig. S7†). Compared to MIL-
125 in the dark, new ESR peaks at g ¼ 1.945, 2.002 and 2.025
under light irradiation are assignable to Ti3+ and O2c

� adsorbed
onto Ti-oxo clusters (the residual O2 molecules accept electrons
from electron-trapped Ti-oxo cluster),35,47 manifesting that Ti4+

in MIL-125 accepts electrons and is converted to a Ti3+ inter-
mediate via the common ligand–metal charge transfer (LMCT)
process. Upon turning off the light, the catalyst slowly fades for
a very long time (43 hours, Fig. 1), possibly due to the accep-
tance of electrons by the inevitably leaked air (O2), during which
negligible hydrogen is detected (Fig. S8†). This phenomenon
indicates that MIL-125 can produce a long-lived intermediate
that gives rise to the MOF discoloration under light irradiation.
This long-lived intermediate can also be evidenced by the
maintained ESR signal aer turning off the light for a long time
(Fig. S7†). In sharp contrast, upon light off, the introduction of
Pt nanoparticles (NPs, �3 nm, Fig. S9, Table S1†) into the
reaction solution resulted in the blue color gradually dis-
appearing and hydrogen being produced accordingly is in the
dark. This suggests that the electrons stored in the long-lived
intermediate can be released upon introducing Pt NPs to ach-
ieve the dark photocatalytic hydrogen production, which is
similar to the dark reaction of natural photosynthesis. By opti-
mizing the amount of sacricial agent (methanol), the dark
photocatalytic hydrogen production can last up to 1.5 hours and
reach a plateau (Fig. 2a). The rate of MIL-125 is quite fast
(�270.2 mmol g�1 h�1) in the rst 30min, and the average rate is
116.7 mmol g�1 h�1 over 90 min. This indicates that the stored
electrons are rapidly released to produce hydrogen by intro-
ducing the Pt co-catalyst upon light off, then the number of
electrons is reduced and the rate of releasing electrons to
hydrogen is slowed down, and nally, the electrons are
completely consumed. The elevated temperature can accelerate
the H2 release (Fig. S10†). Moreover, it is found that the meth-
anol concentration plays an important role in the dark photo-
catalysis with acetonitrile as a solvent. As the methanol
Fig. 1 Color change of MIL-125 in the dark along with time: (a) 0 h; (b)
1 h; (c) 5 h; (d) 30 h; (e) 32 h; (f) 43 h.
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Fig. 2 (a) Dark photocatalytic hydrogen production activity of MIL-125
with different amounts of methanol at 25 �C. (b) Dark photocatalytic
hydrogen production activity comparison of MIL-125 and MIL-125-X
(X ¼ NH2, NO2, Br) with 0.5 mL TEOA as a sacrificial agent at 25 �C. (c)
Decay profiles of UV-Vis absorption at 530 nm (raw data in Fig. S18†).
(d) ESR spectra (solid and dotted lines represent signals in the dark and
when light is on, respectively) for MIL-125 and MIL-125-X (X ¼ NH2,
NO2, Br).

Fig. 3 (a) Photocurrent responses, (b) EIS Nyquist plots, (c) photo-
luminescence (PL) spectra (excited at 250 nm), and (d) time resolved
PL spectra for MIL-125 and MIL-125-X (X ¼ NH2, NO2, Br) in MeCN.
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concentration increases, the hydrogen production activity
increases at rst and then decreases, manifesting a volcanic
trend (Fig. S11†). In fact, similar results can be observed when
TEOA or TEA is adopted as a sacricial agent instead (Fig. S12†).

To explore whether the dark photocatalytic activity would be
inuenced by a minor structural modulation of the MOF, MIL-
125-X (X ¼ NH2, NO2, Br) featuring different functional groups
tethered on its organic linker (BDC) has been examined in the
presence of TEOA as the sacricial agent (TEOA is efficient for
the hole removal of MIL-125-X compared with MeOH, Fig. S13†)
and Pt NPs as electron acceptors (Fig. S9 and S14†). As
mentioned above, the introduction of functional groups onto
the BDC linker extends the light absorption of MIL-125 to some
extent (Fig. S6†). Intuitively, MIL-125-X may showcase improved
dark photocatalytic hydrogen production activity.24,46 However,
the results are beyond our expectations. In comparison with
MIL-125, the dark photocatalytic activity and maintained time
length of MIL-125-NH2 are signicantly increased, while the
activity and time length of MIL-125-Br are much reduced; MIL-
125-NO2 almost gives no activity (Fig. 2b and S15†). The further
synthesized MIL-125-0.5NH2 with 50% –NH2 group also pres-
ents the expected activity improvement in the dark reaction
(Fig. S16†). The hydrogen source has been also identied by an
isotopically labelled D2O experiment (Fig. S17†).

In terms of the three key aspects of photocatalysis, light
absorption, charge separation and transfer, and redox ability, it
is evident that the light absorption inuence on the activity can
be largely ruled out based on the above experimental results.
Given that the same redox reaction is conducted over these
MOFs, the remaining dominant factor should be charge sepa-
ration and transfer ability. To disclose this, the reactive inter-
mediates that accept and store photogenerated electrons for
6698 | Chem. Sci., 2022, 13, 6696–6703
dark photocatalysis have been characterized. A new broad peak
in the UV-Vis absorption spectra in the range of 450–800 nm,
assignable to the Ti3+ absorption, can be observed under
vacuum and light irradiation;24 the peak gradually decreases
along with prolonged time in the dark (Fig. 2c and S18†). This
observation further supports the formation of the Ti3+ inter-
mediate, as mentioned above (Fig. S7†). Given that different
functional groups possess discriminative electron-donating/-
withdrawing abilities, the Ti3+ ESR and the UV-Vis absorption
signal present different intensities for MIL-125-X (X ¼ NH2,
NO2, Br) under light irradiation (Fig. 2c and d). MIL-125-NH2

produces a signicantly higher ESR and UV-Vis absorption
signal than MIL-125, whereas MIL-125-Br and MIL-125-NO2

have much lower signal intensity. The results reveal that the
electron-donating –NH2 group is benecial to the Ti3+ produc-
tion, while the –Br and –NO2 groups featuring electron-
withdrawing behavior are detrimental to Ti3+ generation.
Consistent with this, the UV-Vis absorption decay prole of the
Ti3+ signal along with the dark time indicates that the Ti3+

intermediate produced by MIL-125-NH2 with an electron-
donating group possesses a longer lifetime, whereas MIL-125-
X (X ¼ Br, NO2) with electron-withdrawing groups exhibits
shorter life spans (Fig. 2c and S18†).

Photoelectrochemical characterizations are adopted to
further investigate the inuence of different functional groups
on the lifetime of the intermediate produced by the LMCT
process. Compared with MIL-125, the photocurrent and elec-
trochemical impedance spectroscopy (EIS) measurements of
MIL-125-NH2 with an electron-donating group demonstrate an
enhanced photocurrent response and a reduced Nernst radius
(Fig. 3a and b). On the contrary, MIL-125-X with electron-
withdrawing groups (X ¼ Br, NO2) manifests a lower photo-
current response and larger radii. The results indicate that the
charge separation and transfer, i.e. LMCT process, can be
promoted by an electron-donating group. The open-circuit
© 2022 The Author(s). Published by the Royal Society of Chemistry
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potential (OCP) response reveals a long decay time of MIL-125-
NH2, while MIL-125-Br and MIL-125-NO2 give a reduced decay
time (Fig. S19†), which are supportive and in line with the above
results on the promoting effect of dark photocatalysis by an
electron-donating group. Given the electron-donating/-
withdrawing effect of diverse groups on the linkers, it is infea-
sible to distinguish the charge separation ability by means of
photoluminescence (PL) intensity which reects the concen-
tration of charge carriers (Fig. 3c). The time-resolved PL spectra
demonstrate a prolonged lifetime of photogenerated carriers in
MIL-125-NH2 involving the electron-donating group (Fig. 3d
and Table S2†), indicating the inhibited recombination in MIL-
125-NH2 compared with MIL-125, and the favorable charge
separation and electron storage by introducing an electron-
donating group. The steady-state PL is almost quenched when
introducing TEOA in MeCN; the time-resolved PL under this
condition gives a similar trend to that without TEOA (Fig. S20,†
and 3d), where the reduced intensity and lifetime might be due
to the consumed holes by TEOA. Combining all these results, it
can be deduced that the dark photocatalytic hydrogen produc-
tion largely depends on the yield and lifetime of the Ti3+

electron-storage intermediate inuenced by charge separation
(LMCT process) under light irradiation, and different functional
groups of MOF linkers play signicant roles on the intermediate
production.

A time-dependent density-functional theory (TD-DFT)
calculation has been adopted to simulate the inuence of the
functional group on the LMCT process and charge separation
(Fig. 4 and S21†). The charge density distribution diagram of
the MIL-125 excited state reveals that the electrons are mainly
distributed on the Ti-oxo cluster and the holes are le on the
Fig. 4 Electron–hole distribution diagrams of (a) MIL-125, (b) MIL-
125-NH2 and (c) MIL-125-NO2 in their excited states (red: O; sky blue:
Ti; blue: N; gray: C; olive color: electrons; cyan color: holes). (d)
Overlapping percentage and distance between electrons and holes in
MIL-125 and MIL-125-X (X ¼ NH2, NO2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
linker (Fig. 4a). The charge density distribution changes aer
graing the linkers with different functional groups. The
electron-donating group (-NH2) shows more electron density
distribution on the cluster and a longer distance between
electrons and holes (Fig. 4b and d), which indicates the
improved charge separation. By contrast, the electron density is
lower on the MOF cluster with the electron-withdrawing group
(–NO2) and there is signicant overlap in the distribution
between electrons and holes (Fig. 4c), implying the possible
quick recombination of e–h pairs. The overlapping percentage
of electrons and holes can be used to describe the degree of
charge separation (Fig. 4d). The calculation results indicate that
the introduction of an electron-donating group is benecial,
while an electron-withdrawing group is detrimental to the
charge separation and electron storage in the MIL-125 system,
thereby resulting in their differentiated activity in dark
photocatalysis.

According to the above results, it should be safe to conclude
that the yield and lifetime of the Ti3+ intermediate that store
and relay electrons are largely responsible for the dark photo-
catalytic activity of the MIL-125 series. The functional groups on
the MIL-125 linker provide different effects on the charge
separation, where the better separated electrons allow the
longer yield and lifetime of Ti3+ electron-storage intermediates,
accounting for their distinctly different dark photocatalytic
activity. The generated Ti3+ percentage in the light harvesting
step and the percentage of these Ti3+ intermediates converted
into H2 in the dark reaction are roughly estimated to be 8.6%
and 55.3% in MIL-125-NH2, respectively, based on the
consumed TEOA and the generated H2 amount (Table S3†).

In addition, the redox ability of the catalyst may be another
signicant factor inuencing the activity of dark photocatalysis.
The lowest unoccupied molecular orbital (LUMO) energy
potential of MIL-125-NH2, MIL-125, MIL-125-Br and MIL-125-
NO2 is at �0.92, �0.60, �0.41 and �0.31 V (vs. NHE), respec-
tively, based on the Mott–Schottky analysis (Fig. S22†), which is
similar to the trend of the DFT calculation (Fig. S21†). In
combination with the bandgap energy (Eg) (Fig. S23†), the
overall band structure positions can be calculated (Fig. S24a†).
Their LUMO energy potential levels are all higher than the
standard redox potential for hydrogen production. The intro-
duction of electron-donating groups induces the more negative
LUMO energy potential, giving rise to the easier proton reduc-
tion. This is further supported by the linear sweep voltammetry
(LSV) curves, which show that MIL-125-NH2 has a lower
hydrogen production overpotential than MIL-125 (Fig. S24b†),
while MIL-125-Br and MIL-125-NO2 give much higher over-
potentials. These results demonstrate that the introduction of
functional groups will affect the redox ability of MOFs, which
also contribute to the differentiated dark photocatalytic activity.

Conclusions

In summary, the formation of a long-lived Ti3+ intermediate
under light irradiation enables MIL-125 with electron storage
abilities to achieve dark photocatalysis. The electron-donating/-
withdrawing group on the BDC linker greatly affects the redox
Chem. Sci., 2022, 13, 6696–6703 | 6699
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ability and e–h separation (LMCT process) in the resulting iso-
reticular MIL-125-X (X ¼ NH2, NO2, Br). The altered charge
separation capability plays a crucial role and gives rise to the
differentiated electron storage ability and lifetime of the Ti3+

intermediate generated by the LMCT process in these MOFs
under light irradiation. Upon light off, the storage electrons in
the Ti3+ intermediate can be released for proton reduction, and
accordingly, the MOFs involving diverse groups exhibit
distinctly different dark photocatalytic activities, among which
MIL-125-NH2 possesses superior activity to the other counter-
parts. Given the huge structural diversity, it is believed that
MOFs are very promising in dark photocatalysis. Moreover, in
addition to dark photocatalytic hydrogen production, the reac-
tion should be extendable, such as benzyl alcohol oxidation
(Fig. S25†). As far as we know, this is the rst study on the
systematic regulation of dark photocatalytic hydrogen produc-
tion over MOF-based materials. This work opens a new avenue
to the lifetime modulation of electron relay toward enhanced
dark photocatalysis.

Experimental section
Preparation of MIL-125

MIL-125 was synthesized with some modications based on
a previous report.44 Typically, 0.6 g of terephthalic acid (BDC)
was ultrasonically dispersed in 9.0 mL of extra dry N,N-dime-
thylformamide (DMF) in a 20 mL Teon-lined stainless steel
autoclave. Then, 1.2 mL of extra dry methanol and 0.312 mL of
tetrabutyltitanate were added and stirred for 5 min. Themixture
reacted in an oven at 130 �C for 15 h. The product was ltered
and then washed with DMF and methanol several times, fol-
lowed by drying in an oven at 85 �C overnight.

Preparation of MIL-125-X (X¼ NH2, NO2, Br) and MIL-125-
0.5NH2

Generally, the synthesis of MIL-125-NH2 was the same as that of
MIL-125, except for the replacement of BDC with the same
molar amount of 2-aminoterephthalic acid (ATA). For MIL-125-
NO2, MIL-125-Br and MIL-125-0.5NH2, typically, 196.0 mg of
BDC-NO2, 506.7 mg of BDC-Br and 90.6 mg of ATA were added
to a mixture of 56.2 mg of MIL-125, 9.0 mL of extra dry N,N-
dimethylformamide (DMF) and 1.0 mL of extra dry methanol,
respectively. Then the mixture was heated in an oven at 130 �C
for 15 h. The rest of the procedure was the same as for MIL-125.

Dark photocatalytic hydrogen production experiments

Typically, 10 mg of photocatalyst was dispersed in a suspension
of different solvents and sacricial agents (the reaction
temperature was 25 �C unless otherwise stated):

(a) MeOHwas used as the solvent and sacricial agent for the
photocatalytic hydrogen production activity of MIL-125 (4 mL of
MeOH) and MIL-125-NH2 (2 mL of MeOH) under light on and
off conditions (Fig. S8 and S13†);

(b) MeOH (2mL) was used as the solvent and sacricial agent
for the photocatalytic hydrogen production over MIL-125 under
different reaction temperatures (25 �C and 35 �C) (Fig. S10†);
6700 | Chem. Sci., 2022, 13, 6696–6703
(c) Different amounts of MeOH, TEA and TEOA as sacricial
agents and MeCN as a solvent were applied for studying the
effect of sacricial agent concentration on dark photocatalysis
(Fig. 3a, S11 and S12†);

(d) TEOA (0.5 mL) as a sacricial agent andMeCN (3.5 mL) as
a solvent were applied in the investigation of different func-
tional groups on MIL-125-X on dark photocatalysis.

The suspension was transferred into an optical reaction
vessel (160 mL) and purged with nitrogen for 15 min to remove
air. The reaction solution was irradiated for 1 h using a 300 W
Xe lamp (LX-300F, Japan) equipped with a UV cut-off lter (200–
800 nm). Then, 0.25 mL of a pre-synthesized Pt nanoparticle
(NPs, �3 nm) solution (0.5 mg mL�1) was introduced into the
reaction system once the light was turned off. The size and
added amount of Pt NPs were xed in this work. Hydrogen gas
was measured aer certain intervals of time by gas chroma-
tography (Shimadzu GC-2014) with a thermal conductivity
detector (TCD).

Isotopically labelled D2O experiment

Typically, 10 mg of MIL-125 were dispersed in 0.5 mL of TEOA
and 3.5 mL of MeCN. The isotopically labelled D2O experiment
was conducted by replacing the 0.25 mL H2O solution con-
taining Pt NPs with a 0.25 mL D2O solution containing Pt NPs.

Dark photocatalytic benzyl alcohol oxidation experiment

Generally, 10 mg of MIL-125 were dispersed in 0.5 mL of benzyl
alcohol and 3.5 mL of anhydrous MeCN, and the suspension
was transferred into an optical reaction vessel (160 mL) with
a tee knob of an oxygen balloon (the tee knob was rst
disconnected) and purged with nitrogen for 15 min to remove
air. The reaction solution was irradiated by the 300 W Xe lamp
(LX-300F, Japan) equipped with a UV cut-off lter (200–800 nm).
One hour later, the light was turned off and the tee knob of the
oxygen balloon was connected. The product was measured and
analysed by GC (Shimadzu GC-2010 Plus) equipped with an FID
detector.

Estimated percentages of excited and converted Ti3+ species

Generally, 10 mg of MIL-125-NH2 were dispersed in 3.5 mL of
MeCN and 0.5 mL of TEOA. The suspension was transferred
into an optical reaction vessel (160 mL) and purged with
nitrogen for 15 min to remove air. The reaction solution was
irradiated by the 300W Xe lamp (LX-300F, Japan) equipped with
a UV cut-off lter (200–800 nm). One hour later, the light was
turned off. The consumed TEOA was analysed by GC (Shimadzu
GC-2010 Plus) equipped with a FID detector, so that the excited
Ti3+ in the light-harvesting step could be evaluated. The
generated H2 amount was measured by GC (Shimadzu GC-2014)
with a TCD to estimate the converted Ti3+.

Computational methods

Density functional theory (DFT) was carried out to elucidate the
electronic properties of the titled MOFs in their excitation
states. In this work, the MIL-125 and MIL-125-NH2 models were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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constructed based on the structural formula Ti8O8(OH)4(BDC)6
and Ti8O8(OH)4(BDC-NH2)6, respectively.46 MIL-125-NO2 was
achieved by replacing three BDC (total of six BDC units) with
BDC-NO2. The structural optimization was performed by the
PBE1PBE density functional method and the def2-SVP basic
set.48,49 Grimme's DFT-D3method was used for the correction of
dispersion interaction via the Becke–Johnson damping func-
tion.50,51 The calculation of the excited states was performed
with time-dependent density-functional theory (TDDFT). Due to
the large computational cost, only the rst singlet transitions
were calculated. The hole and electron distributions, which
represent the difference between the electron density of the rst
singlet excited state and the ground state, were calculated and
analyzed by the wave function analysis soware Multiwfn 3.8,
and the results were visualized by the visualization program
VMD 1.9.1.52–54

To better understand the electron excitation process, some
indices describing electron holes are dened as follows:

Sð~rÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rele

�
r1
!�

rhole
�
r2
!�r

where rele(~r1) r
hole(~r2) are dened as the density of the hole and

the electron, respectively. Subsequently, Sr, which represents
the overlap of holes and electrons, is dened as follows:

Sr ¼
ð
Sð~rÞd~r

The center of mass of the electron (hole) can be calculated by
the following formula:

Xele ¼
ð
rele

�
r1
!�

xd~r

mele ¼ (Xele,Yele,Zele)

where mele (mhole) represents the center of the mass coordinate of
the electron (hole), and the calculationmethod of Yele and Zele is
the same as that of Xele. D index can measure the centroid
distance between the electron and the hole:

~D ¼ jmele � mholej

D ¼ j~Dj

sele:l
��! ðshole:l���!Þ indicates the distribution breadth of electrons
(holes) in the corresponding direction:

sele:l
��! ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið
ðl� meleÞ2releð~rÞd~r

s

where l represents the three directions of coordinates (x, y, z).
Hl measures the average extent of holes and electrons in the

l direction:

Hl ¼
�
sele:l
��!þ shole:l

���!�.
2

© 2022 The Author(s). Published by the Royal Society of Chemistry
HCT measures the average extent of holes and electrons in
the direction of charge transition:

HCT ¼
��� ~HmCT

��!���
where ~H is the vector written together with Hx, Hy, and Hy, and
mCT
�! is the unit vector in the direction of charge transition, which
can be directly obtained by using the position of the center of
mass of electrons and holes.

The H index reects the overall average distribution breadth
of electrons and holes:

H ¼
����sele:l
��!���þ ���shole:l

���!����.2

Finally, we dene the t index that is used to measure whether
electrons and holes are signicantly separated:

t ¼ D � HCT

If the t index is larger than 0, this implies that the separation
of holes and electrons is sufficient, because the centroids of
holes and electrons are far away, and their average degree of
extension in this direction is relatively not so high.

Photoelectrochemical measurements

The photoelectrochemical measurements were performed on
a CHI 760E electrochemical workstation (Chenhua Instrument,
Shanghai, China) with a standard three-electrode system:
a working electrode (the photocatalyst-coated ITO plate),
a counter electrode (Pt plate) and a reference electrode (Ag/
AgCl), with a 300 W Xenon lamp (LX-300F, Japan) as the light
source and a 0.1 M Na2SO4 solution as the electrolyte. A
suspension (200 mL, prepared by 2 mg of catalyst, 10 mL of
Naon and 1 mL of ethanol) was dropped onto the ITO plate
surface with an exposed area of 1.0 � 1.0 cm2 as the working
electrode. A bias potential of +0.5 V was applied in this
measurement process.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed on
a Zahner Zennium electrochemical workstation in a standard
three-electrode system (photocatalyst-coated glassy carbon as
the working electrode, a Pt plate as the counter electrode, and
Ag/AgCl as the reference electrode), with a 0.1 M Na2SO4

aqueous solution as the electrolyte. The working electrode was
prepared by dropping 30 mL of the suspension (2 mg of catalyst
was dispersed into a mixed solution of 10 mL of 5 wt% Naon
and 1 mL of ethanol) onto the surface of the glassy carbon
electrode. Then, the EIS measurements were conducted with
a bias potential of �1.7 V in the dark.

Linear sweep voltammetry (LSV) curves

LSV curves were also collected on a CHI 760E electrochemical
workstation with a standard three-electrode system, the same as
that in photoelectrochemical measurements. However, the
Chem. Sci., 2022, 13, 6696–6703 | 6701
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working electrodes were prepared by dropping 100 mL of
suspension to the surface of an ITO plate with a 2.0 � 2.0 cm2

exposed area. A bias potential of �0.6 V to �0.05 V was applied
in this measurement process.

Open-circuit potential (OCP) response test

On a CHI 760E electrochemical workstation (Chenhua Instru-
ment, Shanghai, China) with a standard three-electrode system
of a photocatalyst-coated ITO working electrode, a Pt counter
electrode and an Ag/AgCl reference electrode, the OCP
measurements were carried out in a 0.1 M Na2SO4 electrolytic
solution. The ITO working electrode with a 2.0 � 2.0 cm2

photocatalyst-coated area was prepared by a 100 mL suspension
(2 mg of catalyst, 10 mL of 5 wt% Naon and 1 mL of ethanol).
For the rst 50 s, the OCP was measured under light irradiation
and the rest of the data were collected in the dark.

Data availability

All experimental and computation data and methods related to
this study can be found in the test and ESI.†
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