Front. Energy 2022, 16(5): 734-746
https://doi.org/10.1007/s11708-022-0840-x

REVIEW ARTICLE

Luis A. ALFONSO-HERRERA, Leticia M. TORRES-MARTINEZ, J. Manuel MORA-HERNANDEZ

Novel strategies to tailor the photocatalytic activity of
metal-organic frameworks for hydrogen generation: a

mini-review

© Higher Education Press 2022

Abstract This review provides a recompilation of the
most important and recent strategies employed to increase
the efficiency of metal-organic framework (MOF)-based
systems toward the photocatalytic hydrogen evolution
(PHE) reaction through specific strategies: tailoring the
photocatalytic activity of bare MOFs and guest@MOF
composites, formation of heterojunctions based on MOFs
and various photocatalysts, and inorganic photocatalysts
derived from MOFs. According to the data reported in this
mini-review, the most effective strategy to improve the
PHE of MOFs relies on modifying the linkers with new
secondary building units (SBUs). Although several
reviews have investigated the photocatalytic activity of
MOFs from a general point of view, many of these studies
relate this activity to the physicochemical and catalytic
properties of MOFs. However, they did not consider the
interactions between the components of the photocatalytic
material. This study highlights the effects of strength of the
supramolecular interactions on the photocatalytic
performance of bare and MOF-based materials during
PHE. A thorough review and comparison of the results
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established that metal-nanoparticle@MOF composites
have weak van der Waals forces between components,
whereas heterostructures only interact with MOFs at the
surface of bare materials. Regarding material derivatives
from MOFs, we found that pyrolysis destroyed some
beneficial properties of MOFs for PHE. Thus, we conclude
that adding SBUs to organic linkers is the most efficient
strategy to perform the PHE because the SBUs added to
the MOFs promote synergy between the two materials
through strong coordination bonds.

Keywords metal-organic frameworks (MOFs),
photocatalytic hydrogen evolution, MOF heterojunctions,
materials derived from MOFs, bandgap, recombination

1 Introduction

The use of clean fuels is vital to reduce global warming,
and photocatalysis is a promising technology to solve
important environmental issues such as global warming,
water pollution, and the generation of alternative fuels.
Hydrogen is a promising alternative to satisfy increasing
global energy requirements because it has high energy
efficiency and does not generate hazardous by-products
[1]. Hydrocarbon reforming and pyrolysis, which employ
fossil fuels as feedstock, are the most commonly
employed methods for hydrogen production [2]. Alterna-
tive and ecological methodologies for producing hydro-
gen include electrocatalysis [3] and photocatalysis [4].
Photocatalysis is a powerful tool with high potential to
solve some of the most important environmental
problems facing humanity; however, there are high
barriers to developing efficient photocatalytic systems,
such as low photocatalytic efficiency related to the
recombination of the charge carrier and poor light
absorption under visible light [5,6]. The most commonly
employed photocatalysts include inorganic oxides such as
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TiO; [7], ZnO [8], and SrZrO; [9]; nevertheless, novel
materials such as coordination complexes [10], covalent
organic frameworks (COFs) [11], and metal-organic
frameworks (MOFs) [12] have been studied for
photocatalytic applications.

MOFs are considered hybrid materials because they
combine inorganic components (metal ions/clusters) with
organic components (linkers). The organic and inorganic
elements self-assemble through coordination bonds,
producing highly ordered 3d structures (Fig. 1) [13].
There is a wide diversity of MOF materials because
thousands of linkers are suitable for constructing MOFs;
the most common are carboxylic acids and pyridines
[14]. The most outstanding MOF properties are high
porosity and large surface area [15]. The synthesis of
MOFs with Zn, Cu, Co, Ni, Ti, Zr, Al, and Fe has been
reported [16]. MOFs have been employed successfully
for photocatalytic hydrogen evolution (PHE) [17], CO,
reduction [18], and removal of pollutants from water
[19]. The PHE mechanism of MOFs begins with light
irradiation over the material, which promotes charge
carrier separation and electron transfer from the valence
band to the conduction band. Depending on the nature of
the MOF, linkers, SBUs, or a combination of both, are
present in the valence band or the conduction band [20];
thus, light irradiation promotes electron transfer from
linkers to metals, from n-7* in linkers, from low-spin to
high-spin in metals, or from metals to linkers [21]. The
electron transfer produces a hole in the valence band,
which oxidizes two water molecules, producing two
molecules of oxygen and four protons, and the electrons
in the conduction band reduce the protons, producing two
hydrogen molecules [22].

Similar to traditional photocatalysts, several MOFs
exhibit high charge carrier recombination, poor light
absorption in the visible spectrum, and low stability. The
poor stability of MOFs compared with that of inorganic
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materials is one of the main challenges associated with
the use of such materials for PHE. The instability is
related to the insertion of water into cavities, which
replaces linkers and collapses the crystalline lattice [23].
Consequently, creating a hydrophobic environment in the
cavities of the MOF is an effective strategy for improving
their stability under PHE conditions [24]. This review
provides a complete recompilation and analysis of recent
studies (2019-2021) that report different strategies for
enhancing the photocatalytic activity of MOFs for PHE.

2 Photocatalytic hydrogen evolution

Table 1 describes the recompilation of the different
materials in the text, and their hydrogen evolution rates
and primary characteristics.

2.1 Tailoring the photocatalytic activity of bare MOFs and
guest@MOFs

Bare MOFs have been employed successfully for PHE;
however, as mentioned above, the recombination of
charge carriers and poor light absorption decreases the
efficiency of the MOF. Materials with high crystallinity
have higher efficiency for photocatalytic reactions owing
to the existence of fewer structural defects [48]. Thus,
developing synthesis methods to improve the crystallinity
of MOFs is an effective strategy for improving PHE. For
example, M-008 (MOF constructed from 4,4-bipyridine
and a Zn metal center) has been synthesized using slow
evaporation and mechanochemistry. The material
synthesized by slow evaporation demonstrated the
highest crystallinity, the lowest charge recombination
observed in photoluminescence experiments, and the
highest hydrogen evolution under UV and visible
irradiation [25].

Highly ordered
structures

Self-assembly of schematic linkers and metal ions to form MOFs.
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Table 1 Summary of the characteristics, conditions, and photocatalytic hydrogen evolution (PHE) rate for metal-organic framework (MOF)

materials described in this review
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Strategy to enhance Strategy Material Hydrogen evolution Light source Ref.
PHE rate/(umol-(g-h)™!)
Tailoring the Crystallinity effect M-008A 53 UV light [25]
photocatalytic activity 254 nm
of bare MOFs M-008B 103
Sensitization with Ce** ions Ui0-67-Ce 269.6 Xe lamp [26]
(4>400 nm)
Pt single-atom encapsulation MBT 50 300 W Xe lamp [27]
(A>420 nm)
Pt-SACs/MBT 68330
Pt-NCs/MBT 44230
Pt-NPs/MOF 16410
Sensitization with Pt** ions PCN-9(Co) 4.8 UV-visible light irradiation 28]
PCN-9(Co)-Pt 335
Self-sensitization Pt@Pd-PCN-222(Hf) 22674 Visible light (4 = 420 nm) [29]
Sensitization with dyes BDC-Zn 47.5 Solar irradiation [30]
BDC-Zn (MO) 1137.8
BDC-Zn (MB) 1259.4
Sensitization with BODIPY linkers Pt/CCNU-1 4680 Xenon arc lamp [31]
(4> 420 nm)
Sensitization with additional SBUs FeBrF4s@Zre-Cu 120000 Visible light [32]
(1=1350-700 nm)
mPTCu/Co 11000 Xe lamp 350-700 nm [27]
Ti3-BPDC-Ir 925 Visible light (4 > 400 nm) [33]
Ti3-BPDC-Ru 61
Effect of hole position in linkers NH,-MIL-125-Ti 1.5 UV light (1 = 240-400 nm) [34]
MIL-125-Ti 57.7
Formation of Coupled with g-C3Ny g-C3N4 /UMOFNs 1909 500 W Xe lamp (4 =250-1800 nm) [35]
heterojunctions based
on MOFs and various NH,-MIL-125/g-C3Ny4 5316 300 W Xe (4 > 400 nm) [36]
photocatalysts Morphology effect of material CZS/NMF-4 1713.2 5 W LED [37]
Exposed crystallographic plane effect TiO,@MOF FS 44 Sum of light illumination (300 W Xe [38]
lam
Co-catalyst encapsulated in MOFs ZIF-8/MoS; 68.4 Solar light simulator [39]
pores
Heterostructures associated by =~ MOF-808@TpPa-1-COF 11880 Summed light illumination (300 W Xe [40]
covalent bonds (6/4 lamp)
Inorganic Carbonaceous materials synthesized Cd(OH),/CdS 40-gCN- 148.13 Solar light [41]
photocatalyst derived from MOFs NPC (150 W Xe
from MOFs lamp)
Ni,P/Ni@C/g-C3N4-550 8040 300 W Xe lamp (4 = 420 nm) [42]
Free noble metal heterostructures ~ NiS(0.3%)/CdS(30%)/ 2149.15 300 W Xe lamp (4 = 420 nm) [43]
TiO,
Inorganic heterostructures from MOF CdS/MoS; 5587 300 W Xe lamp [44]
core-shell structures UV-visible light irradiation
CusP@CoP 9399 Simulated solar light [45]
5 W LED white-light
multi-channel
Ru single-atom encapsulation into  Ru-NPs/SAs@N-TC 5000 300 W Xe lamp (4 =320-780 nm) [46]
carbonaceous materials
Cu adsorption in the MOF derivative Cu/C-ZnO 5363.3 300 W Xe lamp. UV cut-off filter  [47]

surface

(4 <420 nm)

Photosensitization with organic dyes is an interesting
strategy for improving light absorption under the visible
spectrum. Several MOFs have a high capacity to adsorb
organic dyes; however, few reports have related this
property to the sensitization phenomenon. BDC-Zn (a
MOF containing terephthalic acid and Zn) was evaluated
for PHE under visible spectra and demonstrated poor
photocatalytic activity; nevertheless, the photocatalytic

activity was considerably improved in the presence of
methyl orange (MO). The high sensitization by MO is
related to the high capacity of the BDC-Zn MOF to
adsorb this dye [30].

The location of the holes in the linkers under light
irradiation plays an important role in reducing charge
carrier recombination. The holes of MIL-125-Ti (a MOF
containing Ti and terephthalic acid synthesized using the
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solvothermal method) reside in the O2p band in the
linkers, whereas eclectrons are localized in the metallic
center. As the distance between O2p and Ti is very short,
recombination issues occur rapidly. However, when
MIL-125-Ti is functionalized with an amine group (-NH>),
holes exist in the N atoms. Because the N-Ti bond is
longer than O-Ti bond, the recombination issues are
reduced. Nevertheless, in the presence of sacrificial
agents, MIL-125-Ti exhibits higher photocatalytic
activity than H,N-MIL-125-Ti because of the short
distance between the holes and the metallic center in
which the sacrificial agent is adsorbed. XRD experiments
indicated that both materials undergo important changes
in their crystalline phases after 1 h under PHE conditions;
in particular, TEOA promotes the degradation of the
material, indicating poor stability [34].

There are several examples of linker-type coordination
compounds that have high potential to improve light
absorption. A series of FeX@ZrsCu MOFs synthesized
through an evaporation method comprises
photosensitizing linkers (Cu-PSs) and highly active FeZ"
redox sites supported on secondary building units
(SBUs). The visible spectra of FeX@ZrsCu indicates
high PHE activity, which was attributed to the proximity
(~1 nm) of the Cu-PSs to the SBUs. In addition, FeZ* is
stabilized by periodically ordered SBUs. The synergy
between Cu-PSs and SBUs occurs by Cu-PS excited state
quenching by 3-dimethyl-2-phenyl-2,3-dihydro-
1Hbenzo[d]-imidazole (BIH, a sacrificial agent) to afford
the [Cu-PS]~ species, which sequentially injects two
electrons to the Fe?" site to generate the FeX™—H
intermediate for photocatalytic H, evolution [32].
Notably, the FeX@ZrsCu MOFs have efficient PHE
activity for 80 h, indicating high stability. The visible
spectra of two MOFs, mPTCu/Co and mPTCu/Re,
synthesized using a solvothermal method, reveal high
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activity toward the PHE, similar to that reported in the
previous study [27]. This activity was attributed to the
proximity of the SBUs Cu-PSs to the active Co/Re
catalyst. The high activity of these materials is related to
their reductive quenching pathway, as determined by
photophysical and electrochemical experiments. The
photo-excited [Cu-Ps]* species are quenched by BIH
(sacrificial agent), producing [Cu-Ps]~ species, which
transfer electrons to the Co/Re photocatalytic sites where
the PHE is carried out. The photocatalytic cycle is
illustrated in Fig. 2. Notably, the mPTCu/Co and
mPTCu/Re MOFs had efficient PHE activity for 72 h,
indicating high stability [49].

In another example of the sensitization of MOFs with
additional SBUs, the titanium-based material Ti3-BPDC,
synthesized through a solvothermal reaction, was doped
with [Ir(ppy)2(debpy)]Cl or [Ru(bpy)z(debpy)]Cl, (bpy =
2,2'-bipyridine, ppy = 2-phenylpyridine, dcbpy = 2,2'-
bipyridine-5,5'-dicarboxylate) to obtain Ti;-BPDC-Ir and
Ti3-BPDC-Ru. The PHE was improved because the
hierarchical assembly of photosensitizer linkers and Ti
clusters facilitates the charge carrier transfer, enhancing
light absorption and reducing charge carrier recombina-
tion. In the photocatalytic cycle, [Ir(ppy)2(dcbpy)]*
photo-excited to [Ir(ppy)2(dcbpy)]™®, which is subse-
quently reduced by BIH to [Ir(ppy).(dcbpy)]; these
species transfer electrons to the Ti cluster, where the PHE
is carried out, and simultaneously, [Ir(ppy)2(dcbpy)]*
regenerated (Fig. 3). The authors analyzed the RXD
patterns of Tis-BPDC-Ir and Ti;-BPDC-Ru after PHE
(72 h); and found that no changes occurred in the
crystalline phase of the materials, indicating high stability
[33].

The infiltration of guest molecules into MOFs is an
effective strategy to modulate important physicochemical
properties, such as the bandgap, that improve PHE [50].
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Fig. 2 Proposed catalytic cycle for mPTCu/Co-catalyzed for the PHE (adapted with permission from Ref. [49]).



738 Front. Energy 2022, 16(5): 734-746

H,0

(a) hv
myudcbpy)r Tim

[Ir(ppy)(dcbpy)]™ AE|AE

. - v 12H
[Ir(ppy)(dcbpy)] T 2

BI
H,
PS
(b) TiV-OH
PS
H,0

Titv-H Ti"-OH
PS
PS? Ml
OH Ti"{] OH~
H,0

Fig.3 (a) Proposed catalytic cycle for the visible light-driven
PHE catalyzed by Ti;-BPDC-Ir; (b) detailed catalytic
mechanism of the reaction on the Ti site via the TilV/Tilll cycle
(adapted with permission from Ref. [33]).

In addition, guest molecules can promote charge transfer
between the host and guest, thereby reducing
recombination [51]. Guest molecules can be encapsulated
during the synthesis process or through a post-synthesis
methodology. Encapsulation through synthesis is
performed via a one-pot synthesis method in which guest
molecules are encapsulated, while linkers and metals are
self-assembled. The one-pot synthesis method has
advantages over post-synthesis methodologies [52]; for
example, the guest molecules are more homogeneously
distributed inside the MOF and the guest molecules
penetrate deeper into the MOFs [52]. In addition,
materials that are infiltrated through the one-pot synthesis
methodology usually retain their crystallinity and crystal
phase [53,54]. Infiltration through post-synthesis
methodologies requires pretreatment, during which the
residual solvent is removed from the MOFs. In post-
synthesis methodologies, the encapsulation of guest
molecules can be carried out from a liquid solution or
gas/vapor phase. Usually, encapsulation from a gas/vapor
phase is advantageous over encapsulation from a liquid
phase because there is no competition between the
solvent and guest molecules in the former [55]. Cerium is
a lanthanide that usually exhibits activity under visible
light irradiation owing to its electronic configuration.
Therefore, cerium is useful for improving the light-
harvesting ability of MOFs. Other lanthanides and
actinides can also enhance the optical properties of
MOFs. Platinum is a highly conductive element that is

useful for improving the mobility of electrons toward the
surface of the material. Another reported strategy to
improve light absorption and reduce charge carrier
recombination relies on infiltrating the MOF with metal
cations such as Ce*", an effective photosensitizer, or Pt**,
a highly conductive metal. Ce*" cations were introduced
to the crystal structure of UIO-67 (a Zr-based MOF with
biphenyl-4,4-dicarboxylic (bpdc) acid as a linker),
partially replacing the bpdc linkers with 2,2-bipyridine-
5,5-dicarboxylic acid (bpydc). The nitrogen groups in the
bpydc linkers have a high capacity to form coordination
bonds with Ce*" cations; thus, Ce*" is easily incorporated
into UIO-67 following this methodology. The authors
synthesized the UIO-67 material using a solvothermal
reaction, whereas encapsulation of Ce*" was carried out
using a one-pot method. The photocatalytic activity of the
modified material is 10 times higher than that of bare
UIO-67, which reduces the recombination rate caused by
charge transfer from the bpdc linkers to the bpydc-Ce*"
linkers. After 6 h of light irradiation, the authors observed
a decrease in the PHE rate for the bare material and
composite, indicating low stability [26]. PCN-9 (a MOF
containing Co and 2,4,6-tris(4-carboxyphenyl)-1,3,5-
triazine) was modified by the adsorption of Pt** ions. The
cations were incorporated into PCN-9 through
coordination bonds with nitrogen atoms in the triazine
linkers. The authors synthesized PCN-9 wusing a
solvothermal reaction and encapsulated Pt** ions using a
simple method of adsorption from a solution with
different concentrations of Pt*". The resulting materials
demonstrated less charge carrier recombination than bare
PCN-9 because the photogenerated electrons in the
organic linkers were transferred to Pt, avoiding
recombination. High stability was observed in the
modified material in X-ray photonelectron spectroscopy
(XPS) experiments [28]. XPS experiments indicated that
the Pt*" encapsulated in PCN-9 had the same oxidation
state after the photocatalytic experiments, suggesting
high stability.

Single-atom encapsulation into MOF pores is another
interesting approach for decreasing charge carrier
recombination in MOFs. For example, the single-ion trap
method involves the encapsulation of Pt atoms in MOF-
808 (a MOF containing Zr and trimesic acid synthesized
by the solvothermal reaction). The original formate
linkers bonded to Zr clusters were exchanged with EDTA
linkers, Pt2* ions were coordinated to EDTA linkers, and
the resulting material was heat-treated at 200°C under H;
atmosphere to produce single Pt atoms. The modified
MOF demonstrated a lower charge carrier recombination
than bare MOF-808, which improved the PHE reaction.
MOF-808 modification has an outstanding quantum
efficiency of 67.6% at 420 nm [27]. The PHE activity of
Pt@MOF-808 did not decrease after five reaction cycles
(25 h), indicating exceptional stability.

MOFs synthesized from porphyrin

linkers can
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demonstrate self-sensitization; this occurs in Pd-PCN-
222(Hf), a MOF constructed from the palladium (II)
meso-tetra (4-carboxyphenyl) porphyrin linker. Such
porphyrin linkers coordinated to Hf clusters produce
large pores (3.7 nm), where Pt nanoparticles are inserted
to play the role of the co-catalyst. The authors
synthesized a pristine PCN-222(Hf) MOF using a
solvothermal reaction and encapsulated Pt nanoparticles
using an adsorption methodology promoted by
sonication. In addition to excellent light absorption in the
visible spectrum, Pt@Pd-PCN-22(Hf) showed an
unprecedented PHE rate of 22674 pumol/(g-h), which is
attributable to a synergistic effect between the Pd-
porphyrin linkers and Pt nanoparticles. The bare material
and composite were immersed in different solvents
(methanol, acetonitrile, acetone, dichloromethane, ethyl
acetate, and water). After seven days, neither Pd-PCN-
222(Hf) nor Pt@Pd-PCN-22(Hf) exhibited changes in
their crystallinity and crystal phase, indicating
exceptional stability. In addition, the materials were
stable in an aqueous solution at a pH of 1-12 for 24 h.
The authors attributed the outstanding stability of Pd-
PCN-222(Hf) and Pt@Pd-PCN-22(Hf) to the
hydrophobic environment resulting from the presence of
Hf clusters [29].

Another strategy to improve the light absorption in
MOFs is photosensitization using organic compounds
and the addition of SBUs to linkers. For example, Yang
et al. [31] synthesized the MOF CCNU-1 (constructed
from a Zn metal center and two linkers, BDPC, and
BODIPY) using a solvothermal method. In addition, the
authors encapsulated Pt nanoparticles using an adsorption
methodology with an aqueous solution and NaBH,4 as a
reducing agent. The excellent light adsorption properties
of BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
have been widely reported; therefore, the addition of this
linker to MOFs results in an interesting method to
increase light absorption. BODIPY-based CCNU-1 is the
first MOF reported in the literature to present a high
efficiency for light absorption in the 200 to 800 nm
range. The Pt@CCNU-1 composite has an efficient PHE
rate of 420 nm with an apparent quantum efficiency of
9.06%. The authors immersed the CCNU-1 MOF in
aqueous solutions with a pH between 1 and 11;
subsequently, XRD experiments indicated that CCNU-1
did not change its crystalline phase and crystallinity. In
addition, after three PHE cycles (9 h), the materials did
not exhibit a decrease in the PHE rate, indicating high
photostability. The authors attributed the high CCNU-1
stability to the strong coordination bond of N-Zn [31].

In addition to inorganic nanoparticles, metallic sulfides
can be encapsulated by the pores of MOFs to produce an
efficient photocatalyst for PHE. For example, MoS, was
encapsulated in a zeolitic imidazolate framework-8 (ZIF-
8) via a one-pot synthesis method and the resultant
heterostructure was evaluated for PHE. ZIF-8 has a

suitable band edge position for the PHE; however, this
MOF exhibits poor light absorption in the visible
spectrum. In contrast, MoS, exhibits excellent light
absorption under visible light but an unsuitable band
structure position for the PHE. After exfoliation, MoS,
was encapsulated in the pores of ZIF-8. The
heterostructure of ZIF-8@MoS, exhibits enhanced light
absorption under visible spectra compared to bare ZIF-8.
Additionally, the band structure position of ZIF-8 was not
modified; such characteristics improve the PHE under
visible light [39].

In this section, we present strategies for enhancing the
PHE in MOFs by tailoring their properties, such as
crystallinity and adsorption capacity. We also present
strategies for tailoring the structural properties of MOFs,
such as the use of highly conjugated linkers, the
extension of linkers through the addition of
organometallic/coordination compounds, and control of
the charge carrier position through the addition of
functional groups. In addition, we summarize previous
studies that involve the encapsulation of different species
inside MOFs to increase their PHE activity. A remarkable
strategy, efficient charge separation is crucial for
developing materials for efficient PHE. The extension of
linkers by adding new SBUs or encapsulating metallic
species is an efficient strategy to enhance the PHE
because it promotes charge transport between the two
components of the same material. This phenomenon is
not observed in MOFs with enhanced macroscopic or
structural properties, such as crystallinity or highly
conjugated linkers, because charge transport occurs
within the same component. Regarding sensitization with
additional SBUs, the short distance between SBUs was
responsible for the outstanding results. We believe that
the coordination bond between the functional groups in
the linkers and additional SBUs is a key factor for
producing high PHE activity because it is an interaction
stronger than VWFs, which are usually present in
metallic-nanoparticle@MOF composites. Regarding the
stability parameter, most of the analyzed compounds are
highly stable under PHE conditions. We believe that the
encapsulation of metallic nanoparticles prevents water
infiltrating the pores of the MOF, which usually alters the
crystalline lattice. Furthermore, additional SBUs promote
the formation of a hydrophobic environment inside the
cavities of the MOF, resulting in high stability.

2.2 Formation of heterojunctions based on MOFs and
various photocatalysts

Heterostructures are material configurations capable of
improving the charge carrier transfer of bare materials
according to the band position of each bare material, thus
reducing recombination issues and increasing PHE
activity. The driving force for these specific
configurations is the transfer of charge carriers from high
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to low energy levels under light irradiation. Thus, the
holes in the valence band migrate from a higher energy
level to the valence band with the lowest oxidation
potential on the other semiconductor, whereas electrons
migrate from the conduction band with a high energy
level to the conduction band with the lowest reduction
potential (heterostructure types I and II) or to the valence
band of the coupled semiconductor (heterostructure types
IIT and Z-scheme) [56]. Heterostructures can also be
classified according to the arrangement and interface of
different semiconductors, for example, a) spherical zero-
dimensional, b) cylindrical one-dimensional, c¢) planar
two-dimensional, and d) cubic three-dimensional [57].
Graphitic carbon nitride (g-C3N4) is a promising
photocatalyst for PHE because it has excellent optical
properties and is inexpensive and environmentally
friendly. Nevertheless, several challenges limit the use of
g-C3Ny4 on an extensive scale. For example, g-C3Ny is
usually synthesized through the molten salt method,
which produces a 2d morphology associated with small
surface area [58]. Other synthesis methods produce
g-C3Ny4 with interesting morphologies associated with a
large surface area; nevertheless, a large surface area can
produce vacancies and structural defects that can reduce
the efficiency of g-C3;N4 for PHE [59]. Consequently,
coupling g-CsN4 with a non-precious co-catalyst is
essential to overcome the aforementioned problems to
develop an efficient PHE system based on g-C;Ny4 [60].
Thus, we believe that MOFs have high potential for
synergy with g-C3Ny4. The limiting 2d structure of g-C3Ny4
can promote 7-stacking interactions with MOFs, which
results in large surface areas and crystallinity. Several
MOFs, such as ZIF-8, produce large bandgaps (~5 eV)
[61]; thus, g-CsNs can be used to improve the light
harvesting of MOFs. For example, 2d Co-Ni-based
MOFs (UMOFNSs) were coupled to g-CsNy4 by a simple
mechanochemical grinding method. The resultant
heterostructure has better light absorption and results in
lower charge carrier recombination than bare materials.
The enhanced PHE efficiency is attributable to the 2d-2d
UMOFNs and g-C3;N4 morphology, which reduces the
distance between materials and improves the charge
transference processes. The highly dispersed Ni-O, Co-O,
and n-nt bonds in UMOFNs with 2d-2d structures
promoted and improved the charge transfer and
photocatalytic activity. The authors indicated that after 10
reaction cycles, the PHE of UMOFNs/g-C3;N4 decreased
by 20%; they attributed the loss of PHE to a slight loss in
the catalyst recovery process or the separation of the
heterostructure components. After the reaction cycle, the
authors observed that the XRD results for g-C3Ny4 did not
reveal any important changes, indicating that the catalyst
has high stability. Nevertheless, the peaks representing
UMOFNs are not observed. Therefore, analyzing the
global stability of the heterostructure is difficult. In
another study, Ti-MOFs (TiATA) were coupled to

g-C3N4 using a mechanochemical process and subsequent
annealing. XPS analysis revealed the presence of the C-
Ti bond, suggesting that the C in g-C;Ny interact with Ti
metal centers in TiATA. The interactions between both
materials improves the light absorption of g-C3N4 and
reduces the charge carrier recombination. Photocatalysis
suggests that electrons migrate from g-CsN4 to TiATA
and then to Pt nanoparticles (co-catalyst) supported on
the heterostructure surface to carry out the PHE [36].

In addition to the properties of the compound, the
morphology of the material plays a crucial role in
constructing heterostructures with high efficiency for the
PHE. For example, 0D Cd,Zn_.,S was coupled to a 2d Ni-
MOF-74 via a simple hydrothermal and physical mixing
method to construct the heterostructure CZS/NMF-4; the
0 and 2d space structure reduced the agglomeration of
CSZ on the NMF-4 surface, which increased the
available active photocatalytic sites for hydrogen
evolution. The synergy between CSZ and NMF-4
produces photocatalytic activity 10 times higher than that
of bare materials. After four reaction cycles (20 h), the
PHE rate of CZS/NMF-4 decreased from 1713.2 to
1102.2 umol, indicating low stability. XRD experiments
indicated that the crystal phase of CZS did not show
significant changes after the photocatalytic reaction,
whereas the before and after XRD patterns of NMF-4
contrasted markedly, indicating that NMF-4 was
responsible for the low heterostructure stability [37].

Polycrystalline materials interact through different
crystallographic planes, and some crystallographic planes
are more active than others toward PHE. Thus,
conserving the most active crystallographic planes
available to interact with the reaction medium in a core-
shell heterostructure is desirable. MIL-125 (Ti) has four
different facets: {110}, {100}, {001}, and {111}, with
{100} being the most active. This plane has a high
affinity for electron-rich species such as tannic acid, so
this molecule can be used to protect the {100} plane and
construct the core-shell structure TiO@NH,-MIL-
125(Ti). The resultant heterostructure has a tight
heterojunction interface between TiO, and NH,-MIL-
125(Ti) while maintaining the open diffusion channels of
NH,-MIL-125(Ti), which improves the electrical
conductivity and light absorption, and therefore, the PHE
under visible light irradiation (Fig. 4). The TiO,@NH>-
MIL-125 (Ti) composite maintained its PHE rate over
five reaction cycles (50 h), indicating high stability [38].

A novel approach for constructing heterostructures
involves assembling two materials through covalent
bonds. COFs are coupled to MOFs via a Schiff base
reaction using free amine groups in the MOF linkers. In
addition, post-synthetic modifications in clusters can be
used to construct core-shell MOF@COF structures. For
example, MOF-808 (a material composed of Zr and
1,3,5-benzene tricarboxylic acid) has been modified by
coordinating p-aminobenzoic acid in Zr clusters. The
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Fig. 4 Schematic protection of the most active {100} crystallographic plane and core-shell structure formation.
modified material had sites available to form covalent heterostructures had lower stability than the

bonds with TpPa-1-COF. The resultant heterostructure
exhibited photocatalytic activity 5.6 times higher than
that of bare TpPa-1-COF, which was attributed to the
efficient charge carrier separation and transport
associated with the MOF-COF covalent bond [40].

In this section, we present strategies based on the
formation of heterostructures to increase the PHE of
MOFs. We present an MOF with organic compounds,
such as COFs and g-C;Ny4, and inorganic components,
such as TiO,. As mentioned previously, understanding
the interactions between the components of the
heterostructure is crucial for understanding and
comparing the different hydrogen evolution efficiencies
observed in each study. Thus, the inorganic-
component/MOF heterostructures exhibited the lowest
efficiency. This was attributed to the weaker
supramolecular (most likely van der Waals) forces at the
surface of the component. In addition, the heterostructure
2-C3N4/MOF is more efficient than materials fabricated
with inorganic materials; we attribute this to the 2d
morphology of MOFs and g-CsNj, which produces
supramolecular interactions stronger than van der Waals
forces. This means that MOFs with other morphologies
probably do not couple as efficiently as 2d MOFs with g-
C3N4. The heterostructure MOF@MOF/TiO, has an
enhanced PHE efficiency; nevertheless, it is worth
mentioning that this is a ternary structure in which the
core-shell MOF component interacts through strong
coordination bonds. MOF-808@TpPa-1-COF (6/4) had
the most efficient PHE rate, which was consistent with its
strongest supramolecular interaction (covalent bond).
Notably, the heterostructures discussed in this section had
lower PHE rates than the guest@MOF composites. We
attribute this behavior to the supramolecular interactions
of guest molecules with the MOFs occurring in each
MOF cavity. In contrast, the interactions between the
components of heterostructures occur only on the surface,
resulting in less efficient charge transport. The

guest@MOFs and MOFs with additional SBUs. We
believe that the accessible cavities in the MOFs allow
water to infiltrate, which replaces the organic linkers in
the SBUs, leading to the collapse of the framework. The
exception to the previous statement was TiO,@NH;-
MIL-125(Ti), which had a core-shell structure in which
TiO, surrounded the MOF material, probably decreasing
the contact between water and the MOF material.

2.3 Inorganic photocatalyst derived from MOFs

A useful strategy for developing inorganic materials for
highly efficient PHE involves utilizing MOFs as
templates. The pyrolysis of MOFs produces an inorganic
oxide corresponding to the metal center. In addition,
carbonaceous materials can be obtained from MOFs
using this methodology. For example, g-C3N4 is an
interesting material for PHE; however, similar to other
photocatalysts, it suffers from charge carrier
recombination issues, which decrease its photocatalytic
efficiency. The photocatalytic efficiency was improved
by synthesizing a ternary heterostructure composed of g-
C3Ny, Cd-based compounds (Cd,: Cd(OH),, CdS, and
CdO), and mesoporous carbon flakes (MCFs). The
synthesis of MCFs consists of three steps: synthesis of
AI-MOF, carbonization of AI-MOF, and removal of Al
with HCI solution. Moreover, the authors coupled the
components of the ternary heterostructure using a wet
impregnation method. Carbon flakes synthesized from
AI-MOFs have small particle sizes (12—22 nm) and large
surface areas (809 m2/g). Because MCFs can act as
electron acceptors, the resultant heterostructure has a
narrow bandgap, which improves the light absorption and
lowers the overpotential to carry out the hydrogen
evolution reaction, as well as low charge carrier
recombination. Notably, the heterostructure did not
exhibit a decrease in the PHE rate after five reaction
cycles (20 h), indicating high stability [41].
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Similarly, Ni,P/Ni nanoparticles encapsulated in
carbon/g-C3;N,4 were synthesized in situ by the pyrolysis
and phosphatization of Ni-MOF. The Ni,P/Ni@C/g-
C3N4-550 heterostructure was evaluated for PHE using
Eosin-Y (EY) as a sensitizer. The material exhibited an
apparent quantum efficiency of 58.1% at 420 nm. This
positive result was attributed to carbon, which acts as an
electron transport bridge between EY and NiyP/g-C3Ny,
thus accelerating the proton reduction reaction on the
Ni,P/Ni NPs. A schematic of the process used to
construct this composite is shown in Fig. 5. After five
PHE cycles (25 h), the authors observed a slight decrease
in the PHE rate, indicating good stability [42].

Free noble metal heterostructures with high efficiency
for the PHE have been constructed using MOFs as
templates. NiS/CdS/TiO, (NS/CT) was synthesized from
the NH,-MIL 185 MOF. In the first step, NH,-MIL 185
MOF was impregnated with Cd?'* ions using an
adsorption process. CdS/h-TiO, was synthesized using a
one-step sulfurization method employing thioacetamide
as the sulfur source. Finally, modified NiS/CdS/TiO,
(NS/CT) was synthesized using the photodeposition
method. The high PHE efficiency was attributed to the
fast charge separation promoted by the NiS co-catalyst.
After four PHE cycles (16 h), the authors observed a
slight decrease in the PHE rate, indicating good stability
[43].

Inorganic heterostructures have been constructed from
core-shell materials that coat MOFs with inorganic
materials. For example, MoS, flowers were coated with a
Cd-based MOF to construct a core-shell material. The
coated MOF was sulfurized with thioacetamide to form
an inorganic heterostructure CdS/MoS, with high
efficiency for PHE; the improvement was attributed to
the large surface area and intimate contact between CdS
and MoS;, which enhanced the charge transfer and

g-CN,

—)

Self-assembly

Ni-MOF

Phosphidation

decreased the charge carrier recombination. The large
CdS/MoS; surface area is produced by the highly ordered
Cd?* structure separated by organic linkers. The authors
concluded that the heterostructure CdS/MoS; had poor
stability as a result of the photocorrosion of CdS during
the photocatalytic reaction [44].

Core-shell structures can also be synthesized by
combining the two MOFs. Cu-MOFs@ZIF-9(Co)
synthesized at room temperature by a stirring method
were used to construct the heterostructure CusP@CoP by
employing low-temperature  phosphorization.  The
heterostructure CusP@CoP has a large surface area,
hierarchical structure, and a p-n heterojunction at the
interface.  Photoelectrochemical and  fluorescence
experiments showed that the charge transfer between
CusP and CoP is thermodynamically favorable, reducing
the recombination of charge carriers and thus enhancing
the PHE. After four PHE cycles (20 h), the authors
observed a slight decrease in the PHE rate, indicating
good stability [45].

An effective strategy to support noble metals in
carbonaceous materials is to adsorb metals onto MOFs
and then use pyrolysis to transform the initial material
into a carbonaceous derivative. For example, Ru single
atoms were embedded in NH,-MIL-125 and then
subjected to pyrolysis to synthesize Ru-NPs/SAs@N-TC
and Ru-SAs@N-TC. The morphology and structure of N-
TC (a derivative of NH,-MIL-125) depend on the initial
quantity of Ru3" and the final size and dispersion states
of Ru. Ru-NPs/SAs@N-TC had higher photocatalytic
activity than Ru-SAs@N-TC, which was attributed to a
large surface area and synergistic coupling effect between
the Ru nanoparticles and Ru single atoms. After three
PHE cycles (9 h), the authors observed no decrease in the
PHE rate, indicating a high stability. In addition, LSV
experiments performed before and after 1000 CV cycles

N,

Pyrolysis

Fig. 5 Formation of Ni;P/Ni@C/g-C3N4 composites.
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revealed a similar electrochemical response, confirming
the high stability of Ru-SAs@N-TC [46].

The photocatalytic activity of MOF inorganic
derivatives can be enhanced by the adsorption of cationic
metals on the surface of the material. Following the
photoreduction method, copper was loaded onto C-ZnO
synthesized from MOF-5 obtained from a solvothermal
reaction (MOF containing Zn and terephthalic acid). The
Cu/C-ZnO material has a narrow bandgap associated with
oxygen vacancies and a high electron density at the Fermi
level produced by C atoms. In addition, the structure of
the material improved the charge carrier separation and
transport. Cu incorporation on the surface of the material
increased the photocatalytic activity of C-ZnO by 9663
times. After five PHE cycles (16 h), the authors observed
a slight decrease in the PHE rate, indicating good stability
[47].

In summary, inorganic materials derived from MOFs
usually exhibit high efficiency toward PHE. The
pyrolysis of MOFs usually produces inorganic materials
doped with carbon or carbonaceous materials doped with
metals. The interactions between the metals or carbon
with the material derivative from the pyrolysis of MOFs
should occur through strong interactions, such as
covalent or ionic bonds, because the metals are doped
into the crystalline lattice, which results in an efficient
charge transfer that can modulate the bandgap value or
reduce recombination. Notably, we analyzed materials
derived from MOFs that are used to construct secondary
and ternary heterostructures. Therefore, pyrolysis was
combined with the strategy presented in the previous
section, explaining the high efficiency toward PHE of
MOF derivatives compared with heterostructures based
on MOFs. Notably, the materials derived from MOFs had
a lower efficiency than several composite guest@MOFs,
indicating that pyrolysis affects some properties of MOFs
that are crucial for PHE, such as large surface area and
stability. Generally, the stability of MOF derivatives is
higher than that of pristine materials because inorganic
compounds usually have stronger bonds than organic
compounds. Nevertheless, some material derivatives
from MOFs, such as metallic sulfides, exhibit poor
stability, even when compared with the pristine MOFs
presented in Section 2.1.

3 Conclusions

The coupling of MOFs with other non-photocatalysts,
such as metal ions, metal nanoparticles, or single metal
atoms, results in excellent PHE. The sensitization of
MOFs by dye adsorption and the increase in the degree of
crystallinity are effective strategies for enhancing the
PHE in bare MOFs. The photocatalytic improvement of
the heterostructure MOF-photocatalyst is caused by the

remarkable synergy between the MOFs and g-CN.
However, it is important to note that the morphology also
plays a decisive role in producing effective coupling. In
general, inorganic semiconductor derivatives of MOFs
exhibit efficient PHE because these materials usually
have high durability. Composite-type guest@MOFs are
highly efficient for the PHE because the encapsulation of
guest molecules promotes charge transfer between the
composite components, thereby reducing recombination.
Linkers with additional SBUs have excellent light
absorption in the visible spectrum, and closer proximity
between active sites improves the charge carrier transfer,
decreasing the recombination rate. We compared the
strategies presented in this mini-review, and we conclude
that the interactions between MOFs and other species are
crucial for understanding and enhancing the efficiency of
MOF-based photocatalysts toward PHE. Guest@MOF
composites have a higher PHE efficiency than
heterostructure-based MOFs because the interactions
between guest molecules and MOFs occur in the cavities
of the guest@MOF. In contrast, in heterostructure-based
MOFs, interactions only occur on the surface of the
material.

The pyrolysis of MOFs is an interesting procedure for
obtaining inorganic materials (oxides and carbonaceous
materials) derived from MOFs, which have a higher PHE
efficiency than heterostructured MOFs because these
inorganic materials are homogeneously doped with
carbon or metals through strong ionic or covalent bonds
and are usually employed to construct heterostructures.
The pyrolysis of MOFs involves two strategies: the
development of C/metal@inorganic materials and the
construction of heterostructures. Inorganic materials
derived from MOFs have lower PHE rates than several
guest@MOFs and MOFs with additional SBUs,
indicating that pyrolysis damages some important
properties of MOFs associated with PHE, such as the
large surface area or high stability. The addition of SBUs
is the best strategy for obtaining an efficient photocatalyst
because it increases the number of active sites of the
MOFs through strong coordination bonds, promoting
efficient light capture and charge transport.

Guest@MOFs demonstrated the highest stability due to
prevention of water infiltration. Other MOF types
discussed in this review allowed water to infiltrate their
cavities, replacing linkers and promoting the collapse of
the crystal lattice. We believe that future investigations of
MOFs for PHE should focus on understanding and
controlling the interaction between MOFs and other
materials.

Although the modulation and enhancement of the
structural and macroscopic properties of MOFs can be
useful to increase light harvesting for PHE applications,
we believe it is essential to relate the strength of the
interactions between the components forming a MOF
heterostructure or a MOF composite with the
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recombination rate, as the enhancement of the charge
carrier transfer rate is related to a strong interaction that
reduces the distance between the material components.
Thus, single-crystal XRD or computational experiments
are tools that allow the specific interactions in
guest@MOF to be studied in relation to their
photocatalytic properties. However, while studying the
interactions that govern heterostructures on MOFs
remains a challenge, the research performed in this field
to date shows significant promise.
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Notations

MOF Metal-organic framework

PHE Photocatalytic hydrogen evolution
COF Covalent organic framework

bpdc Biphenyl-4,4-dicarboxylic acid

bpyde 2,2-bipyridine-5,5-dicarboxylic acid
XPS X-ray photoelectron spectroscopy
EDTA Ethylenediaminetetraacetic acid

SBU Secondary building unit

BIH 3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]-imidazole
bpy 2,2'-bipyridine

PPy 2-phenylpyridine

dcbpy 2,2'"-bipyridine-5,5'-dicarboxylate

g-C3Ny  Carbon nitride

ZIF Zeolitic imidazolate framework

MCF Mesoporous carbon flakes

EY Eosin-Y

N-TC N-doped TiO»/C support
MO Methyl orange

TiATA  Ti-MOF

Cu-PS Photosensitizing linkers

UMOEFN 2d Co-Ni-based MOF
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