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Abstract: Hydrogen-bonded organic frameworks
(HOFs) are outstanding candidates for photocatalytic
hydrogen evolution. However, most of reported HOFs
suffer from poor stability and photocatalytic activity in
the absence of Pt cocatalyst. Herein, a series of metal
HOFs (Co2-HOF-X, X=COOMe, Br, tBu and OMe)
have been rationally constructed based on dinuclear
cobalt complexes, which exhibit exceptional stability in
the presence of strong acid (12 M HCl) and strong base
(5 M NaOH) for at least 10 days. More impressively, by
varying the -X groups of the dinuclear cobalt complexes,
the microenvironment of Co2-HOF-X can be modulated,
giving rise to obviously different photocatalytic H2

production rates, following the � X group sequence of
� COOMe>� Br>� tBu>� OMe. The optimized Co2-
HOF-COOMe shows H2 generation rate up to
12.8 mmolg� 1 h� 1 in the absence of any additional noble-
metal photosensitizers and cocatalysts, which is superior
to most reported Pt-assisted photocatalytic systems.
Experiments and theoretical calculations reveal that the
� X groups grafted on Co2-HOF-X possess different
electron-withdrawing ability, thus regulating the elec-
tronic structures of Co catalytic centres and proton
activation barrier for H2 production, and leading to the
distinctly different photocatalytic activity.

Introduction

The increasing combustion of fossil fuels has caused serious
energy and environmental issues.[1] Sunlight-driven water
splitting to clean hydrogen has been recognized as one of
the most promising approaches to solve these problems.[2]

Over the past several decades, a variety of porous crystalline
materials such as metal–organic frameworks (MOFs), cova-

lent organic frameworks (COFs) and hydrogen-bonded
organic frameworks (HOFs) have been developed to
catalyze this important reaction because of their well-
defined and tailorable structures, as well as high surface
area and semiconductor-like behavior.[3] Amongst them,
HOFs assembled by organic or metal–organic building
blocks through hydrogen-bonding interactions, which are
often further strengthened via π–π stacking or van der Waals
forces, have attracted more and more attention in photo-
catalysis due to their unique features of mild synthetic
conditions, easy healing and regeneration.[4] Nevertheless,
compared with MOFs and COFs constructed by coordina-
tion bonds and covalent bonds respectively, the hydrogen-
bonding interactions within HOFs are weaker, which usually
lead to the decomposition of HOF frameworks during the
photocatalytic process.[5] Therefore, the development of
robust HOFs for photocatalytic H2 production is highly
desirable yet remains challenging.

In addition to the low stability, most of HOFs also suffer
from unsatisfactory photocatalytic performance for H2

production due to the fast recombination of photogenerated
electron and hole.[4g–j] To conquer this, the introduction of
noble-metal cocatalysts (e.g. Pt) into the catalytic system has
been proven facile and effective.[4g–k] However, the high cost
and shortage of noble metals impede their large-scale
practical applications. Hence, it is crucial to construct non-
noble metal yet high-performance HOF photocatalysts.
Recently, some other strategies have been developed to
promote the charge separation in photocatalysts, among
them, the microenvironment modulation, inspired by natural
enzyme catalysis that can obviously improve catalytic
activity, selectivity and stability, has been regarded as the
most direct and effective method.[6] This is due to the spatial
structures and electronic properties around catalytic sites
can be dramatically changed after microenvironment modu-
lation, thus leading to distinctly different catalytic
behavior.[7] In particular, the introduction of electron-with-
drawing or electron-donating groups around the catalytic
sites has been considered as an outstanding approach to
realize microenvironment modulation.[8] Considering the
characteristics of HOFs, they would be the ideal models to
achieve in-depth insights into the significant roles of micro-
environment modulation in photocatalysis. However, related
research has not been documented up to now, to the best of
our knowledge.
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In this work, we successfully constructed four new metal
HOFs (denoted by Co2-HOF-X, X=COOMe, Br, tBu and
OMe, X represents the changeable functional groups grafted
onto the benzene rings in ligand) by connecting dinuclear
cobalt complexes through hydrogen bonds for photocatalytic
hydrogen evolution. These HOFs exhibit exceptionally high
stability in extreme conditions of 12 M HCl and 5 M NaOH
solutions for at least 10 days. Furthermore, the slightly
alterable microenvironment of Co2-HOF-X regulates the
electronic state of Co catalytic centers and proton activation
barrier for hydrogen evolution, as demonstrated by a series
of experiments and theoretical calculations. As a result, the
photocatalytic H2 production rates of Co2-HOF-X follow the
-X group sequence of � COOMe>� Br>� tBu>� OMe,
among which, the optimized Co2-HOF-COOMe presents an
excellent photocatalytic H2 production rate of
12.8 mmolg� 1h� 1 in absence of additional noble-metal
photosensitizer and cocatalyst, which is higher than most of
reported Pt-assisted photocatalytic systems. To our knowl-
edge, this is the first report on regulating photocatalysis by
microenvironment modulation in HOFs.

Results and Discussion

The (1E,3E)-2-hydroxyisophthalaldehyde dioxime deriva-
tives (HID� X, X=COOMe, Br, tBu and OMe) ligands were
first synthesized according to the literatures.[9] The results of
1H nuclear magnetic resonance (NMR) spectra show that
HID� X were successfully obtained with high purity (Figur-
es S1–S4). Then, the dinuclear cobalt complexes (Co2� X)
with diverse functional groups grafted onto the benzene
rings in ligands were prepared by the reaction of HID� X, 1-
pyrenylboronic acid (PBA) and Co(NO3)2 ·6H2O in a mixed
solution of methanol and ethanol at 70 °C for 20 min
(Figure 1). Fourier transform infrared spectroscopy (FTIR)
spectra of these complexes exhibit the absence of the
hydroxyl stretching vibration band at about 3274 cm� 1

compared with both HID� X and PBA (Figures S5–S8).
Liquid chromatography mass spectrometry (LC–MS) of
these complexes show the ion peaks at m/z 1247.1394,
1308.8593, 1241.3126 and 1163.1561, corresponding to the
species of [Co2� COOMe]

� , [Co2� Br]
� , [Co2� tBu]

� and
[Co2� OMe]

� , respectively (Figures S9–S12). These results
suggest that the dinuclear cobalt complexes with different
functional groups were successfully prepared. Subsequently,
the dinuclear cobalt complexes were dissolved in N,N-
dimethylformamide (DMF), followed by slowly diffusing
ethanol or isopropanol and H2O, which were kept at 18 °C
for 10 days to yield orange block-shaped crystals of Co2-
HOF-X. Single-crystal X-ray diffraction unveils that Co2-
HOF-COOMe, Co2-HOF-Br and Co2-HOF-OMe crystallize
in the monoclinic system with the I2/a, P21/c and Cc space
groups, and Co2-HOF-tBu crystallizes in the orthorhombic
system and Fdd2 space group (Table S1). As shown in
Figures 1 and S13–S16, the Co ions in Co2-HOF-X exhibit
the same coordination geometry, with each Co six-coordi-
nated by three hydroxyl oxygen and three imine nitrogen
atoms. Two adjacent Co ions in each dinuclear cobalt

complex were linked via sharing three hydroxyl oxygen
atoms. In Co2-HOF-X, the dinuclear cobalt complexes are
connected through C� H··O and/or C� H··π hydrogen bonds
to generate two-dimensional (2D) layers (Figures S17–S20,
Table S2). Neighboring 2D layers are linked via C� H··O or
C� H··π hydrogen bonds to form three-dimensional (3D)
frameworks (Figure 1), which are further stabilized by π–π
stacking interactions (Table S2). In addition, Co2-HOF-X
are anionic frameworks, which are balanced by tetraethy-
lammonium cations (Figures S13–S16).

The experimental powder X-ray diffraction (XRD)
patterns of Co2-HOF-X are basically identical to the
simulated ones, demonstrating their high phase purities
(Figures S21–S24). The porosity of Co2-HOF-X was first
confirmed by CO2 adsorption measurements. As shown in
Figures 2a and S25, Co2-HOF-COOMe, Co2-HOF-Br, Co2-
HOF-tBu and Co2-HOF-OMe can adsorb 51.73, 48.17, 56.27
and 37.16 cm3g� 1 CO2 at 196 K and 1 atm, corresponding to
Brunauer–Emmett–Teller (BET) surface areas of 220, 197,
270 and 172 m2g� 1. Moreover, the I2 adsorption experiments
were conducted by soaking Co2-HOF-X in the n-hexane
solution of I2 to further examine their porosity. The
adsorption of Co2-HOF-X to I2 was clearly observed by the
color change of solution from pink to colorless after 8 h
(Figures 2b and S26–S28). Furthermore, the results of UV/
Vis spectroscopy demonstrate that the intensity of I2
characteristic adsorption peak at about 521 nm gradually
decreases along with the increased soaking time, which were
nearly disappeared after 8 h, suggesting the presence of
porosity in Co2-HOF-X (Figures 2b and S26–S28). The
thermal and chemical stabilities of Co2-HOF-X were also
investigated. The results of thermogravimetric analysis
(TGA) show that Co2-HOF-X are stable up to 260 °C
(Figures S29–S32). The chemical stability of Co2-HOF-X
was investigated by soaking Co2-HOF-X in harsh acid-base
solutions. As shown in Figures 2c, 2d, S33 and S34, Co2-
HOF-X can maintain their crystallinity in 12 M HCl and 5 M
NaOH solutions for at least 10 days, suggesting their excep-
tional chemical stability. Such high stability of Co2-HOF-X
can be attributed to their hydrophobicity and/or the strong
π–π interactions (Figure S35 and Table S2).[4a,10]

The Co oxidation state of Co2-HOF-X was tested by X-
ray photoelectron spectroscopy (XPS). As shown in Figur-
es 3a and S36, the Co 2p XPS spectra of Co2-HOF-X display
Co 2p1/2 and Co 2p3/2 characteristic peaks with corresponding
satellite peaks, indicating that the oxidation state of Co
species in Co2-HOF-X is +2.[11] It’s worth noting that the
binding energy of Co 2p3/2 shows shift by changing functional
groups in Co2-HOF-X, following a sequence of � COOMe>
� Br>� tBu>� OMe, positively correlated with the electron-
withdrawing ability of the � X functional group (Figure 3a).
This demonstrates the modulated electronic structures of Co
via slight modulation of the chemical structure in Co2-HOF-
X. The light absorbance of Co2-HOF-X was investigated by
solid UV/Vis spectra. The results show that all Co2-HOF-X
can absorb ultraviolet and visible light (Figure 3b). The
band-gap energies (Eg) of Co2-HOF-COOMe, Co2-HOF-Br,
Co2-HOF-tBu and Co2-HOF-OMe were estimated by the
Kubelka–Munk (KM) method based on solid UV/Vis
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absorption spectroscopy, which are 2.08, 2.02, 2.09 and
1.73 eV, respectively (Figures S37–S40).[12] Furthermore,
Mott–Schottky measurements of Co2-HOF-X were carried
out with the frequencies of 0.5, 1.0, and 1.5 kHz to
determine their LUMO energy levels. All Co2-HOF-X show
the positive slopes of the C� 2 values (vs. applied potentials),
indicating that they are n-type semiconductors. The LUMO
energy levels of Co2-HOF-COOMe, Co2-HOF-Br, Co2-
HOF-tBu and Co2-HOF-OMe are determined by the
intersection points of Mott–Schottky plots under different
frequencies, which are � 0.76, � 0.51, � 0.57 and � 0.64 vs.
NHE (Figures S41–S44), respectively.[13] Therefore, the
HOMO energy levels of them are accordingly calculated to
be 1.32, 1.51, 1.52 and 1.09 V vs. NHE, respectively (Fig-
ure S45). Note that all Co2-HOF-X exhibit more negative
LUMO energy levels than that of the proton reduction (0 V

vs. NHE),[14] implying that these HOFs can theoretically
achieve photocatalytic H2 production.

In order to reveal how the different functional groups on
Co2-HOF-X affect the charge separation efficiency, a series
of photo/electrochemical characterizations including photo-
current response, electrochemical impedance spectroscopy
(EIS), photoluminescence (PL) emission and time-resolved
PL (TRPL) spectra were carried out.[15] The results of
photocurrent response demonstrate that the intensity fol-
lows an order of Co2-HOF-COOMe>Co2-HOF-Br>Co2-
HOF-tBu>Co2-HOF-OMe, suggesting that Co2-HOF-
COOMe shows the fastest separation of photogenerated
electron and hole (Figure 3c). This argument was supported
by the EIS results, where the radius trend of Nyquist plots
follows Co2-HOF-COOMe<Co2-HOF-Br<Co2-HOF-
tBu<Co2-HOF-OMe, revealing the enhanced charge trans-
fer resistance (Figure 3d). Moreover, the results of PL

Figure 1. The syntheses and crystal structures of Co2-HOF-X (X=COOMe, Br, tBu and OMe).
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spectra and TRPL show that the emission intensity is the
weakest and PL average lifetime is the shortest for Co2-
HOF-COOMe among the four HOFs, further confirming

the most efficient charge separation (Figure 3e and 3f).
These results verify that the charge separation efficiency of
Co2-HOF-X follows a trend of Co2-HOF-COOMe>Co2-
HOF-Br>Co2-HOF-tBu>Co2-HOF-OMe, suggesting that
they might exhibit different catalytic activities and the Co2-
HOF-COOMe possesses the best activity in photocatalysis.

Encouraged by the results above, photocatalytic H2

production over Co2-HOF-X was investigated in CH3CN/
H2O (v :v=4 :1) with 1,3-dimethyl-2-phenylbenzimidazoline
(BIH) and triethylamine (TEA) as sacrificial electron
donors and in absence of additional noble-metal photo-
sensitizer and cocatalyst. As expected, the Co2-HOF-X
photocatalysts with only variation in the -X groups on the
benzene rings of dinuclear cobalt complexes, exhibit notably
different photocatalytic activities. As shown in Figure 4a and
4b, the H2 production rates of Co2-HOF-COOMe, Co2-
HOF-Br, Co2-HOF-tBu and Co2-HOF-OMe are 12.8, 10.7,
8.4 and 5.1 mmolg� 1h� 1, respectively. Among which, Co2-
HOF-COOMe achieves the highest H2 generation rate, far
surpassing most of reported Pt-assisted photocatalytic sys-
tems (Table S3). These results unambiguously highlight that
the microenvironment modulation by Co2-HOF-X plays a
critical role in regulating the photocatalytic performance.
The stability of Co2-HOF-X was examined after photo-
catalytic reaction. The results of powder XRD patterns
show that their good crystallinity can be maintained,
unveiling their excellent structural stability (Figures S46–
S49). Moreover, the results of inductively coupled plasma
mass spectrometry (ICP-MS) measurements demonstrate
that very limited Co2+ was leached for Co2-HOF-X in the
solution during the photocatalysis (Table S4). The best-
performing Co2-HOF-COOMe shows no noticeable degra-
dation for H2 production rate during the four consecutive
runs, indicating its high catalytic stability (Figure 4c). Addi-
tionally, the apparent quantum efficiencies (AQE) of Co2-
HOF-X were measured at 365, 395 and 450 nm. As shown in
Figure 4d, Co2-HOF-X also exhibit different AQE, follow-

Figure 2. (a) CO2 adsorption isotherm of Co2-HOF-COOMe at 196 K.
(b) UV/Vis spectra of I2 n-hexane solution by soaking Co2-HOF-COOMe
at given intervals (Inset: photographic images of I2 n-hexane solution at
0 and 8 h, respectively). Powder XRD patterns of Co2-HOF-COOMe (c)
and Co2-HOF-tBu (d) treated with harsh acid-base solutions for
10 days.

Figure 3. (a) Co 2p3/2 XPS spectra of Co2-HOF-X. (b) UV/Vis spectra of
Co2-HOF-X. (c) Photocurrent response of Co2-HOF-X. (d) EIS spectra
of Co2-HOF-X. (e) PL spectra of Co2-HOF-X. (f) Transient fluorescence
lifetime of Co2-HOF-X.

Figure 4. (a) Time-dependent photocatalytic H2 evolution over Co2-
HOF-X. (b) Amounts of H2 over Co2-HOF-X and Co2-X in 5 h. (c) The
photocatalytic H2 production rate of Co2-HOF-COOMe in four consec-
utive runs (4 hours for each run). (d) The AQE values of Co2-HOF-X.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202405451 (4 of 7) © 2024 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202405451 by T

ianjin U
niversity O

f T
echnology, W

iley O
nline L

ibrary on [14/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ing the � X group sequence of � COOMe>� Br>� tBu>
� OMe, in which the AQE of Co2-HOF-COOMe reaches as
high as 3.93% at 365 nm.

To confirm the source of H2, the photocatalytic experi-
ment over Co2-HOF-COOMe was performed in the absence
of H2O. Negligible H2 was detected, unambiguously verify-
ing that hydrogen source indeed comes from water splitting
(Figure S50). Furthermore, the homogeneous photocatalytic
experiments over Co2-X (X=COOMe, Br, tBu and OMe)
has also been evaluated in DMF/H2O (v :v=4 :1) with BIH
and TEA as sacrificial electron donors. After 5 h of light
irradiation, the H2 yields of Co2� COOMe, Co2� Br, Co2� tBu
and Co2� OMe are 12.97, 8.60, 3.81 and 1.46 μmol, respec-
tively (Figure 4b). It’ worth noting that the trend of catalytic
activity for Co2-HOF-X [Co2-HOF-COOMe (63.8 μmol)>
Co2-HOF-Br (53.3 μmol)>Co2-HOF-tBu (42.2 μmol) >

Co2-HOF-OMe (25.6 μmol) after 5 h of light irradiation] is
the same as that of Co2-X. These results demonstrate that
the ordered heterogeneity of Co2-X in Co2-HOF-X only
increase catalytic performance but do not change the activity
trend. These observations indicate that the microenviron-
ment modulation in Co2-HOF-X by altering -X groups plays
the major role in regulating photocatalytic H2 evolution
performance, despite the change of the crystal structures
and build-in-field in Co2-HOF-X may also have influence on
the H2 evolution performance. Additionally, the homoge-
neous photocatalytic experiment of HID-COOMe for H2

evolution with Pt as the cocatalyst was conducted. The H2

yield was only 2.37 μmol within 5 h (Figure S51), which is
obviously smaller than those of Co2-COOMe (8.60 μmol)
and Co2-HOF-COOMe (63.8 μmol), suggesting that the Co
and pyrene can be used as excellent catalytic site and
photosensitive group, respectively.

The possible mechanism in the photocatalytic process
was further elucidated by in situ electron paramagnetic
resonance (EPR) and XPS measurements. Taking Co2-
HOF-COOMe as a representative, the EPR spectrum of
Co2-HOF-COOMe in the dark shows a broad signal at g=

2.18, which can be assigned to the paramagnetic Co2+.[16]

Upon light irradiation, this signal weakens, suggesting that
part of Co2+ was transformed to diamagnetic Co+ (Fig-
ure 5a). Moreover, the Co 2p XPS spectrum of Co2-HOF-
COOMe displays two characteristic peaks at 781.2 and
796.9 eV in the dark, corresponding to the binding energies
of Co 2p3/2 and Co 2p1/2 respectively, which shift to 780.8 and
796.6 eV upon light illumination, implying that the Co2+

accepts the photogenerated electrons (Figure S52).[13a,17]

These results suggest that the Co2-HOF-COOMe harvests
light to generate electrons and holes, where electrons shift
to the Co centers to reduce Co2+ to Co+. Owing to the Co2-
HOF-X can theoretically achieve photocatalytic H2 produc-
tion characterized by the results of Mott–Schottky plots.
Thus, the H+ can be easily reduced to H2 by Co

+, as some
reported Co-based catalysts.[18] Moreover, the photogener-
ated holes are annihilated by TEA and BIH sacrificial
agents.

To understand the distinctly different photocatalytic
activity in Co2-HOF-X by microenvironment modulation,
density functional theory (DFT) calculations were carried

out by using Co2-X complexes as calculation models based
on the periodic structures of Co2-HOF-X. As shown in
Figure 5b, Co2-HOF-X exhibit different ΔGH* (Gibbs free
energy variation) with an order of Co2-HOF-COOMe<Co2-
HOF-Br<Co2-HOF-tBu<Co2-HOF-OMe. Obviously, Co2-
HOF-COOMe shows the lowest ΔGH* of 0.27 eV, implying
the most efficient proton/electron transfer to form H*, thus
promoting the H2 production. Moreover, the spin population
of Co centers of Co2-HOF-X was calculated to further
elucidate their different photocatalytic activity (the larger
population, the easier to give electrons).[10b] As shown in
Figures 5c, 5d, S53 and Table S5, the population of Co
centers in Co2-HOF-X are different with an order of Co2-
HOF-COOMe>Co2-HOF-Br>Co2-HOF-tBu>Co2-HOF-
OMe. Among which, the Co centers of Co2-HOF-COOMe
has the highest population, demonstrating that it is the
easiest to give electrons to combine with H+ to form H*,
thereby facilitating the H2 production. These results agree
well with the photocatalytic activity in experiments, mani-
festing again that the microenvironment modulation is an
effective strategy to boost photocatalytic performance.

Conclusion

In summary, we have successfully fabricated four metal
HOFs (Co2-HOF-X, X=COOMe, Br, tBu and OMe) with
outstanding chemical stability for photocatalytic hydrogen
evolution. These HOFs not only retain structural integrity in
strong acid solution (12 M HCl) but also in strong base
solution (5 M NaOH). Moreover, the microenvironment of
Co2-HOF-X can be modulated by simply altering the -X
group on the dinuclear cobalt complexes. As a result, Co2-
HOF-COOMe with the most electron-withdrawing group,
exhibit the highest photocatalytic activity with H2 generation
rate of 12.8 mmolg� 1h� 1, in absence of additional noble-
metal photosensitizer and cocatalyst, far surpassing the most
of reported Pt-assisted photocatalytic systems. Systematic
studies demonstrate that the significantly enhanced catalytic

Figure 5. (a) EPR spectra of Co2-HOF-COOMe in the dark and upon
light irradiation. (b) The energy profiles of Co2-HOF-X. Spin density
maps of Co centers of Co2-HOF-COOMe (c) and Co2-HOF-OMe (d).
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performance of Co2-HOF-COOMe can be attributed to the
enhanced charge separation efficiency and lowered energy
barrier of hydrogen-adsorption. This study provides a new
way in developing HOF-based efficient photocatalysts for
hydrogen evolution.
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HOFs

C.-J. Lu, W.-J. Shi, Y.-N. Gong,* J.-H. Zhang,
Y.-C. Wang, J.-H. Mei, Z.-M. Ge, T.-B. Lu, D.-
C. Zhong* e202405451

Modulating the Microenvironments of Ro-
bust Metal Hydrogen-Bonded Organic
Frameworks for Boosting Photocatalytic
Hydrogen Evolution

Four robust metal hydrogen-bonded or-
ganic frameworks with different elec-
tron-withdrawing ability of functional
groups have been successfully con-
structed, which exhibit distinctly differ-
ent photocatalytic activity for hydrogen
evolution, for the first time, highlighting
the microenvironment modulation in
HOFs plays an important role in regulat-
ing photocatalysis.
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