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ABSTRACT: Metal−organic frameworks (MOFs) have demonstrated
great potentials toward catalysis, particularly in the establishment of
structure−property relationships. Herein, an unusual OOP (out-of-plane)
porphyrin-based MOF, synthesized by controlling the metal ion release
with an unprecedented In(OH)3 precursor, possesses high stability and
exhibits unexpectedly high photocatalytic hydrogen production activity, far
surpassing the isostructural in-plane porphyrin-based MOF counterparts.
In the MOF structure, indium ions not only form indium−oxo chains but
also metalate the porphyrin rings in situ, locating above the porphyrin
plane instead of fitting in a coplanar fashion into the cavity and affording
an unusual OOP porphyrin. Control experiments demonstrate that the
OOP In(III) ions readily detach from the porphyrin rings under light
excitation, avoiding the fast back electron transfer and thus greatly
improving electron−hole separation efficiency and photocatalytic performance. To our knowledge, this is an unprecedented
report on boosting MOF photocatalysis on the basis of special metalloporphyrin behavior.
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1. INTRODUCTION

The depletion of fossil energy resources and increasing
environmental issues greatly motivate the development of
renewable clean energy. It is very promising to convert solar
energy into hydrogen fuel, especially photocatalytic hydrogen
(H2) production from water splitting.1−6 Up to now, a variety
of materials have been exploited for this process.1−6 Among
them, metal−organic frameworks (MOFs),7−11 a relatively new
class of porous materials, possess great potential in photo-
catalysis on account of their semiconductor-like behaviors and
accessible active sites as well as the inhibited charge
recombination, thanks to their porous and crystalline
nature.12−32 The tailorable, diversified, and well-defined
structures of MOFs allow an in-depth understanding of
structure−photocatalytic property relationships and further
rational optimization of catalytic performance.
Given that UV light accounts for ∼4% while visible light

contributes ∼43% of solar energy, it would be of great
importance to employ MOFs that are able to harvest visible
light as much as possible.12,29 To this end, the porphyrin unit,
which has been demonstrated to possess excellent performance
toward hydrogen evolution,33−37 was introduced to MOF
structures due to its excellent visible light harvesting capability
and some important considerations (see discussions in the
Supporting Information), thus exhibiting impressive activities

toward visible light photocatalytic CO2 reduction and organic
transformation.24,25,38,39 Surprisingly, there have been only two
reports on photocatalytic water splitting over porphyrinic
MOFs,14,28 possibly due to their poor stability in most cases.
To fabricate chemically stable MOFs for photocatalysis, the
formation of strong coordination bonds between metal ions
with high charge/radius ratio (such as Zr4+, Al3+, In3+, Fe3+,
etc.) and porphyrinic carboxylates based on hard−soft acid−
base (HSAB) theory has been established. Among these
potential metals, In3+ and Fe3+ are very promising, as not only
would they afford stable skeletons but also, more importantly,
they might be implanted in situ into the porphyrin centers to
improve the catalytic activity.38,40,41

Bearing the above considerations in mind, we have
successfully prepared an indium-based porphyrinic MOF,
USTC-8(In), in which 1D In−oxo chains are formed and
connected by the porphyrin ligand to give the 3D structure.
Meanwhile, additional In3+ ions in the structure are located
above the porphyrin plane (that is, out of plane, denoted as
OOP) instead of fitting in a coplanar fashion into the cavity
(that is, in-plane) because of their large size (Figure S1).
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Thanks to the formation of strong coordination bonds, the
MOF possesses very high stability in aqueous solution with pH
ranging from 2 to 11. Remarkably, USTC-8(In) exhibits
excellent photocatalytic H2 production activity under visible
light irradiation, far superior to the isostructural porphyrinic
MOF counterparts with in-plane central metals. Control
experiments indicate a detachment−insertion mechanism
involved in the catalytic process, where the OOP In3+ ions
detach from the porphyrin ligands under excitation, avoiding
the fast back electron transfer in common metalloporphyrinic
MOFs and thus greatly improving electron−hole (simply
denoted e-h) separation and photocatalytic efficiency. To our
knowledge, this is the first report on the unique light-induced
metalloporphyrin behavior for improved e-h separation in
MOF photocatalysis.

2. EXPERIMENTAL SECTION
2.1. Materials and Instrumentation. All of the chemicals

were purchased from commercial sources without further
treatment. The tetrakis(4-carboxyphenyl)porphyrin (TCPP)
and metal-involved TCPP (M-TCPP) ligands were prepared
according to previous reports.25,42 Deionized water with a
specific resistance of 18.25 MΩ·cm was obtained by reverse
osmosis followed by ion exchange and filtration (Cleaned
Water Treatment Co., Ltd., Hefei). Powder X-ray diffraction
(XRD) patterns were measured on a Japan Rigaku Miniflex 600
rotating anode X-ray diffractometer or Holland X’Pert PRO
fixed anode X-ray diffractometer equipped with graphite-
monochromated Cu Kα radiation (λ = 1.54178 Å). The
transmission electron microscopy (TEM) images were acquired
on a JEOL JEM-2100F field-emission transmission electron
microscope. Nitrogen adsorption−desorption isotherms were
measured using a Micromeritics ASAP 2020 system at 77 K.
Both UV−vis absorption and diffuse reflectance spectra were
recorded on an UV−vis spectrophotometer (UV-2700,
Shimadzu) in the wavelength range of 200−800 nm. The
catalytic reaction products were analyzed and identified by gas
chromatography (Shimadzu GC-2014). 1H NMR spectra were
recorded on a Bruker AC-400FT spectrometer (400 MHz).
Thermogravimetric (TG) analysis was carried out on a TGA
Q5000 integration thermal analyzer from room temperature to
700 °C at a rate of 5 °C min−1 under N2 flow.
2.2. Synthesis of USTC-8. 2.2.1. Synthesis of USTC-8(In).

Typically, DMF (2 mL) and HNO3 (0.35 mL) were placed in a
5 mL glass vial with indium(III) hydroxide (6.5 mg, 0.039
mmol) and H2TCPP (10 mg, 0.013 mmol), and the glass vial
was sonicated until the ligand was completely dissolved. Then
the vial was placed in a preheated oven at 120 °C for 4 days.
After the mixture was cooled to room temperature, purple
spindle single crystals were obtained (4.7 mg, 32%). FTIR
(cm−1, KBr): 3427 (w), 2923 (w), 2493 (w), 1588 (s), 1538
(m), 1399 (vs), 1177 (w), 1011 (m), 867 (w), 839 (w), 778
(m), 723 (m). Anal. Calcd for USTC-8(In): C, 49.65; H, 2.08;
N, 4.8. Found: C, 48.93; H, 2.36; N, 4.84.
2.2.2. Synthesis of USTC-8(Cu). Typically, DMF (2 mL)

and HNO3 (0.3 mL) were placed in a 5 mL glass vial with
indium(III) hydroxide (5 mg, 0.032 mmol) and Cu-TCPP (10
mg, 0.012 mmol) and the glass vial was sonicated until the
ligand was completely dissolved. Then the vial was placed in a
preheated oven at 130 °C for 2 days. After the mixture was
cooled to room temperature, black spindle single crystals were
obtained (5.2 mg, 37% yield). FTIR (cm−1, KBr): 3413 (w),
2925 (w), 1610 (m), 1543 (m), 1402 (vs), 1179 (w), 1011

(vs), 870 (m), 839 (w), 777 (m), 722 (m). Anal. Calcd for
USTC-8(Cu): C, 51.94; H, 2.18; N, 5.05. Found: C, 49.65; H,
2.49; N, 4.64.

2.2.3. Synthesis of USTC-8(Ni). Typically, DMF (2 mL) and
HNO3 (0.2 mL) were placed in a 5 mL glass vial with
indium(III) hydroxide (5 mg, 0.032 mmol) and Ni-TCPP (10
mg, 0.012 mmol) and the glass vial was sonicated until the
ligand was completely dissolved. Then the vial was placed in a
preheated oven at 140 °C for 1 day. After the mixture was
cooled to room temperature, violet spindle single crystals were
obtained (4.6 mg, 33%). FTIR (cm−1, KBr): 3431 (m), 2928
(w), 2350 (w), 1595 (s), 1535 (m), 1409 (vs), 1181 (w), 1007
(m), 871 (w), 829 (w), 778 (m), 716 (m). Anal. Calcd for
USTC-8(Ni): C, 52.17; H, 2.19; N, 5.1. Found: C, 52.09; H,
2.85; N, 4.05.

2.2.4. Synthesis of USTC-8(Co) Single Crystals. Typically,
DMF (2 mL) and HNO3 (0.3 mL) were placed in a 5 mL glass
vial with indium(III) hydroxide (8 mg, 0.052 mmol) and Co-
TCPP (10 mg, 0.012 mmol) and the glass vial was sonicated
until the ligand was completely dissolved. Then the vial was
placed in a preheated oven at 100 °C for 2 days. After the
mixture was cooled to room temperature, black spindle single
crystals were obtained.

2.2.5. Synthesis of USTC-8(Co) Powder. Typically, DMF (2
mL) and HNO3 (0.3 mL) were placed in a 5 mL glass vial with
indium(III) nitrate (10 mg, 0.033 mmol) and Co-TCPP (10
mg, 0.012 mmol) and the glass vial was sonicated until the
ligand was dissolved completely. Then the vial was placed in a
preheated oven at 100 °C for 2 days. After the mixture was
cooled to room temperature, the black powder was obtained.
FTIR (cm−1, KBr): 3448 (m), 2913 (w), 2362 (w), 1596 (s),
1534 (m), 1391 (vs), 1176 (w), 1001 (m), 871 (w), 828 (w),
779 (m), 717 (m). Anal. Calcd for USTC-8(Co): C, 51.41; H,
2.16; N, 5.00. Found: C, 51.97; H, 3.85; N, 4.49.

2.2.6. Synthesis of USTC-8(0.2In). Typically, DMF (2 mL)
and HNO3 (0.35 mL) were placed in a 5 mL glass vial with
indium(III) nitrate (2.5 mg, 0.008 mmol) and H2TCPP (5 mg,
0.007 mmol) and the glass vial was sonicated until the solid was
completely dissolved. Then the vial was placed in a preheated
oven at 100 °C for 1 day. After the mixture was cooled to room
temperature, purple spindle single crystals were obtained (1.2
mg, 17%). FTIR (cm−1, KBr): 3319 (w), 2917 (w), 1587 (s),
1537 (m), 1408 (vs), 1179 (w), 1010 (m), 870 (w), 837 (w),
797 (m), 767 (m), 720 (m). Anal. Calcd for USTC-8(0.2In):
C, 54.87; H, 2.29; N, 5.33. Found: C, 54.57; H, 2.66; N, 4.88.

2.2.7. Synthesis of USTC-8(Cd). Typically, 30 mg of USTC-
8(0.2In) and 150 mg of CdCl2 were added to 8 mL of DMF
and heated in 120 °C for 12 h. After that, the liquid was
decanted carefully. After three washes with DMF and two
washes with acetone, the solid was dried in a vacuum drying
oven. FTIR (cm−1, KBr): 3439 (w), 3019 (w), 1697 (w), 1642
(s), 1600 (w), 1534 (w), 1527 (w), 1504 (w), 1405 (vs), 1179
(w), 1103 (w), 1009 (m), 980 (w), 868 (w), 833 (w), 797 (m),
772 (m), 714 (m). Anal. Calcd for USTC-8(Cd): C, 49.73; H,
2.09; N, 4.83. Found: C, 48.93; H, 2.36; N, 4.84. ICP-AES
results for USTC-8(Cd): In, 21.3 wt %; Cd, 8.7 wt %
(calculated: In, 22.20 wt %; Cd, 7.9 wt %).

2.3. Crystallographic Data. The single-crystal X-ray
diffraction data for the USTC-8 series were collected using
the synchrotron radiation X-ray source at 173 K, λ = 0.65250 Å,
at the Shanghai Synchrotron Radiation Facility. The crystal
structures were solved by direct methods and refined by full
matrix least-squares methods against F2 using the SHELXL-97
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program package and Olex-2 software.43−45 All of the non-
hydrogen atoms were refined with anisotropic displacement
parameters, and the positions of hydrogens were fixed at
calculated positions and refined isotropically. The solvent
molecules in USTC-8(Cu), USTC-8(Co), and USTC-8(Ni)
are highly disordered and hard to be refined by using
conventional discrete-atom models. Hence, the contribution
of solvent electron densities was removed by the SQUEEZE
routine in PLATON.46 The crystallographic data and structure
refinement for the USTC-8 series are summarized in Tables S1
and S2. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
2.4. Characterization for the Occupancy of In2 in

USTC-8(0.2In) and USTC-8(In). The samples were treated by
using a previously reported method.38 Typically, ∼2 mg of
activated sample was placed in DMSO-d6 (500 μL) and
digested with 50 μL of diluted DCl (35 wt % DCl in D2O). The
samples were sonicated to ensure complete dissolution to give
the corresponding 1H NMR spectra.
2.5. Sample Activation and N2 Adsorption Measure-

ments. The as-synthesized USTC-8 (∼50 mg) sample was
washed three times with DMF and two times with acetone.
After that, it was soaked in acetone for 12 h. After the
centrifugation and decantation of the supernatant, the samples
were separated by centrifugation and then activated under
vacuum for 12 h. Before the adsorption measurements, the
sample was dried through the “degas” function of the
adsorption instrument for 12 h at 140 °C.
2.6. Chemical Stability Test for USTC-8(In). pH 1, 2, 3,

10, 11, and 12 aqueous solutions were prepared, and 5 mg of
the sample was soaked in each solution for 12 h. After that, all
of the samples were centrifuged, washed three times with
acetone, and dried in the oven for further PXRD measurement.
2.7. UV−Vis Absorption Spectra Changes of MOF

Suspension Solution under Light. A trace sample was
added to a prepared solution (CH3CN/H2O/TEA = 1/1/0.1)
and dispersed thoroughly. Then the solution was divided into
two parts, one was placed in darkness while the other was
irradiated by the Xe lamp for a few minutes. After that, UV−vis
absorption spectra for these two solutions were tested
immediately.

2.8. Photocatalytic Activity Evaluation. Typically, 10 mg
of activated USTC-8 sample was dispersed in a mixed solution
of 23 mL of acetonitrile, 0.5 mL of deionized water, and 2 mL
of trimethylamine (TEA). After that, the suspension solution
was placed in a 160 mL optical reaction vessel (purchased from
Perfect Light) with flowing tap water. Then, the suspension was
stirred and purged for 40 min to remove the air. After H2PtCl6
was introduced (Pt content: 1.5 wt %), the photocatalysis
reaction was carried out using a 300 W Xe lamp (LX-300F)
equipped with a UV cutoff filter (λ >380 nm) with stirring.
Hydrogen gas was measured by gas chromatography (Shimadzu
GC-2014, nitrogen as a carrier gas) using a thermal
conductivity detector (TCD). For each evaluation of hydrogen
generation, 200 μL of the headspace was injected into the GC
and was quantified by a calibration plot to the internal
hydrogen standard.

2.9. Mott−Schottky Plot Measurements. Typically, an
activated USTC-8 sample (2 mg) was added to a solution of 10
μL of 5 wt % Nafion and 1.5 mL of ethanol and then dispersed
thoroughly. After that 20 μL of the suspension solution was
dropped on a glassy-carbon electrode to prepare the working
electrode. Mott−Schottky plots were measured on an electro-
chemical workstation (Zahner Zennium) in a standard three-
electrode system with Ag/AgCl as the reference electrode at
frequencies of 500, 1000, and 1500 Hz, respectively. A 0.1 M
deoxygenated Na2SO4 solution was used as the electrolyte.

2.10. Photocurrent Measurements. Typically, an acti-
vated USTC-8 sample (2 mg) was added to a solution of 10 μL
of 5 wt % Nafion and 1.5 mL of ethanol and then dispersed
thoroughly. After that 50 μL of the suspension solution was
dropped on ITO and dried at room temperature to prepare the
working electrode. Photocurrent measurements were per-
formed on a CHI 760E electrochemical workstation (Chenhua
Instrument, Shanghai, People’s Republic of China) in a
standard three-electrode system with MOF-coated ITO as the
working electrode, Pt plate as the counter electrode, and Ag/
AgCl as a reference electrode. A 300 W Xe lamp with a UV
cutoff filter (λ >380 nm) was used as the light source.
Photoresponsive signals of the samples were measured under
chopped light with a bias potential of +0.6 V. A 0.1 M Na2SO4
aqueous solution was used as the electrolyte.

Figure 1. (a) View of the 3D network of USTC-8(In) along the a axis. Views of partial structures in (b) USTC-8(In) and (c) USTC-8(M) (M =
Cu, Co, Ni), highlighting the metal location at metalloporphyrin motif involved in the MOF structure. The framework is represented by a wire
model, and the metal atoms at metalloporphyrins are represented by a ball-and-stick model. The InO4(OH)2 polyhedra are shaded in olive green.
The In, Cu, C, O, and N are shown as green, cyan, orange, red, and blue circles, respectively. Hydrogen atoms are omitted for clarity.
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2.11. Electrochemical Impedance Spectroscopy Meas-
urements. The electrochemical impedance spectra were
obtained on a Zahner Zennium electrochemical workstation
in a standard three-electrode system with MOF-coated ITO as
the working electrode, Pt plate as the counter electrode, and
Ag/AgCl as a reference electrode. A 300 W Xenon lamp with a
UV cutoff filter (>380 nm) was used as the light source. A 0.1
M Na2SO4 aqueous solution was used as the electrolyte. EIS
measurements were performed with a bias potential of −0.4 V
in the dark or with light.

3. RESULTS AND DISCUSSION

Numerous attempts at reactions between common indium(III)
nitrate and H2TCPP in DMF under solvothermal conditions
usually gave powdery samples, possibly due to the very freely
soluble In(NO3)3 and high reaction rate between In(III) ions
and carboxylates. Lowering the concentration of indium ions
has been demonstrated to be a possible way to reduce the
reaction rate and give single crystals (denoted as USTC-
8(0.2In), Figure S2), which unfortunately have low In(III)
occupancy in the porphyrin center and are obtained in a very
low yield. Moreover, the reproducibility of USTC-8(0.2In) is
not guaranteed due to the strong hygroscopicity of indium(III)
nitrate. To overcome these difficulties, indium nitrate is
replaced by In(OH)3, which has extremely low solubility in
DMF. The low concentration of In3+ ion during the
solvothermal reaction is assumed to be the crucial factor in
lowering the reaction rate and successfully affording the
isostructural single crystals, namely USTC-8(In), with
complete occupation of the porphyrin center by In(III).
During the crystal growth, In(OH)3 dissolves gradually and
slowly to retain the solubility equilibrium and low In3+

concentration (Figure S3), ensuring the high quality and
improved yield of resultant single crystals. As far as we know,
this is for the first time In(OH)3 has been employed as a
precursor to fabricate an In-based MOF thus far. Subsequently,
replacing H2TCPP with M-TCPP (M = Cu, Co, Ni) also
successfully results in the corresponding USTC-8(M) (M =

Cu, Co, Ni). Their phase purity has been verified by powder X-
ray diffraction (XRD) patterns (Figures S4 and S5).
Single-crystal X-ray diffraction analyses indicate that the

USTC-8 series are isostructural (Figure 1a and Tables S1 and
S2). All of them crystallize in the orthorhombic crystal system
with the space group Cmmm. For USTC-8(0.2In) and USTC-
8(In), there are two crystallographically unique In(III) ions in
the structure (Figure S6), of which In1 is pseudo-octahedrally
coordinated by four oxygen atoms from four ligands in the
basal plane and two oxygen atoms from μ2-OH groups in the
axial direction, leading to InO4(OH)2 chains (Figure S7), and
In2 is coordinated by four nitrogen atoms coming from one
porphyrin ring and a hydroxide at the axial position (Figure 1b
and Figure S6). Unlike the case for common metalloporphyr-
ins, induced by both large In(III) size and axial hydroxyl
coordination,47 In2 is located out of the plane of the porphyrin
and remains ∼0.4 Å away from the porphyrin plane.48,49 In
contrast, USTC-8(M) (M = Cu, Co, Ni) possesses a structure
almost identical with that of USTC-8(In) except the metal ions
stay in the plane of the porphyrins (Figure 1c and Figure S8).
Each carboxylate in the TCPP ligand bridges to two In1 atoms
from the InO4(OH)2 chain to construct the 3D network
featuring 1D channels with a size of 13.6 × 7.2 Å2 running
through the a axis (Figure 1a and Figure S9). The effective free
volume is 53.3%, estimated by PLATON after excluding the
free solvents.46

A closer structural analysis indicates that the occupancy of
In2 in USTC-8(In) is possibly 100% with a Ueq value as low as
0.015. In contrast, the In2 occupancy in USTC-8(0.2In) is very
low (18%) on the basis of single-crystal data. To figure out the
In2 occupancy, the ligands in these MOFs were identified by
1H NMR after MOF dissolution (Figure 2a).38,50 The 1H NMR
spectrum of USTC-8(In) clearly gives a peak at 9.0 ppm
attributed to hydrogen atoms from In-TCPP, whereas no peak
at 8.8 ppm from free base porphyrin can be observed,
demonstrating the 100% occupancy of In2 at the porphyrin
center, which is extremely rare in porphyrinic In-MOFs.38,40

However, the strong peaks at ∼8.8 ppm and the weak peak at

Figure 2. (a) 1H NMR spectra of digested crystals of USTC-8(0.2In) and USTC-8(In). (b) UV−vis spectra of USTC-8(0.2In) and USTC-8(In).
Their Q bands are highlighted by a dashed rectangle. (c) N2 sorption isotherms of USTC-8(In) at 77 K. (d) Powder XRD profiles of USTC-8(In)
after samples are soaked in acidic or basic solutions for 12 h.
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∼9.0 ppm in the 1H NMR spectrum of USTC-8(0.2In) suggest
the low occupancy of In2 (20%) (Figure 2a), in agreement with
the results from crystallographic data. The results are further
supported by UV−vis spectra, in which USTC-8(In) shows
three peaks in the Q band assignable to OOP porphyrin (In-
TCPP), while USTC-8(0.2In) gives four peaks reflecting free
base porphyrin in the Q band (Figure 2b).51 This significant
occupancy difference of In(III) in metalloporphyrins between
two MOFs indicates the merit of In(OH)3 relative to the
common In(NO3)3 as a precursor. To further illustrate this, the
preparation of USTC-8 with higher metalation percentage at
porphyrin centers by In(III) has been attempted by introducing
more In(NO3)3 precursor.38 Accordingly, the metalation
percentage can be increased to only a slight degree. Even
when the concentration of In(NO3)3 is increased to as high as
10 mg/mL, the percentage of porphyrin metalation does not
reach 100% and meanwhile a new phase appears, demonstrat-
ing that 100% occupancy of In2 cannot be achieved in USTC-8
by this traditional way with In(NO3)3 as a precursor (Figures
S10−S12).
N2 sorption isotherms of USTC-8(In) exhibit type I

microporous isotherms with a Brunauer−Emmett−Teller
(BET) surface area of 1139 m2/g (Figure 2c). The USTC-8
series metalated with other metals in their porphyrin centers
feature similar pore characters and surface areas (Figures S13−
S17). All compounds in the USTC-8 series exhibit considerable
thermal stability up to 340 °C according to the thermogravi-
metric data (Figure S18). A chemical stability investigation for
USTC-8(In) indicates that it remains stable in aqueous
solutions over a broad pH range from 2 to 11, as evidenced
by powder XRD patterns (Figure 2d). The result highlights the
fact that USTC-8(In) is the most stable In-MOF thus far that
possesses permanent pores,40,52−54 making USTC-8(In) a great
platform for future applications.
To elucidate the semiconductor-like behavior of the above

MOFs and their possible use for photocatalytic H2 production,
Mott−Schottky measurements have been conducted at

frequencies of 500, 1000, and 1500 Hz (Figures S19−S23).
All positive slopes of the obtained C−2 values (vs the applied
potentials) are indicative of n-type semiconductors. It is
accepted that the flat band is equal to the conduction band
(LUMO) for n-type semiconductors,25 which is independent of
the frequency and determined from the intersection of ∼−0.3
V vs Ag/AgCl (i.e., −0.10 V vs NHE) for all of these MOFs.
With similar band gap energies (Eg) being estimated by Tauc
plots (Figures S24−S28; for example, 1.79 V for USTC-8(In)),
their valence bands (HOMO) are accordingly obtained
(Figures S19−S23, inset). Given the more negative LUMO
potentials in these MOFs in comparison to the proton
reduction (0 V vs NHE), it is theoretically feasible for
photocatalytic H2 production to occur. The broad UV−vis
spectra for all of these MOFs also suggest their great harvesting
ability for both UV and visible light (Figure 2b and Figures
S29−S31).
The above results encouraged us to investigate the visible

light photocatalytic activities of these MOFs. Although they
share the same LUMO potential, USTC-8 species with
different metal ions at porphyrin centers exhibit distinctly
different activities toward photocatalytic H2 production (Figure
3a). Strikingly, USTC-8(In) displays the best photocatalytic
activity (341.3 μmol g−1 h−1) by introduction of H2PtCl6 to
give Pt nanoparticles as a cocatalyst under visible-light
irradiation (Figure S32 and Table S3), which is around 18−
37 times higher than the activities of other USTC-8(M) (M =
Co, Cu, Ni) as well as ∼3.4 times USTC-8(0.2In) activity
(Figure 3a). Thanks to their high stability, all of these MOFs
present well retained framework integrity and crystallinity
during the photocatalytic process (Figures S33−S37).
To elucidate the mechanism behind the exceptional activity

of USTC-8(In), photocurrent and electrochemical impedance
spectroscopy (EIS) measurements have been carried out to
unveil their e-h separation efficiency and electronic con-
ductivity, respectively. As expected, USTC-8(In) shows the
highest photocurrent response among all investigated MOFs

Figure 3. (a) Photocatalytic H2 production via water splitting over different MOFs. (b) Photocurrent responses of USTC-8 series. (c) EIS Nyquist
plots of USTC-8(M) (M = Cu, In) in the absence or presence of light irradiation. The line is a guide for the eye and is not a fitting curve. (d) UV−
vis absorption spectra of USTC-8(In) suspension solution with and without light irradiation. Inset: enlarged spectra of the area highlighted by a blue
dashed rectangle.
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(Figure 3b), revealing that the OOP porphyrin endows the
MOF with superior charge separation efficiency. The EIS
curves are found to be almost identical in the absence or
presence of light irradiation for USTC-8(M) (M = Co, Cu, Ni)
(Figure 3c and Figures S38 and S39), which indicates that their
high charge-transfer resistances are not affected by light. In
sharp contrast, USTC-8(In) manifests a much smaller radius
upon light irradiation, implying its greatly reduced charge-
transfer resistance under light irradiation. These results imply
different processes of electron transport between OOP and in-
plane porphyrin-based MOFs.
A tentative mechanism has been proposed to elucidate the

superior activity of USTC-8(In) according to the above facts
and previous reports (Figure 4).51,55 Generally, photogenerated

electrons will transfer to the central metals of metalloporphyrin
in MOFs upon light irradiation.51 Then the back electron
transfer would quickly occur from the metal to the ligand in
common porphyrinic MOFs, such as USTC-8(M) (M = Co,
Cu, Ni). In comparison, when electrons transfer to the OOP
metals, for example, in USTC-8(In), the OOP metal ions will
be reduced, resulting in increased atomic size and weakened
binding with the surrounding nitrogen atoms. Accordingly, the
reduced indium ions carrying the electrons tend to detach from
the porphyrin rings, thus avoiding the back electron transfer
and e-h recombination. Serving as electron mediators, the
reduced indium ions would then transfer electrons to the
colloidal Pt cocatalyst. Subsequently, protons will be reduced to
H2 on platinum and the reduced indium ions will be oxidized
back to In3+. Meanwhile, the holes on porphyrin motifs are
reduced by the sacrificial agent TEA to give the free base
porphyrin, which can be converted to the original OOP
porphyrin by the insertion of dissociative indium ions. It is
worth noting that the recognition of USTC-8(In) as a
photocatalyst might not be rigorous, as its structure changes
with partial In(III) ions leaching out during the photocatalysis
and In(III) should be reintroduced to regenerate. This is not an
individual case, and the leaching of active sites constantly
occurs, which changes the structure/composition of the original
catalyst materials.56−58 In fact, USTC-8(In) together with its
leached In(III) ions as a whole, which includes both
heterogeneous and homogeneous parts, should be called the
photocatalyst, whose stability has been further investigated and

demonstrated by five consecutive recycling experiments (Figure
S40).
The proposed mechanism has been further verified by a

series of experiments. Upon exposure to light for a time, the
UV−vis absorption spectrum of USTC-8(In) suspension
solution displays significant changes, e.g. the B band red shift
and the increase in peaks from three to four in the Q band,
indicating the In3+ detachment (Figure 3d and Figure S41).51,55

In comparison, no obvious change in the Q or B band of
USTC-8(M) (M = Cu, Ni) can be observed after light
irradiation treatment (Figures S42 and S43). Apart from that,
the indium ion is detectable in the supernatant solution
(concentration: 4.23 μg mL−1) after photocatalysis, again
demonstrating the detachment of OOP indium ions. In
addition, USTC-8(0.2In) presents only 29% activity of
USTC-8(In) (Figure 3a), declaring that the high activity of
USCT-8(In) originates from the OOP porphyrin rather than
the H2TCPP generated upon indium detachment. This
argument is also supported by recycling experiments. The H2
production rate of USTC-8(In) decreases significantly in the
second round because of the metal detachment from the
porphyrin centers. Upon regeneration of deactivated MOF by
In(III) insertion, its activity can be almost recovered in the
third run of catalysis (Figure S45). To further manifest the high
activity of OOP porphyrin, USTC-8(Cd), which might involve
an OOP porphyrin according to a previous report,59 presents
much higher activity than its parent USTC-8(0.2In) (215.9 vs
102 μmol g−1 h−1) (Figure S46). This result again supports that
the metal position at the porphyrins accounts for the high
activity of USTC-8(In).

4. CONCLUSION
In summary, a highly stable OOP porphyrin-based MOF,
USTC-8(In), has been fabricated on the basis of controlled
metal ion release with an In(OH)3 precursor for the first time.
The In(III) ions at the OOP porphyrin are reduced and readily
detach from the porphyrin rings under light irradiation,
avoiding the back electron transfer and thus inhibiting the e-
h recombination. As a result, thanks to the high stability and
particular OOP porphyrin structure, USTC-8(In) exhibits
excellent photocatalytic H2 production activity, far superior to
that of the isostructural USTC-8 with in-plane central metals as
well as that of USTC-8(0.2In) with 20% occupancy of In(III)
at porphyrin center. This work not only highlights how the
metal location in metalloporphyrins in MOFs affects the
photocatalytic efficiency but also offers a novel perspective to
understand the role of metalloporphyrins in photocatalysis.
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