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Research progress of MIL-125 and its
modifications in photocatalytic
hydrogen evolution

Yijun He, Tianping Lv,* Bin Xiao, Bo Liu, Tong Zhou, Jin Zhang, Yumin Zhang,
Genlin Zhang* and Qingju Liu *

MIL-125, a titanium-based metal–organic framework (MOF) material with ultra-high specific surface

area, large porosity, tunable structure, modifiable functionality, and multiple active sites, is commonly

researched in the field of photocatalytic hydrogen evolution. However, MIL-125 still could not be

directly used for practical application in photocatalytic hydrogen evolution because of its limited

photoresponse. Therefore, it is necessary to systematically summarize the research on MIL-125 in the

field of photocatalytic hydrogen evolution for its further development as well as that of other MOF

materials. For MIL-125 photocatalysts, further modifications for promoting the photocatalytic activity of

photocatalysts and improving the stability of photocatalysts are needed. Typical modification methods of

MIL-125 include engineering functional groups and surface structure, doping metal ions, loading

cocatalysts, and structuring composites. In this review, the research progress of MIL-125 in the field of

photocatalytic hydrogen evolution is summarized, including its modification methods, photocatalytic

hydrogen evolution activities, and micro-mechanisms. In view of the deficiencies and limitations of the

current research, future developments of MIL-125 are prospected.

1. Introduction

Over the past few decades, severe environmental pollution and
tremendous energy consumption caused by the rapid develop-
ment of industries have noticeably affected the sustainable
development of societies. To solve these problems, it is neces-
sary to develop green and clean energy vigorously.1 Hydrogen
energy is clean, and shows great potential; the related solar-
driven water splitting for hydrogen evolution is a very promis-
ing research field, in which photocatalysts comprise the core.
MOFs are a class of popular microporous materials with high
specific surface area, rich and tunable catalytic active sites, and
functionalizable organic linkers. They have been widely studied
by researchers in many fields.2–6 Especially, in the field of
photocatalysis, many types of MOF materials such as Ru-based
MOFs7 ([Ru2(p-BDC)2]n), Co-based MOFs8,9 (ZIF-67), Cu-based
MOFs10 (Cu-I-bpy), Ni-based MOFs11,12 ([Ni2(PymS)4]n), Cd-based
MOFs13 (Cd-TBAPy), and Ti-based MOFs14 (MIL-125) have been
studied. Table 1 summarizes the research information of different
types of MOFs for photocatalytic hydrogen evolution.

Among them, Ti-based MOF MIL-125 is an attractive mate-
rial because of its abundant active sites, low reaction potential,
high reaction activity, and suitable band gap.20–22 As shown in
Table 1, MIL-125 has an ultra-high specific surface area, as well
as the non-toxic and inexpensive properties of Ti-based MOF,
which means it has great research potential. In more detail, it is
inexpensive and widely available compared with noble-metal-
based MOF materials and is also more stable and non-polluting
compared with many other free noble-metal-based MOF mate-
rials. In 2009, MIL-125 was synthesized for the first time by
Dan-Hardi,23 who discovered its unique optical properties that
the new broad and strong absorption peaks were found at
500 nm and 596 nm. Moreover, in 2015, Shen et al.19 first used
MIL-125 for photocatalytic water splitting for hydrogen evolu-
tion. For a long period of time, MIL-125 had been researched in
many other fields such as oxidation and reduction catalytic
reactions, energy storage, gas adsorption/separation, and pol-
lutant degradation.24–32 By searching the Scopus database for
the number of published papers related to MIL-125, it can be
known that the attractiveness of MIL-125 in academia is
increasing year after year (Fig. 1). Attributed to its non-toxic
nature, low cost, good biocompatibility, unique optical prop-
erty, and strong redox ability, MIL-125 exhibited great research
value and potential in the field of photocatalysis. Based on
the reported research, there are also some reviews related to
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MIL-125.33–36 However, this review is of important and distinc-
tive significance for promoting the deeper research of MOF
materials and development of photocatalysis.

In the photocatalytic process, light is absorbed by semi-
conductor materials and electrons are excited for migration
from the valence band to the conduction band. Similarly, when
MIL-125 is excited by irradiation, electrons transfer from
organic ligands to metal active sites via the ligand–metal charge
transfer pathway, and the unique framework structure makes
the electron transfer more adequate and more efficient.
However, the limited photoresponse of MIL-125 hindered its
practical application. Although the stability of MIL-125 is better
than that of other MOF materials due to its high valence cations
(Ti4+) and short-size ligands (dicarboxylic acid), it is still less
stable than many inorganic materials due to the existence of
organic ligands. The structure of MIL-125 may be destroyed
by self-decomposition during the photocatalytic reaction.
In addition, like many photocatalysts, MIL-125 photocatalysts
have limitations such as the shedding of cocatalysts and
the photocorrosion of relevant materials. Researchers have
conducted many modification methods to enhance the photo-
catalytic activity and stability. With the modification, promoted
carrier separation and migration efficiency will increase the

light absorption capacity and finally enhance the photocatalytic
activity, and the optimized electron transfer pathway will
improve the stability of photocatalysts. Typical modification
methods included engineering functional groups and surface
structure, doping metal ions, loading cocatalysts, and struc-
turing composites.

This review presents the research progress of MIL-125 in the
field of photocatalytic hydrogen evolution and systematically
summarizes the modification methods and related mechanisms.
Moreover, the development prospects of MIL-125 are proposed
according to the shortcomings and limitations of the current
research.

2. Structure and properties of MIL-125

MIL-12523 is a porous crystalline titanium(IV) dicarboxylate
material with relatively strong water stability and good photo-
chemical properties, and it can be used as a photocatalyst to
provide a stable photoexcited electron platform and broaden
the absorption spectrum (Fig. 2). MIL-125 crystallized in a body-
centered tetragonal lattice with the I4/mmm space group
(Fig. 2(a)–(c)). The refined lattice parameters are as follows:37

a = b = 18.6453(10) Å and c = 18.1444(10) Å. Cyclic octamers
built from the corner or edge-sharing titanium octahedra and
terephthalate anions comprised the framework of MIL-125,
which formed a three-dimensional periodic array of mixed
tetrahedral and octahedral cages.38 In addition, the tetrahedral
and octahedral cages have inner diameters of 6.1 and 12.5 Å,
respectively. The tetrahedral cages could separate molecules by
molecular sieving, and the octahedral cages separate molecules
based on the differences in packing and the interaction with
the pore walls.39 Based on the special chemical composition
and unusual porous structure, MIL-125 has a large specific
surface area of 1550 m2 g�1 and a wide band gap energy of
3.6 eV.40 The high specific surface area of MIL-125 provided
abundant active sites, while the broad band gap became its
biggest limitation during photocatalysis. Therefore, reducing
the band gap of MIL-125 is one of the key points to improving
photocatalytic activity, which could improve the carrier trans-
port efficiency. The microscopic composition of MIL-125 can
be observed by scanning electron microscopy (SEM), which
showed a relatively regular disc-like structure (Fig. 2(d) and (e)).

Table 1 Summary of different types of MOFs photocatalysts for photocatalytic hydrogen evolution in reported publications

Photocatalysts
Metal
center

Specific surface
area (m2 g�1)

Bandgap
(eV) Irradiation Sacrificial agents Cocatalysts

H2 evolution rate
(mmol h�1 g�1) Ref.

[Ru2(p-BDC)2]n Ru 516.5 — l 4 420 nm N,N0-Dimethyl-4,40-
bipyridinium

— 35 7

g-C3N4/ZIF-67/MoS2 Co 44.2069 — Solar light TEOA — 4.0125 8
Cu-I-bpy Cu — 2.00 Solar light TEA — 7.09 10
[Ni2(PymS)4]n Ni — — Solar light TEA — 25.5 11
Cd-TBAPy Cd 27 2.15 l 4 420 nm TEOA Pt 0.086 13
Au/Pt-MIL-101 Cr — — l = 850 nm TEOA Au/Pt 0.1935 (mmol h�1 cm�2) 15
Ir–Rh/ZrP Zr 42 — l 4 420 nm TEA Ir/Rh 0.96 16
AlTCS-1 Al 11 2.54 Solar light TEOA — 0.034 17
USTC-8(In) In 1139 1.79 Solar light TEA — 0.3413 18
MIL-125/Pt Ti 1098.6 — Solar light TEOA Pt 0.1547 19

Fig. 1 Number of papers with the subject keyword ‘‘MIL-125’’ in the
Scopus database. Statistical time: March 1, 2023.

Review Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

24
/2

02
5 

1:
45

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d3tc00757j


6802 |  J. Mater. Chem. C, 2023, 11, 6800–6818 This journal is © The Royal Society of Chemistry 2023

3. Modification methods of MIL-125

To enhance the hydrogen evolution activity and stability of
MIL-125, researchers have made many efforts which included
various modification methods. Every modification method has
its distinctive mechanism and effects, and they are discussed in
categories below.

3.1. Engineering functional groups and surface structure

The engineering of functional groups,42 which is widely used in
the modification of MOF materials, often improves electron
migration, changes the energy band structure, and provides
unique chemical and optical properties. The engineering of
surface structure adjusts the number of facial active sites via
etching, sensitizing, or defect engineering, which could usually
result in enhanced photocatalytic activity.

3.1.1 Engineering of functional groups. The ligands are
critical for improving the photocatalytic activity of MIL-125.43

Many ligands such as amino groups, hydroxyl groups, and

methyl groups can be used for MIL-125 modification. Due to
its superior chemical properties and optical properties, the
amine group, a kind of ring-activating group, is commonly
used for MIL-125 modification. In the case of the amino group,
MIL-125 was converted into MIL-125-NH2 via replacing the
ligands of MIL-125 with mono-aminated bdc-NH2 linkers, and
the band gap of the MOF material was reduced from 3.6 eV to
2.6 eV. When the amino group was incorporated into MIL-125,
the 2p orbital electron of N was donated to the aromatic
group,44 resulted in a new red-shifted valence band of
MIL-125 and extended the light absorption range to a long
wavelength. The amino group could also promote the efficient
separation of photogenerated carriers by stabilizing holes.45

Via the solvent-assisted ligand exchange route, the ligand in
MIL-125-NH2 could be partially reversely substituted by 1,4-
dicarboxybenzene.46 The optimized electron transfer efficiency
resulted in a higher photocatalytic activity, which was 3.3 times
that of pristine MIL-125-NH2. However, the stability of MIL-125-
NH2 was still not ideal, and the weak oxidation power of the

Fig. 2 (a) Schematic diagram of the crystal structure of MIL-125. (b) Crystal orientations of MIL-125: left and right are [001] and [010], respectively. Blue,
red, black, and beige represent Ti, O, C, and H, respectively. Reproduced with permission from ref. 38. Copyright 2013, American Chemical Society.
(c) XRD patterns of simulated MIL-125 and synthesized MIL-125. (d, e) SEM images of synthesized MIL-125. Reproduced with permission from ref. 41.
Copyright 2021, Elsevier.
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amino linker47 made many sacrificial agents such as methanol
and triethylamine lose their promoting effects for hydrogen
evolution.

It was found that functional group–modified MIL-125 had
great potential in dark photocatalysis. Dark photocatalysis48

usually refers to that reactants storing electrons in the darkness
achieve further photocatalytic reactions, which are similar
to the natural photocatalysis process. The photocatalytic half-
reaction in the dark state is also a kind of dark photocatalysis.49

In the dark photocatalytic process of MIL-125-X (X = NH2,
Br, NO2, and none),50 the electron-donating –NH2 group was
beneficial for the generation of Ti3+, while the electron-
withdrawing –Br and –NO2 groups were detrimental to Ti3+

production (Fig. 3(b)–(g)). Under light, electrons migrated from

functional groups to Ti4+, and then under dark conditions, Ti3+

released electrons to the surface, which combined with H+ to
produce hydrogen (Fig. 3(a)). The –NH2 group showed more
electron density distribution on the cluster and displayed a
longer distance between electrons and holes, which resulted in
a higher dark photocatalytic activity (Fig. 3(h)–(k)). Christopher
et al.38 studied the effects of different groups (–OH, –CH3, –Cl,
–(NH2)2, –Br, and –CF3) on the band gap energy of MIL-125.
All the functional groups reduced the band gap energy to
different degrees via the modification of the valence band,
and the diaminated bdc-(NH2)2 linker, due to its strong
electron-donating ability, demonstrated the most significant
red-shift with a resulting band gap of 1.28 eV. However, some
substituents were not ideal in MIL-125. The crystal with the –Br

Fig. 3 (a) Illustration of the dark photocatalysis over MIL-125 and MIL-125 with different functional groups. (b) Photocurrent responses, (c) EIS Nyquist
plots, and (d) dark photocatalytic hydrogen evolution activity comparison of MIL-125 with different functional groups. (e) Decay profiles of UV-Vis
absorption at 530 nm. (f) Photoluminescence (PL) spectra and (g) time-resolved PL spectra for MIL-125 with different functional groups. Electron–hole
distribution diagrams of (h) MIL-125, (i) MIL-125-NH2, and (j) MIL-125-NO2 in their excited states (red: O; sky blue: Ti; blue: N; gray: C; olive color:
electrons; cyan color: holes). (k) Overlapping percentage and distance between electrons and holes in MIL-125 and MIL-125-X (X = NH2 and NO2).
Reproduced with permission from ref. 50. Copyright 2022, The Royal Society of Chemistry. (l) Tabular representation of MIL-125-NH2/OH, MIL-125-NH2/
(OH)2, MIL-125-NH2/(NH2)2, and MIL-125-NH2. (m) Photocatalytic H2 evolution rates and (n) recycling experiments of MIL-125-NH2/(OH)2 (red),
MIL-125-NH2 (blue), MIL-125-NH2/OH (yellow), and MIL-125-NH2/(NH2)2 (green) with Pt NPs as the cocatalyst. Reproduced with permission from ref. 51.
Copyright 2021, American Chemical Society.
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group could not be stabilized above eight substitutions per unit
cell, and the inclusion of the –CF3 group produced unstable
Ti–O bonds. Furthermore, it was reported that51 MIL-125 with
mixed ligands had good photocatalytic activity (Fig. 3(l) and
(m)). In MIL-125-NH2/(OH)2, the chromophoric amino and
hydroxyl groups were of good electron-donating ability.
The photo-excited electrons migrated from the p-orbital of the
organic ligand to the 2p orbital of oxygen and the split 3d
orbital of titanium, and then the electrons transferred to the
surface of the material to combine with H+ to evolve hydrogen
and the holes would localize to the –NH2 group, and this
transfer mechanism promoted effective charge separation.
The enhanced p–p conjugation between the lone pairs of O atoms
and their aromatic ligands resulted in a red-shifted absorption
spectrum. Therefore, the photocatalysts had enhanced hydrogen
evolution activity and excellent stability (Fig. 3(m) and (n)).

Protonation52,53 is another functional group engineering
method, which refers to the functionalization of partial func-
tional groups with neutral or negative charges on the surface
into positively charged ones, and this is usually applied in
the field of adsorption. Notably, it could also promote photo-
catalytic hydrogen evolution. Luo et al.54 took HCl vapor as
the protonation reagent to introduce the –NH3+Cl� group into
MIL-125-NH2. Because the –NH3+ group has positive charges,
it could easily interact with negatively charged or partially
negatively charged substances such as O or H2O via electro-
static interaction. Therefore, it is conducive to adsorbing H2O.
In protonated MIL-125-NH2, the –NH3+ groups could provide H+

for hydrogen evolution and the Cl� site might interact with
positively charged species. Hydrogen bonding and electrostatic
interaction effectively promoted the separation of photo-
induced electron–hole pairs and improved the migration rate
of photo-generated carriers. As a result, the hydrogen evolution
rate reached 1.69 mmol h�1 g�1, which was 20.5 times that of
pristine MIL-125-NH2. However, the pore of the photocatalyst
was easily blocked by some organic molecules in the solvent
and it resulted in a gradual decrease in the number of acces-
sible active sites over time.

The preparation for the functional group engineering was
usually relatively simple because the required product could
typically be obtained by one-step synthesis. Such as using the
reagent with required functional groups to participate in spe-
cific hydrothermal reactions, then the required photocatalyst
was synthesized successfully. When selecting for research, it
would be necessary to consider the characteristic of each
functional group and the interaction between different ele-
ments. Table 2 summarizes the effects of different functional
groups on the hydrogen evolution activity of MIL-125.

3.1.2 Engineering surface structure. The surface property55,56

of MIL-125 extremely affects its photocatalytic activity. For photo-
catalytic materials, a crystal plane with a large proportion of metal
clusters usually results in high surface activity.57

Crystal facet engineering was used in the modification
of MIL-125-NH2. Guo et al.58 used cetyltrimethylammonium
bromide (CTAB) with different concentrations to design and
synthesize MIL-125-NH2 with different exposed facets. Different

morphologies were obtained with different etching concentra-
tions (Fig. 4(a)–(e)). Different specific cross-sections correspond
to different arrangements of active sites, resulting in the active
order of the active surfaces as follows: {110} 4 {100} 4 {001} 4
{111}. The {110} facet contained the biggest amount of
metal clusters and performed the most excellent photocatalytic
activity, which was three times that of the {111} facet. This
indicated that etching can result in better hydrogen evolution
activity, and also excellent cycling stability of MIL-125-NH2 was
presented. However, due to the high surface energy,59 the area
of the {110} plane would decrease rapidly during the
crystal growth process for minimizing the surface energy.
Therefore, the {100} plane became the preferred active plane
of MIL-125-NH2.

Defect engineering60 was also a good modification method
for MIL-125. Crystal defects were usually considered a recom-
bination center for excitons and were not conducive to the
progress of the photocatalytic reaction.61,62 However, from
another point of view, defect engineering can utilize defects
to provide new active sites63 or to load cocatalysts.64 Linker
defect engineering65,66 was different from conventional defect
engineering. It controlled the coordination environments on
metal nodes in MOF materials by removing part of organic
linkers in MOF materials while maintaining the structure
rigidity or mixed modulators with lower coordination numbers.
It can also affect the electron density and electron energy,
enhance electronic spin polarization and thus improve the
catalytic activity.67,68 By the linker defect engineering, new
additional active sites such as Lewis acid and Brønsted acid
sites would be created.69,70 Yu Horiuchi et al.71 eliminated
18.4% of linkers in MIL-125-NH2 by the photothermal treat-
ment, which weakened the bonding between linkers and Ti-oxo
clusters at the Ti3+ sites (Fig. 4(f)). The linker defect sites had
become the new additional active sites and the hydrogen
evolution activity was the same as that of Pt-loaded MIL-125
under the same condition. However, the research also showed
the instability and decomposability of the organic linkers of
MIL-125-NH2. Besides, adjusting the temperature of the water
bath can also affect the number of defects of MIL-125-NH2.72

Due to the porosity of MIL-125 materials, pore engineering
becomes a fascinating modification method for photocatalysis.
Naghdi et al.73 took a pyrolysis route to selectively remove one

Table 2 Summary of the effects of different functional groups on the
hydrogen evolution activity of MIL-125 in reported publications

Functional
groups Electronic property

Bandgap
(eV) Characteristic Ref.

–NH2 Electron-donating 2.6 Favorable 38,50
–CH3 Electron-donating 3.5 Favorable 38
–OH Electron-donating 2.8 Favorable 38
–Cl Electron-donating 3.5 Favorable 38
–CF3 Electron-withdrawing — Unstable 38
–Br Electron-donating 3.5 Unstable 38,50
–(NH2)2 Electron-donating 1.3 Unfavorable 38
–NO2 Electron-withdrawing 3.75 Unfavorable 50
–NH2/(OH)2 Electron-donating 2.2 Favorable 51
–NH3+Cl� Electron-withdrawing 2.58 Favorable 54
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ligand in mixed-ligand MOFs (MIL-125-NH2) to introduce addi-
tional mesopores. By adjusting the synthesis parameters,
cavity-type pores or narrow fracture-type pores can be formed
(Fig. 4(g)). The formed new mesopores promoted the diffusion
of reactants, and the formation of new active sites enhanced the
photocatalytic activity. The fracture-type mesopores with 3D
pore connectivity produced a larger specific surface area and
were superior to the cavity-type mesopores in enhancing the
photocatalytic activity. The enhanced photocatalytic hydrogen
evolution rate was 5 times that of the as-prepared MOF, but the
stability of the samples was very poor.

Surface structure engineering could improve the photocata-
lytic activity of MIL-125 by adjusting the number of active sites.
The process was relatively simple, but the promoting effect was
limited and the photocatalysts were still not stable enough.

3.2. Doping metal ions and loading cocatalysts to MIL-125

Doping metal ions and loading cocatalysts to the MIL-125
surface and interior were effective modification methods to
improve the photocatalytic hydrogen evolution activity. Doping
metal ions introduced the heterogeneous atoms into the lattice
and changed the electron orbital arrangement, and resulted in
intermediate energy levels or narrower band gap, and therefore
enhanced the photocatalytic activity.74 For loading cocatalysts,
when metal nanoparticles were loaded on the surface of
MIL-125 or embedded in its cage, the Schottky barrier would
be formed, and the migration and separation of photogener-
ated carriers would be promoted. Notably, loading cocatalysts

into the MIL-125 cage rather than the surface could form a
closer contact and more fully utilize the active sites to improve
the hydrogen evolution activity.

3.2.1 Doping metal ions. Doping metal ions could opti-
mize the charge transfer pathway of photocatalysts.75 In the
photocatalytic process of MOF materials, the ligand-to-metal
charge transfer (LMCT) pathway optimized the electron transport
pathway and enhanced the photocatalytic activity by modulating
the interaction between ligands and metal clusters.76 Based on
this, Chen et al.77 discovered a new transport mode: ligand-to-
linker metal charge transfer (LLMCT) pathway, which formed
transient metal centers to facilitate the transfer of electrons
from the ligand to metal. The photogenerated electrons parti-
cipated in the reversible reaction of highly active Cu2+/Cu+

mixed centers instead of migrating to the original Ti-oxo-
clusters (Fig. 5(a) and (b)). The LLMCT pathway facilitated the
delocalization of valence (Fig. 5(c)), boosted the lifetime of
photogenerated charges, and increased the carrier density
that leads to an increase in photocatalytic activity. Cu-doped
MIL-125-NH2 had high hydrogen evolution activity (Fig. 5(d))
and good cycling stability. Li et al.78 doped Yb into MIL-125-
NH2 to construct Yb2+/Yb3+ mixed centers through the analo-
gous mechanism of electron transfer (Fig. 5(e)). The photo-
catalyst had enhanced the hydrogen evolution activity but was
less stable. The research also found that the sacrificial agent
triethanolamine was only suitable for weak alkaline conditions.
In other words, it was not conducive to hydrogen evolution under
acidic, neutral, and strong alkaline conditions. This indicated that

Fig. 4 SEM, enlarged SEM, TEM images, and the 3D geometry models of MIL-125-NH2 obtained under different concentrations of CTAB: (a) 0, (b) 1 mM,
(c) 2 mM, (d) 3 mM, and (e) 4 mM. Reproduced with permission from ref. 58. Copyright 2019, The Royal Society of Chemistry. (f) Proposed mechanism of
linker elimination by the photothermal treatment in a water medium containing TEOA. Reproduced with permission from ref. 71. Copyright 2020,
Elsevier. (g) Mechanistic model of the MOF formation. Proposed mechanism of the MOF formation via a solvothermal process for samples 2–10%NH2-
MIL and 50–80% NH2-MIL, ranging from the formation of amorphous nuclei to crystals with selective ligand removal. Reproduced with permission from
ref. 73. Copyright 2022, Springer Nature.

Review Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

24
/2

02
5 

1:
45

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d3tc00757j


6806 |  J. Mater. Chem. C, 2023, 11, 6800–6818 This journal is © The Royal Society of Chemistry 2023

pH had a significant effect on photocatalytic activity. Zhang et al.79

installed high-valent W6+ ions onto the Ti-oxo clusters of MIL-125.
The formation of the W–O–Ti bond optimized the charge trans-
port path and the photocatalytic hydrogen evolution rate had
increased by 4 times. Ti-oxo clusters had the electron-withdrawing
ability and the more positive valence state of W6+ sites attracted
holes from the titanium-oxo cluster, therefore the charge
separation and charge migration were promoted effectively.
Neppolian et al.80 found the strong coordination of transition
metal ions with MIL-125-NH2 and other MOFs signifi-
cantly improved the optical absorption by d–d transitions
and the multi-metal sites facilitated the fast separation of
charges, which promoted the photocatalytic activity (Fig. 5(f)
and (g)).

Doping metal ions into MOF materials could improve the
electron transfer pathway, but it cannot improve the stability,
and the enhancement of photocatalytic activity was usually not
significant.

3.2.2 Loading cocatalysts on the surface of MIL-125. MIL-125
has a large specific surface area to expose numerous active sites.81

Loading metal cocatalysts could construct new active sites on the
surface of MIL-125 for photocatalytic hydrogen evolution, such as
the deposition of noble metals: Pt82 and Pd.83 Due to the higher
work function of metal cocatalysts, photogenerated electrons
prefer to transfer to the metal atoms and this is beneficial for
the effective separation of charges. An appropriate amount of
cocatalysts could effectively restrain the recombination of carriers
and enhance hydrogen evolution activity. Excessive cocatalysts

usually restrain the light absorption of the photocatalysts.
The synthesis process of loading on the surface would result
in the partial loading of cocatalysts in the cage, which is
unavoidable.

The excellent synergy between Ni2P and MIL-125-NH2
84 was

found when compared with other transition metal phosphide
and oxide cocatalysts (CoP, Co3O4, Fe2O3, and CuO). Falletta
et al.85 researched the electron transfer mechanism of MIL-125-
NH2/NiO/H2O and MIL-125-NH2/Ni2P/H2O. The photogener-
ated electrons transferred from MIL-125-NH2 to Ni2P and NiO
and then reaction with H+ for hydrogen evolution (Fig. 6(a)).
Using the designed potential calculation principle, the differ-
ence between them was found by the calculation of electron
affinities between NiO and Ni2P. Subsequently, they took the
vacuum energy level as the average electrostatic potential of the
pore center and found that the band gap of MIL-125-NH2 was
below 6.8 eV under the vacuum level (Fig. 6(b) and (c)). The
band gap arrangement of MIL-125-NH2/NiO/H2O and MIL-125-
NH2/Ni2P/H2O was obtained via a series of calculations
(Fig. 6(d)). Fluorescence emission resulted from the photogen-
erated carriers of the MOF quenched when Ni2P was loaded
into MIL-125-NH2, and this indicated that the carrier recombi-
nation was suppressed. However, in the case of NiO, it only
partially affected the light emission and formed a larger gap
between the conduction band energy level and hydrogen
reduction energy level and resulted in photo-induced quench-
ing. According to the Marcus theory,86 the energy difference
between the donors and acceptors represents the driving force

Fig. 5 Schematic diagram of the electron transfer pathways from an organic linker to (a) a titanium-oxo cluster in MIL-125-NH2 and (b) a mixed-valence
Cu center. (c) Mott–Schottky plots of NM and Cu-NM. (d) Performance of Cu-NM vs. Cu-EDTA-NM in photocatalytic H2 evolution. Reproduced with
permission from ref. 77. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Proposed mechanism for the removal of NO and efficient
hydrogen evolution of Yb-NM-X under light irradiation. Reproduced with permission from ref. 78. Copyright 2021, The Royal Society of Chemistry.
(f) Band energy alignments with respect to M2+ ion coordination. (g) Possible mechanism for photocatalytic H2 production. Reproduced with permission
from ref. 80. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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for electron transfer, so it indicated that NiO had a greater
photocatalytic activity in MIL-125-NH2.

The potential for the photocatalytic proton reduction of
Co(dmgH)2 was found.89 Luo et al.87 used simple solution
mixing preparation to synthesize NH2-MIL-125/Co(dmgH)2

(Fig. 6(e)). Flower-like Co(dmgH)2 particles loaded on the sur-
face of MIL-125-NH2 promoted the separation of the carriers.
In the photocatalytic reaction, the CoI substance of Co(dmgH)2

accepted an electron and transferred to CoIII-hydride, and then
another proton source protonated the CoIII-hydride to produce
H2 during heterolytic decomposition. The photocatalyst performed

a high hydrogen evolution activity under visible light. Co3O4

was a good cocatalyst for MIL-125-NH2. However, when it
loaded on the defective MIL-125-NH2 rather than pristine
MIL-125-NH2, the photocatalytic activity was lower due to the
inefficient electron transfer.90

Non-metallic cocatalysts were also used to enhance the
photocatalytic activity. Carbon nanodots91,92 were zero-dimensional
nanomaterials with unique up-conversion effect and excellent
electron transfer ability. Their optical property depended on
their size, edge shape, surface ligands, and defects.93,94 He
et al.88 loaded Co2+-passivated carbon nanodots on the surface

Fig. 6 (a) Schematic diagram of the composite MIL-125-NH2/NiO/H2O and MIL-125-NH2/Ni2P/H2O photocatalytic interfaces. (b) Electrostatic potential
in MIL-125-NH2 averaged over the direction z. (c) Electrostatic potential in MIL-125-NH2 along the line parallel to z and intersecting the plane xy at the
center of the pore. (d) Alignment of the band edges at the composite MIL-125-NH2/NiO/H2O and MIL-125-NH2/Ni2P/H2O interfaces. Reproduced with
permission from ref. 85. Copyright 2020, The Royal Society of Chemistry. (e) Synthesis of NH2-MIL-125/Co(dmgH)2. Reproduced with permission from
ref. 87. Copyright 2020, Elsevier. (f) Synthetic route of Co-CDs/NM. Reproduced with permission from ref. 88. Copyright 2022, Elsevier.
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of MIL-125-NH2 via simple solution mixing preparation
(Fig. 6(f)), and the carbon nanodots with a particle size of mainly
about 1.6–1.8 nm were evenly distributed on the surface of
MIL-125-NH2. Due to the up-conversion effect, the long-
wavelength light absorbed by carbon nanodots was converted
into short-wavelength light and emitted, resulting in improved
light absorption. The hydroxyl groups and carboxyl groups on
the surface of the carbon nanodots interacted with the amino
groups of MIL-125-NH2 and promoted the transfer of electrons.
Due to the charge repulsion, Co2+ promoted the carbonization
of carbon nanodots and also optimized the electron transfer
pathway. The hydrogen evolution activity of the photocatalyst
increased by 6.86 times that of the original MIL-125-NH2.

Due to the special porous framework structure of MIL-125,
cocatalysts with a large particle size would be loaded on the
surface of MIL-125 rather than the interior. Therefore, it is
necessary to consider the appropriate amount of cocatalysts
and choose more reasonable preparation routes to avoid
restraining light absorption and control the particle size of
cocatalysts, respectively.

3.2.3 Packaging cocatalysts in the cages of MIL-125. The
encapsulation of cocatalysts into the cages of MIL-125 can fully
utilize the long-range ordered porous structure of the MOF
material and allow for more active sites to participate in
photocatalytic reactions. MIL-125 has a tetrahedral cage and
an octahedral cage with internal diameters of 6.1 and 12.5 Å,
respectively. Whether the particle size of cocatalysts is smaller
than that of the pore size of MIL-125 is the key to designing
encapsulation. Single-atom cocatalysts95 can be well dispersed
into the pores of MIL-125 due to the atomic-levelled particle
size. The cocatalysts which encapsulated in the cages can
usually be synthesized by the ionic substances reduced into
the 0-valent substances.

When nanostructured metal cocatalysts (such as Au, Ag)
contacted with the semiconductors or semiconductor-like materials,
the plasmonic hot electrons would be injected into the lowest
unoccupied molecular orbital (LUMO) and the widened con-
duction band resulted in the reduced band gap energy.
Xiao et al.96 prepared a Pt@MIL-125/Au catalyst, which had
two types of metal–MOF interfaces. Surface plasmonic reso-
nance excitation of Au nanorods promoted the separation of
the photogenerated carriers and extended the light absorption
to the visible light and resulted in a new absorption band at
700 nm. In addition, Pt with high work function97 dispersed in
MIL-125 and formed a Pt-MIL-125 Schottky junction. As the Pt
nanoparticles were pre-introduced into the reactants for the
preparation of MIL-125, the size of Pt nanoparticles remained
about 3 nm. The hydrogen evolution rate of Pt@MIL-125/Au
reached 1.743 mmol h�1 g�1, which was 10 times higher than
that of Pt/MIL-125/Au and the photocatalyst had high stability.
Huang et al.98 dispersed Pt clusters into MIL-125-NH-CH2OH
via the in situ auto-reduction route. When amino groups
reacted with formaldehyde and resulted in the generation of
reducing groups, Pt2+ was in situ reduced to ultra-small Pt
clusters; thus, the content of Pt was raised. The reduction route
which introduced Pt nanoclusters into the cage of MIL-125

highly enhanced the photocatalytic activity. Different synthesis
routes would greatly affect photocatalytic activity. Pd nano-
particles prepared via the photo-assisted deposition route were
smaller and more dispersed than the conventional ion
exchange approach.99 It formed more active sites to participate
in photocatalytic hydrogen evolution.

Some distinctive synthesis routes to introduce cocatalysts
into the MIL-125 cage were reported. Nasalevich et al.100

assembled cobaloxime-derived active sites in the organic cavity
by a unique Ship-in-a-Bottle strategy to introduce Co into MIL-
125-NH2. The synthesis route is as follows: first, the flexible
organic component LH2: (DOH)2pn was mixed into the solution
of MIL-125-NH2, at which time LH2 entered the cage of MIL-125-
NH2. Then, CoBr2�6H2O was added to the solution under air
condition and resulted in the final Co@MOF materials. The
redox potential of the cobalt species was higher than that of
MIL-125-NH2 and thus the photogenerated electrons preferred
to transfer to the Co active sites and resulted in the promoted
separation of carriers.101 The photocatalytic activity was
increased by 20 times compared with pristine MIL-125-NH2

and the photocatalyst had excellent stability. Furthermore,
Li et al.102 diffused flexible TPA ligands into the cages of
MIL-125-NH2, and then introduced Co2+ cations to form rigid
Co2+ complexes (Fig. 7(a)). MIL-125-NH2 provided a heteroge-
neous platform to disperse Co2+ complexes, and the reduction
potential of Co2+/Co+ was between the conduction band
potential of MOFs and hydrogen evolution potential and thus
formed an effective charge transfer pathway for photocatalytic
hydrogen evolution (Fig. 7(b)). Two electron transfer mechan-
isms were proposed, and it was found that only the second
route occurred or at least was dominant in it (Fig. 7(c) and (d)).
The Co substances significantly enhanced the hydrogen evolution
activity and the hydrogen evolution rate reached 553 mmol h�1 g�1,
which was 14.9 times higher than that of the physical mixture
under the same Co loading. In addition, the photocatalyst also
had superior cycling stability. It revealed the advantages of
encapsulation in promoting electron transfer and enhancing
photocatalytic activity.

He et al.103 used an in situ calcination route to embed carbon
nanodots (CDs) into the cages of MIL-125-NH2. The prepared
MIL-125-NH2 was immersed in the glucose solution and stirred at
room temperature, and then the samples were washed several
times with EtOH/H2O (9 : 1) to remove surface-adsorbed glucose.
Subsequently, the glucose-loaded MIL-125-NH2 was calcined under
nitrogen flow, and finally, the CDs@MIL-125-NH2 was obtained.
Due to the up-conversion effect of the carbon nanodots, the near
infrared-visible light was converted into the ultraviolet-visible light
and resulted in enhanced light absorption. The hydroxyl groups
and carboxyl groups on the surface of the carbon dots interacted
with the amino groups of MIL-125-NH2 and promoted the efficient
electron transfer. The hydrogen evolution rate was increased to
5.3 times that of the original MIL-125-NH2. However, the stability
of the photocatalyst was poor.

Metal single-atom photocatalysts are attractive in the field
of photocatalysis due to their extraordinary photocatalytic
activities. However, the high surface energy of materials
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restrains the anchor in the substrate. Due to the unsaturated
coordination of atoms at the defects, the surface defects could
easily anchor single atoms.104 Therefore, defect engineering
was a suitable synthesis route for loading single-atom cocata-
lysts. Cu single atoms presented very superior photocatalytic
activity.105 Cu single atoms with unsaturated coordination
loaded in TiO2 with oxygen vacancies,106 and the adsorption
of water molecules was facilitated and the hydrogen evolution
activity of the photocatalyst was significantly improved. Zhang
et al.95 introduced Cu into MIL-125 and then derived it into
TiO2 with anchored Cu single atoms, and it significantly
enhanced the hydrogen evolution activity and the photocatalyst
had excellent stability. It can be observed that the Cu single atoms
were uniformly dispersed in the cage of TiO2. Wang et al.107 used a

similar route to obtain TiO2 with loaded Pd single atoms and it
had excellent hydrogen evolution activity (Fig. 7(e)). Moreover,
Lv et al.108 further studied the coordination between the Pd
sub-nanoclusters and the Pd single atoms on the substrate of
TiO2 and found that the Pd sub-nanoclusters can effectively
promote the electron transfer of the Pd single atoms. It further
improved the hydrogen evolution activity and the photocatalyst
had excellent stability. Yan et al.109 took MIL-125-NH2 with
doped Ru3+ as a precursor to prepare TiO2 with anchored Ru
single atoms (Fig. 7(f)). By adjusting the initial addition amount
of Ru3+, the dispersion state of Ru species was regulated. The
optimal hydrogen evolution rate was 40 times that of the
pristine N-doped TiO2/C and the stability of the photocatalyst
was pleasant (Fig. 7(g) and (h)). It can be seen that single-atom

Fig. 7 (a) Schematic illustration of the ‘‘Ship-in-a-Bottle’’ strategy. (b) Schematic diagram of redox potentials of MIL-125-NH2, BDC-NH2, Co2+ Complex,
and H+/H2. Proposed electron transfer route (c) between MIL-125-NH2 and the Co2+ complex; and (d) between BDC-NH2 and the Co2+ Complex.
Reproduced with permission from ref. 102. Copyright 2016, American Chemical Society. (e) Schematic diagram of the preparation of PdSA/TiO2-VO and
PdSA+C/TiO2-VO photocatalysts. Reproduced with permission from ref. 107. Copyright 2020, Wiley-VCH GmbH. (f) Schematic illustration of the
preparation of Ru-NPs/SAs@N-TC and Ru-SAs@N-TC samples. (g) H2 evolution rates of different samples under simulated solar light. (h) Photostability of
H2 evolution of Ru-NPs/SAs@N-TC and Ru-SAs@N-TC. Reproduced with permission from ref. 109. Copyright 2020, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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modifications show great potential in MIL-125-based photo-
catalysts for photocatalytic hydrogen evolution.

Compared with the loading on the surface of MIL-125,
the modification methods to load cocatalysts into the cages
of MIL-125 can make better use of the porous framework
structure because the numerous active sites in the pores could
be utilized for enhancing hydrogen evolution. However, it is
highly demanding, and usually, a relatively complicated syn-
thesis is needed, which means it has limitation in the synthesis
of some large-sized materials. In comparison, the advantages of
loading on the surface of MIL-125 are the simplicity of the
preparation process and the variety of alternative synthesis and
available materials. This is the reason for the extensive use of
this method. However, cocatalysts at the surface are more likely
to fall off during the reaction process, resulting in poor stabi-
lity. Moreover, only the active sites on the surface are utilized
while the internal active sites are wasted, which resulted in a
lower photocatalytic activity.

The current research studies related to doping and loading
in MIL-125 for photocatalytic hydrogen evolution are summar-
ized in Table 3.

3.3. MIL-125 composite photocatalysts

The use of appropriate substances to construct heterojunctions
could promote the separation and transfer of photogenerated
carriers and improve the photocatalytic activity. Many materials
such as metal oxides,116,117 metal sulfides,118 carbonitrides,119

alloys,120 and organics121 have been developed for MIL-125
composite photocatalysts.

3.3.1 Composite materials with metal sulfides. CdS was a
common photocatalyst material,122,123 but its photocatalytic
activity was limited by the strong oxidation and the high
agglomeration tendency. The combination with other wide
bandgap semiconductors or semiconductor-like materials
could restrain these problems.118 Due to their suitable energy
band structures, CdS and MIL-125 can form heterojunctions for
enhancing photocatalytic hydrogen evolution. Tai et al.82 used

the g-ray irradiation synthesis route124 to uniformly disperse Pt
and CdS nanoparticles into the interior and surface of MIL-125,
respectively (Fig. 8(a)). This route avoided the contamination by
chemical-reducing agents and active agents. The photocatalytic
hydrogen evolution was facilitated by the optimized carrier
transport pathway, but the stability of the photocatalyst was
not ideal. Zhang et al.125 prepared a Z-scheme CdS/MIL-125-
NH2 heterojunction photocatalyst with CdS nanoparticles
embedded on the surface of MIL-125-NH2. When the photo-
catalyst was excited by light, the photogenerated electrons
transferred from the valence band of MIL-125-NH2 to its con-
duction band and then transferred to the valence band of CdS.
Meanwhile, the CdS was also excited by light and the photo-
generated electrons transferred from the valence band of it to
its conduction band, and finally, the photogenerated electrons
transferred to the hydrogen reduction level to combine with H+

to evolve H2. It was an example of the electron transfer pathway
of the Z-scheme heterojunction photocatalyst. The Z-scheme
heterojunction had the advantages of promoting the efficient
separation of carriers and retaining the stronger polarity of
potential, which enhanced the redox ability.126 The improved
hydrogen evolution rate of the photocatalyst under visible
light was 3.5 times higher than that of pristine CdS. However,
the stability of the photocatalyst was not ideal. A Z-scheme
MIL-125-NH2/Ti3C2 QDs/ZnIn2S4 photocatalyst had a similar
mechanism.127 In the photocatalytic system, Ti3C2 QDs acted as
electron transfer mediators, which promoted the electron
transfer (Fig. 8(b)).

Li et al.128 constructed an S-scheme heterojunction photo-
catalyst of MIL-125-NH2/Zn0.5Cd0.5S mediated by C60 via a series
of synthesis (Fig. 8(c)). C60 was a good intermediate for promot-
ing the transfer of photoelectrons, because the conical arrange-
ment of carbon atoms and conjugated large p bonds facilitated
the transfer and separation of photogenerated carriers.129

In the S-scheme heterojunction, carriers with strong redox
ability participated in the hydrogen evolution reaction, and
carriers with weak redox ability were consumed. The distinctive

Table 3 Summary of doping and loading in MIL-125 photocatalysts for photocatalytic hydrogen evolution in reported publications

Photocatalysts
Specific surface area
(m2 g�1)

Bandgap
(eV) Irradiation Sacrificial agents Cocatalysts

H2 evolution
rate (mmol h�1 g�1) Ref.

Pt/MIL-125-NH2/(OH)2 1147 2.2 Visible TEOA Pt 0.707 51
Yb-NH2-MIL-125 — 2.37 Visible TEOA Pt 1.884 78
W-MIL-125 921.6 2.75 UV-vis TEOA Pt 1.11 79
MIL-125-CoPi-Pt 511.014 — UV-vis MeOH CoPi/Pt 0.063 97
Pt/MIL-125-NH-CH2 — 2.76 Visible Formaldehyde/ethanol Pt 4.496 98
Ni2P/MIL-125-NH2 27.8 — Visible TEOA Ni2P 0.894 110
MIL-125-NH2/Ni2P — — Visible — Ni2P 1.23 85
Pt@MIL-125/Au 986 3.72 UV-vis MeCN/TEOA Pt/Au 1.743 96
Co@NH2-MIL-125 — 2.59 Visible TEA Co 0.62 100
Co(II)@MIL-125-NH2 855 2.6 Visible TEOA Co(II) 0.553 102
CDs@NH2-MIL-125 1312.13 2.42 Visible TEOA Pt 5.82 103
1T-MoS2/MIL-125-NH2 990 — Visible TEA 1T-MoS2 1.454 111
CoP/MIL-125-NH2 484 — Visible TEOA CoP 6.19 112
Pt-RuOx-MIL-125-NH2 1200 2.45 UV-vis MeOH Pt/RuOx 9.083 113
NH2-MIL-125@Ni (OH)2 — 2.25 Visible TEOA Ni (OH)2 0.126 114
Au@NH2-MIL-125(Cu/Ti) 1094.37 2.43 Visible TEOA Pt/Au 1.039 115
CdS/Pt/MIL-125 194.9 2.34 Visible Na2S/Na2SO3 CdS/Pt 6.78 82
Pd-MIL-125-NH2 948 — — HCOOH — 0.320 83
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Fig. 8 (a) Synthesis process for CdS/Pt/MIL-125 composites using g-ray irradiation. Reproduced with permission from ref. 82. Copyright 2020, American
Chemical Society. (b) Possible photocatalytic mechanisms for hydrogen evolution on the Z-scheme Ti-MOF/QDs/ZIS composite photocatalyst under
visible light irradiation. Reproduced with permission from ref. 127. Copyright 2022, Elsevier. (c) Preparation process of the NMTCZ-x S-scheme
heterojunction. (d) PHE activity of samples under visible-light illumination. (e) Cycle experiments. (f) S 2p XPS of NMTCZ-45 before and after six cycles.
Reproduced with permission from ref. 128. Copyright 2021, Wiley-VCH GmbH. (g) Synthetic procedure of the NH2-MIL-125/TiO2/CdS yolk–shell and
hollow-TiO2/CdS heterostructures. Reproduced with permission from ref. 130. Copyright 2018, American Chemical Society.
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charge transfer pathway also significantly improved the stabi-
lity of the photocatalysts by restraining the photocorrosion
of sulfides. Therefore, the photocatalyst had enhanced the
hydrogen evolution activity, which was 93.05 times and
6.38 times higher than that of C60/MIL-125-NH2 and
Zn0.5Cd0.5S, respectively (Fig. 8(d)), and had excellent stability
compared to pristine Zn0.5Cd0.5S (Fig. 8(e) and (f)).

Ternary heterojunction photocatalysts had potential to
further improve the photocatalytic activity. Bibi et al.130 pre-
pared yolk–shell type MIL-125-NH2/TiO2/CdS and hollow-TiO2/
CdS heterostructure photocatalysts via a post solvothermal
route (Fig. 8(g)). TiO2 nanosheets were connected with the
amino groups of MIL-125-NH2 via Ti–O–N bonds, resulted in
the heterojunction between TiO2 and MIL-125-NH2, and
optimized the electron transfer pathway. The incorporation of
CdS nanoparticles further improved the separation efficiency of
carriers and enhanced the absorption of visible light. The
heterostructure had remarkable photocatalytic activity
which was 18 times greater than that of pristine CdS, and the
photocatalyst had good stability. Hierarchical tandem hetero-
junctions,131 which usually had three or more components,
were more favorable structures for improving the photocatalytic
activity. When the photocatalyst was illuminated, photogener-
ated electrons were transferred from both sides to the surface
of the intermediate component, where the hydrogen evolution
occurred. Zhang et al.132 constructed a mesoporous MIL-125-
NH2@ZnIn2S4/CdS hierarchical tandem heterojunction photo-
catalyst via a two-step solvothermal and one-step hydrothermal
route. The enrichment of interfacial electrons led to higher
separation and transfer efficiency of carriers, and the double-
electron transfer mechanism of CdS and MIL-125-NH2 inhib-
ited the photocorrosion of CdS, which made a contribution to
stability. The core–shell structure also improved the stability of
the photocatalyst by weakening the aqueous corrosion of
titanium oxide clusters. The reduced electron transfer distance
and the increase in exposed active sites were positive for enhan-
cing photocatalytic hydrogen evolution. Therefore, the hydrogen
evolution rate under visible light was 2.367 mmol h�1 g�1 and the
band gap energy of the photocatalyst was only 1.84 eV. The
hydrogen evolution rate remained almost constant after 25 hours
of working, which shows the excellent stability of the photo-
catalyst. However, the photocatalyst had a relatively complicated
preparation procedure, and like most powder photocatalysts,
it was difficult to recycle. Besides, cadmium ions are harmful
to the environment, and hence, it is necessary to develop
environmentally friendly photocatalysts to replace harmful
photocatalysts.

Current metal sulfide photocatalysts usually had the suitable
band gaps and superior photocatalytic activities, but they also had
the disadvantage of the deterioration by the photocorrosion133

and might have contained harmful heavy metal elements. There-
fore, when designing photocatalysts, these characteristics need to
be considered.

3.3.2 Composite materials with metal oxides/organics/
carbonitrides. TiO2 is a common and stable material, which
is broadly researched in the photocatalytic field, and MIL-125

could be converted into TiO2 under specific reaction conditions
like pyrolysis. Zhang et al.116 prepared MIL-125-NH2 via a
solvothermal route and subsequently solvothermally treated
it with an ethanol solution of mixed TAA. Such a post-
solvothermal route made the highly active TiO2 nanosheets
coat on MIL-125-NH2, and then a core–shell structure was
formed. A large number of linker defects and many oxygen
vacancies were introduced in the composite, and consequently,
the photocatalytic activity was improved. The hydrogen evolu-
tion rate of the photocatalyst was 70 times that of pristine MIL-
125-NH2. In addition, the stability of the photocatalyst was
improved by the core–shell structure because the more stable
coated TiO2 protected the inner core of the MOF. Sun et al.134

synthesized TiO2@MIL-125-NH2 photocatalysts via a direc-
tional hydrolytic etching route, which created four exposed
{100} active surfaces of MIL-125-NH2 and resulted in enhanced
photocatalytic activity. First, MIL-125-NH2 was mixed with
proper proportion of tannic acid and water, and then treated
the mixed solution via a hydrothermal route, and finally, the
sample was obtained by centrifugation and drying. Etching
MIL-125-NH2 from the inside out created an open electron
transfer channel, which promoted the separation and transfer
of carriers. The system provided a different route to synthesize
composite materials with enhanced photocatalytic activity and
high stability. Zhang et al.135 found the unusual photocatalytic
mechanism in MoO3/MIL-125-NH2 and V2O5/MIL-125-NH2

composites. Different from common composite materials, both
MoO3 and V2O5 cannot absorb visible light or collect electrons,
but the energy bands were bent in the composites, and
it resulted in the formation of built-in electric field which
promoted charge separation.

Covalent organic frameworks (COFs) had great potential in
the field of photocatalysis.136–138 Li et al.139 fabricated a hier-
archical porous metal–organic framework/covalent organic
framework (MOF/COF) hybrid material via a post-synthetic
covalent modification route (Fig. 9(a)). A benzoic acid–modified
covalent triazine-based framework (B-CTF-1) was covalently
bonded to MIL-125-NH2 by amide bonds (Fig. 9(b)). It can be
observed that 15T/BC had the best light absorption ability
(Fig. 9(c)), which was beneficial for photocatalytic hydrogen
evolution. The optimized transport pathway of photogenerated
carriers resulted in the enhanced photocatalytic activity, which
was over 2 times more than that of B-CTF-1 (Fig. 9(d)). The
stability of the photocatalyst was significantly improved
because the amide bonds were more stable than the simple
heterostructure connected by van der Waals force. Compared
with the rapid decaying of 15T/BC and T/C, 15TBC still main-
tained a high photocatalytic activity after 16 hours of reaction
(Fig. 9(e)).

g-C3N4 was a metal-free polymer semiconductor with a
medium band gap and visible light response, and hence, it
was widely researched in many fields especially the field
of photocatalysis. g-C3N4 nanosheets could compound with
MIL-125-NH2 and form the heterojunction with hierarchical
porous structure.119 The formation of the heterojunction
resulted in the red-shifted light absorption region and the
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improved electron transfer efficiency, which enhanced the
photocatalytic activity. Xu et al.141 found that in the MIL-125-
NH2/g-C3N4/NiPd photocatalyst, the formation of close contact
between MIL-125-NH2 and g-C3N4 improved the electron trans-
fer efficiency, and the loaded NiPd nanoparticles, the sensitizer,
improved the light absorption and then promoted the effective
separation of charges. The enhanced hydrogen evolution rate
was 8.7 mmol h�1 g�1, which was 322 times that of MIL-125-
NH2/0.75 g-C3N4 and 1.3 times that of MIL-125-NH2/Ni15.8Pd4.1.
However, the stability of the photocatalyst was not good.

Zhou et al.140 used a thermal oxidation route and an ice bath
route to synthesize g-C3N4 functionalized by benzoic acid (CFB),
and then used a two-step hydrothermal synthesis route to
synthesize Z-scheme heterojunction photocatalysts, CFB/MIL-
125-NH2, among which CFB was linked with MIL-125-NH2

via covalent bonds (Fig. 9(f)). Benzoic acid was an electron
mediator that separated the carriers well and improved the
electron transfer efficiency, and covalent bonds enhanced the
stability of the photocatalyst (Fig. 9(g)). The hydrogen evolution
rate was about 6 times that of pristine MIL-125-NH2.

Fig. 9 (a) Schematic diagram of the synthesis process and hydrogen evolution of MIL-125-NH2@TiO2. Reproduced with permission from ref. 116.
Copyright 2018, American Chemical Society. (b) Schematic illustration of the formation of TBC hybrid materials. (c) Photocatalytic mechanism of charge
transfer for hydrogen evolution over 15TBC. (d) Rate of hydrogen evolution over different samples. (e) Cycling runs of the as-prepared catalysts.
Reproduced with permission from ref. 139. Copyright 2018, Elsevier. (f) Schematic representation of the synthesis of covalently linked CFBM composites.
(I) g-C3N4 functionalized with benzoic acid (CFB) and (II) in situ growth of CFBM crystals. (g) Photocatalytic mechanism of the charge transfer for
hydrogen evolution over the 10CFBM under visible light irradiation. Reproduced with permission from ref. 140. Copyright 2017, Elsevier.
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By constructing heterojunctions, the MIL-125 composite
photocatalyst would have the optimized electron transfer path-
way, and it can have the improved stability if the strong bonds
are established. The synthesis steps of MIL-125 composite
photocatalysts are relatively cumbersome, and the high stability
was important in constructing composite photocatalysts.

Relevant information on the study of MIL-125 composite
photocatalysts is summarized in Table 4.

4. Conclusions and prospects

This paper reviewed the research progress of MIL-125 in the
field of photocatalytic hydrogen evolution. It can be concluded
that MIL-125 has broad application prospects in the field of
photocatalytic water splitting for hydrogen evolution. The
photocatalysts based on MIL-125 had enhanced visible light
response and the porous structure of MIL-125 provided a large
number of active sites, which could enhance the photocatalytic
activity. However, MIL-125 had its limitations. The biggest
challenge was the limited photoresponse, and the rapid recom-
bination of carriers as well as relatively poor chemical stability
in aqueous solutions was also a limitation in practice. To solve
these problems, various modification methods were developed
including engineering functional groups and surface structure,
doping metal ions, loading cocatalysts and structuring compo-
sites, and they were effective methods for improving the
photocatalytic activity and the stability. It can be concluded
that improving the carrier separation and transfer efficiency is
central to enhancing the photocatalytic activity, and the
enhanced stability depends on the optimized structure of the
photocatalysts, superior bonding and other factors. These
research studies are of great significance for the further devel-
opment of MOF materials in photocatalysis.

In the field of photocatalytic hydrogen evolution, MIL-125
might be developed in the following five directions: (1) take
effective ways to improve the stability, such as building
strong bonds to replace the original weak bonds, synthesizing

functional close contact structures like core–shell structures.
(2) Develop derivative materials of MIL-125. Porous TiO2

obtained by the pyrolysis of MIL-125 is a promising photo-
catalytic material, which has massive active sites and high
stability. (3) The widespread use of noble metals increased
the cost of materials and limited the large-scale application.
Therefore, more research on non-noble metals and carbon
materials in the field of photocatalysis is essential. (4) Carry
out more experiments and theoretical calculations to research
photocatalytic materials. More thorough comprehensive explora-
tions and research studies on the internal mechanism of the
photocatalytic reaction will build a more solid theoretical basis for
future research. (5) In addition to high activity and high stability,
the photocatalysts also need to be developed in the direction of
environmental protection, low price, and large-scale production.

MIL-125 was continuously developed over the past 10 years,
and it showed great potential in photocatalysis. However, its
development is still in its infancy, with many unknowns to be
explored and shortcomings to be overcome. It is believed that
MIL-125 can be used to achieve greater success in the future.
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Table 4 Summary of the relevant information on MIL-125 composite photocatalysts for photocatalytic hydrogen evolution in reported publications

Photocatalysts
Specific surface
area(m2 g�1)

Bandgap
(eV) Irradiation

Sacrificial
agents Cocatalysts

H2 evolution rate
(mmol h�1 g�1) Ref.

NH2-MIL-125/Co(dmgH)2 1415.28 — Visible TEOA — 2.195 87
MIL-125-NH2@TiO2 780 — Visible TEOA — 0.496 116
Cu2O/NH2-MIL-125 689 2.5 Solar light TEOA Cu2O 11.055 117
CdS/MIL-125 349 2.8 UV-vis lactic acid Pt 0.25–0.30 118
NH2-MIL-125/Pt/g-C3N4 64.7 — Visible TEOA Pt 3.986 119
NH2-MIL-125/ZnCr-LDH 513 2.69 Visible TEOA — 127.6 120
MIL-167/MIL-125-NH2 1230 — Visible TEA — 0.455 121
NH2-MIL-125/CdS 277.54 2.50 Visible Na2S/Na2SO3 — 6.62 125
C60-mediated NH2-MIL-125/Zn0.5Cd0.5S 841.42 2.23 Visible TEOA — 7.825 128
NH2-MIL-125/TiO2/CdS 636 B2.3 Visible Na2S/Na2SO3 Pt 2.997 130
NH2-MIL-125@ZnIn2S4/CdS 877 B1.84 Visible MeOH — 2.367 132
TiO2@NH2-MIL-125 — — Solar light TEOA — 0.440 134
NH2-MIL-125/g-C3N4/NiPd — — Solar light TEOA NiPd 8.7 141
CFB/NH2-MIL-125 269.2 — Visible TEOA Pt 1.123 140
NH2-MIL-125/B-CTF-1 — — Solar light TEOA Pt 0.360 139
Zn0.5Cd0.5S/MIL-125-NH2 208.7 — Visible Na2S/Na2SO3 — 92.498 142
ZnIn2S4@NH2-MIL-125 521.8 2.55 Visible Na2S/Na2SO3 — 2.204 143
MoO3/MIL-125-NH2 837 2.65 Visible TEA — 0.399 135

Journal of Materials Chemistry C Review

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

24
/2

02
5 

1:
45

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/d3tc00757j


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 6800–6818 |  6815

Acknowledgements

The authors thank the Advanced Analysis and Measurement
Center of Yunnan University for the sample testing service. This
work was funded by the Yunnan Yunling Scholars Project, the
National Natural Science Foundation of China (no. 51562038),
the Young and middle-aged academic and technical leaders
reserve talent project in Yunnan Province (202005AC160015), the
Yunnan basic applied research project (no. 202101AT070013), and
the National Key Research and Development Program of China
(2022YFB3803600).

References

1 C. Zheng and D. M. Kammen, Energy Policy, 2014, 67,
159–169.

2 K. Berijani, A. Morsali and H. Garcia, Microporous Meso-
porous Mater., 2023, 349, 112410.

3 H. C. Gulbalkan, Z. P. Haslak, C. Altintas, A. Uzun and
S. Keskin, Chem. Eng. J., 2022, 428, 131239.

4 C. Pettinari, R. Pettinari, C. Di Nicola, A. Tombesi, S. Scuri
and F. Marchetti, Coord. Chem. Rev., 2021, 446, 214121.

5 C. Li, W. Yang, X. Zhang, Y. Han, W. Tang, T. Yue and Z. Li,
J. Mater. Chem. C, 2020, 8, 2054–2064.

6 J. Zhou, C. Zeng, H. Ou, Q. Yang, Q. Xie, A. Zeb, X. Lin,
Z. Ali and L. Hu, J. Mater. Chem. C, 2021, 9, 11030–11058.

7 Y. Kataoka, K. Sato, Y. Miyazaki and K. Masuda, Energy
Environ. Sci., 2009, 2, 397–400.

8 Z. Wang, Z. Jin, G. Wang and B. Ma, Int. J. Hydrogen Energy,
2018, 43, 13039–13050.

9 T. Li, L. Zhang, X. Li, X. Wang and Z. Jin, J. Mater. Chem. C,
2022, 10, 8750–8761.

10 D. Shi, R. Zheng, M. J. Sun, X. Cao, C. X. Sun, C. J. Cui,
C. S. Liu, J. Zhao and M. Du, Angew. Chem., Int. Ed., 2017,
56, 14637–14641.

11 Y. Feng, C. Chen, Z. Liu, B. Fei, P. Lin, Q. Li, S. Sun and
S. Du, J. Mater. Chem. A, 2015, 3, 7163–7169.

12 Q. Shang, N. Liu, D. You, Q. Cheng, G. Liao and Z. Pan,
J. Mater. Chem. C, 2021, 9, 238–248.

13 Y. Xiao, Y. Qi, X. Wang, X. Wang, F. Zhang and C. Li, Adv.
Mater., 2018, 30, 1803401.

14 H. Assi, L. C. Pardo Perez, G. Mouchaham, F. Ragon,
M. Nasalevich, N. Guillou, C. Martineau, H. Chevreau,
F. Kapteijn, J. Gascon, P. Fertey, E. Elkaim, C. Serre and
T. Devic, Inorg. Chem., 2016, 55, 7192–7199.

15 O. Guselnikova, A. Trelin, E. Miliutina, R. Elashnikov,
P. Sajdl, P. Postnikov, Z. Kolska, V. Svorcik and
O. Lyutakov, ACS Appl. Mater. Interfaces, 2020, 12,
28110–28119.

16 K. Mori, J. Aoyama, M. Kawashima and H. Yamashita,
Dalton Trans., 2014, 43, 10541–10547.

17 Y. Guo, J. Zhang, L. Z. Dong, Y. Xu, W. Han, M. Fang,
H. K. Liu, Y. Wu and Y. Q. Lan, Chem. – Eur. J., 2017, 23,
15518–15528.

18 F. Leng, H. Liu, M. Ding, Q.-P. Lin and H.-L. Jiang, ACS
Catal., 2018, 8, 4583–4590.

19 L. Shen, M. Luo, L. Huang, P. Feng and L. Wu, Inorg.
Chem., 2015, 54, 1191–1193.

20 L. Li, X. S. Wang, T. F. Liu and J. Ye, Small Methods, 2020,
4, 2000486.

21 N. Kolobov, M. G. Goesten and J. Gascon, Angew. Chem.,
Int. Ed., 2021, 60, 26038–26052.

22 Y. Zhao and D. Li, J. Mater. Chem. C, 2020, 8, 12739–12754.
23 M. Dan-Hardi, C. Serre, T. Frot, L. Rozes, G. Maurin,
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