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To design a MOF material with an appropriate band gap value for visible light absorption and a rapid
photoreduction rate, a Zr-based MOF modified by hydroxyl groups was successfully fabricated, and its
Cr(v) photoreduction performance was investigated. Subsequently, the experimental data revealed an
extraordinary Cr(vi) removal efficiency for HCMUE-2, achieving up to 100% reduction after 90 min under
irradiation by visible light at pH = 1. In particular, the complete characterization of the material was
confirmed through modern analytical procedures, including powder X-ray diffraction (PXRD), Fourier
transform infrared (FT-IR) and Raman spectroscopy, thermogravimetric analysis combined with
differential scanning calorimetry (TGA-DSC), scanning electron microscopy incorporating energy-
dispersive X-ray (SEM-EDX), UV-vis diffuse reflectance spectroscopy (UV-vis/DRS), and X-ray
photoelectron spectroscopy (XPS). Notably, HCMUE-2 retains its Cr(vi) photoreduction percentage for
five consecutive cycles without any significant decrease. Additional combined experiments proved that
the structural robustness and morphology of the material were maintained after the photocatalytic
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reduction process. A plausible photoreduction mechanism was elucidated mainly through scavenger
capture investigations, showing that regulated electrons are the primary reactive species responsible for
converting Cr(vi) into Cr(i) under the identified conditions. These findings illustrate that a Zr-based MOF
modified by OH moieties is a promising candidate for the photoreduction of highly toxic Cr(v)
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1. Introduction

Owing to the rapid growth of technology and industrialization,
the accompanying protection issues have received a lot of
attention from scientists. Accordingly, many hidden threats
have been revealed, including air pollution," soil contamin-
ation,” and water pollution caused by toxic organic compounds
and heavy metal ions, which can be associated with
chromium.? In fact, the Cr ion exists in an aqueous medium
in two oxidation types: hexavalent (Cr(vi)) and trivalent (Cr(ur))
states. Cr(vi) ions are known in many species under various pH
conditions, such as Cr0O,>~, Cr,0,>", and HCrO, . It is note-
worthy that the Cr(vi) ion can seriously damage the cell struc-
tures of marine organisms, causing oral toxicity and stomach
cancer in humans.* Highly toxic Cr(vi) can be accounted for by
the rapid movement of Cr(vi) in water.” Meanwhile, Cr(m) is less
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contaminants from wastewater in real-life situations.

mobile than Cr(vi), leading to less poisoning by Cr(u). Addi-
tionally, research proved that a small amount of Cr(m) is
beneficial for the supply of trace elements for plants and
the human body.® Therefore, an effective and economical
method for converting Cr(vi) into Cr(u) is urgently needed.
According to previous studies, different treatment procedures
to eliminate Cr(vi) from wastewater have been explored, includ-
ing adsorption,”® membranes,”'° electrochemistry,""'> ion
exchange,”® and photoreduction.’®*® It should be noted that
the photocatalytic reduction method has demonstrated unique
performance with high possibility of regeneration, low cost,
and high yield in converting Cr(vi) into Cr(u) under visible
light, which is less toxic, more eco-friendly, and easily precipi-
tated at neutral pH in the form of Cr(OH);.'®"” Over many
decades, a variety of photocatalysts have been utilized for
purging Cr(vi) in a water environment via photoreduction
mechanisms, such as TiO,,'®'® g-C;N,-based nanomaterials,*®
WO;,"*? and their composites/derivatives with TiO,, including
ZnO/Ti0,,” NiO/ZnO,”* and CuS/Ti0,,>” with promising prop-
erties. Nevertheless, their band gap, which plays a vital role in
the hole-electron separation rate and reducing ability of the
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material, is approximately 3.0-3.2 eV. These values are incon-
venient for taking advantage of available visible light resources
to effectively address the direct photocatalytic reduction pro-
cess of Cr(vi) into Cr(m) from wastewater. Hence, the design of
materials showing extraordinary performance, such as a rapid
reduction interval, low band gap energy, and high porosity, is
necessary to enhance the efficient photoreduction of Cr(vi).
To date, scientists have focused on researching a new family
of porous materials, metal-organic frameworks (MOFs), with
interesting behavior that allows the stated obstacles to be
overcome in converting Cr(vi) from wastewater compared to
traditional materials. Specifically, MOFs are constructed from
metal clusters containing inorganic nodes and organic linkers,
driving unique performances, such as high and adjusted por-
osity, large specific surface area, and facile modification
of the organic linkers by functional groups. This leads
to diverse applications in many fields of MOF materials,
including gas sensors,***” adsorption,”*' energy storage,*>**
and catalysis.**” Notably, numerous investigations have
employed MOF materials as potential semiconductors in the
photocatalytic process under UV-vis irradiation with reliable
data, demonstrating an appreciated band gap and effective
performance. This proves that MOFs are highly promising
materials in the photocatalytic field, especially for Cr(vi)
reduction.’®*° Two main factors are revealed that can have a
considerable effect on the light absorption range of the MOF
material: the nature of the organic linker and the classification
of metal nodes within the MOF architecture.** Based on recent
studies, the correlation between the electron density of func-
tional groups within the linker and the band gap of the MOF
materials was exhibited through the functionalization of amino
(-NH,) and hydroxyl (-OH) onto a UiO-66 structure. They shift
effective harvesting to the absorption range of visible light and
improve the photoreduction possibility via efficient electron
transfer from the linker to the metal clusters.*>*® Xie et al.
introduced the hydroxyl moieties onto UiO-66 by modifying the
linker and evaluated the effect of the OH groups on the
photoreduction of Cr(vi) by the material. As a consequence,
Ui0-66(0OH),, with two hydroxyl groups, has a much higher
photocatalytic ability for Cr(vi) reduction than UiO-66(OH) or
unmodified UiO-66."> However, the above investigations only
looked at the influence of the functional groups on the absorp-
tion property of the MOF materials in the visible light region
without detailed consideration the adsorption active sites
inside the backbone. This is one of the factors that helps boost
the Cr(vi) photoreduction process. It can be explained by the
adsorption centers helping the Cr(vi) ions to move into the pore
channels of the MOF structure where they are rapidly reduced
by the available photocatalytic sites, resulting in an increase in
the reduction rate and a considerable improvement in
reduction efficiency. With this in mind, we propose the synth-
esis of hydroxyl-functionalized zirconium-based MOFs, with
more appropriate pore size and containing a dense distribution
of OH groups within the linker and metal-oxo clusters, can
remarkably assist the adsorption ability of Cr(vi) via the proto-
nation process of hydroxyl moieties inside the backbone in an
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acidic medium and appreciably enhance visible light absorp-
tion through a suitable band gap energy. This is a distinctive
approach to surmounting the aforementioned limitations in
published reports with respect to the Cr(vi) photocatalytic
reduction yield.

In this contribution, a Zr-based MOF was successfully pre-
pared by a solvothermal procedure via the modification of
hydroxyl moieties onto the MOF architecture, termed
HCMUE-2, with an unexpected photoreduction efficiency for
Cr(vi). Noteworthily, the complete characterizations of the
material and plausible Cr(vi) photocatalytic mechanism were
confirmed via reliable analyses. Moreover, the fabrication of
HCMUE-2 exhibits easy scale-up, relatively low cost, with a low
amount of the material being used in photocatalysis, leading to
prospective applications in real-life situations. These results
show that the hydroxyl-modified Zr-based MOF is a promising
material as an excellent photocatalyst for effectively reducing
Cr(vi) species from an aqueous medium.

2. Experimental section

2.1. Starting chemicals and methods

The starting materials were obtained from commercial
suppliers with high purity, including zirconium oxychloride
octahydrate (ZrOCl,-8H,0, 99%), 2,6-naphthalenedicarboxylic
acid (H,NDC, 98%), oleum (SOj; in concentrated H,SO,4, 20%),
N,N-dimethylformamide (DMF, 98%), hydrochloric acid
(HCl, 37%), formic acid (HCOOH, 85%), acetone (CH3;COCH3,
99.5%), methanol (MeOH, 99%), 1,5-diphenylcarbazide (1,5-
DPC, 98%), silver nitrate (AgNOs;, 98%), isopropyl alcohol
(IPA, 98%), disodium ethylenediaminetetraacetate (2Na-EDTA,
98%), and p-benzoquinone (98%). In particular, 4,8-disulfona-
phthalene-2,6-dicarboxylic acid (H,SNDC) and 4,8-dihydroxy-
naphthalene-2,6-dicarboxylic acid (H,NDC(OH)) linkers were
synthesized via a modification process, similar to published
investigations,*®***> which are clearly illustrated in Section S1
(ESIY).

Fourier transform infrared spectroscopy (FT-IR) analyses
were carried out on an FT/IR-6600 spectrometer (Jasco). Raman
spectra were recorded on an XploRA one 532 nm spectrometer
(Horiba). Thermogravimetric analysis (TGA) incorporating dif-
ferential scanning calorimetry (DSC) was conducted on a
LabSys Evo 1600 TGA thermal analysis system (SETARAM) in
the temperature range of 25-800 °C at a constant heating rate of
10 °C min™" in a dry air medium. "H-NMR measurement was
performed on an AVANCE Neo 600 MHz NMR spectrometer
(Bruker). The N, adsorption isotherm was conducted on a
TriStar II Plus surface characterization analyzer (Micromeri-
tics). A liquid N, bath was used for measurements at 77 K.
Before N, sorption measurements, the sample was activated at
120 °C under vacuum for 1 day. Powder X-ray diffraction (PXRD)
data were obtained using an Ni-filtered Cu Ko source (4 =
1.54718 A) on a D8 Advance diffractometer (Bruker). Scanning
electron microscopy (SEM) images were recorded on an FESEM
S-4800 microscope (Hitachi) combined with energy-dispersive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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X-ray (EDX) spectroscopy and mapping measured using an
EDX H-7593 instrument (Horiba). Transmission electron micro-
scopy (TEM) was carried out on a Jeon 1010 microscope
(Hitachi). X-ray photoelectron spectroscopy (XPS) was con-
ducted on a PHI 5000 X-ray photoelectron spectrometer (Chi-
gasaki). Liquid UV-vis spectroscopy analyses were determined
using a Lambda 25 spectrometer (PerkinElmer). UV-Vis diffuse
reflectance spectra were confirmed by employing a V-770 UV-vis
spectrophotometer (Jasco) equipped with a diffuse reflectance
accessory and using barium sulfate as a reference standard.
Cyclic voltammetry analysis was carried out on an MPG-2
electrochemical workstation (Biologic). Accordingly, Na,SO,
solution (0.1 M) was employed as an electrolyte. A three-
electrode cell was designed with a saturated Ag/AgCl electrode
(Effgf,Agcl =0.22 V) as a reference electrode, a counter electrode of
a Ti grid, and a modified glassy carbon as a working electrode.
Photoluminescence spectroscopy and time-resolved fluores-
cence spectra were performed on an FLS1000 analyzer (Edin-
burgh). Photocurrent analyses were conducted on a CIMPS
system electrochemical workstation (Zahner). Herein, 5 mg of
HCMUE-2 was dispersed in isopropanol (2 mL), then drop
coated on a fluorine-doped tin oxide (FTO) plate (1.0 X
1.0 cm) and dried for 2 h at 100 °C. The photocurrent measure-
ments were performed using a three-electrode cell with
HCMUE-2 coated onto the FTO electrode as a working electrode
in 0.2 M Na,SO, solution, with Ag/AgCl, and Pt electrodes as the
reference and counter electrodes, respectively. Atomic absorp-
tion spectrophotometry (AAS) was carried out on an iCE 300
Series spectrometer (Thermo Scientific) to quantify Cr ion
content with an absorption wavelength of 357.9 nm.

2.2. Synthesis of HCMUE-2

According to a previously reported study,*® a mixture of
H,NDC(OH) linker (32.7 mg, 0.132 mmol), ZrOCl,-8H,0 salt
(39.3 mg, 0.122 mmol), formic acid (1.5 mL), and DMF (6 mL)
was introduced into a 20 mL vial and sonicated for 20 min until
the precursors were entirely dissolved. The mixture was then
heated at 120 °C for 3 days. After that interval, the mixture was
cooled to room temperature, centrifuged, and washed with
DMF for 2 days (10 mL per day) to decant the unreacted
substances. The solid was continuously exchanged with MeOH
solvent for 2 days (15 mL per day). Finally, the product was
dried and activated under vacuum at 120 °C for 1 day to remove
the guest solvents from the MOF architecture and acquire a
pure brown powder, denoted HCMUE-2 (88% yield, based on
7r*).

2.3. Photocatalytic study

The experiments were carried out at room temperature under
the illumination of two 50 W white LED lamps (LED BULB
PBCD, Paragon) at a constant stirring rate. Specifically,
15 mg of HCMUE-2 was added to a 50 mL glass flask containing
40 mL of Cr(vi) solution (10 mg L™'). The solution pH
was controlled from 1 to 5 with HCI solution (1 M). Before
illumination, the mixture was stirred in the dark for 60 min to
establish adsorption-desorption equilibrium. Through the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cr(vi) photoreduction process, 5 mL samples were withdrawn
at 15 min intervals to observe changes in Cr(vi) concentration in
the mixture. Each suspension was centrifuged twice to separate
the catalyst. The resulting solution was treated using the DPC
method, with the complex formed 10 min later in the dark. In
detail, 1,5-DPC (250 mg) was dissolved in 100 mL of acetone
through ultrasonication to obtain a 0.01 M DPC solution. For
analysis, a mixture including 1 mL of DPC solution and 1 mL of
0.5 M H,SO, was introduced into 2 mL of the sample after the
various intervals. Notably, this complex possesses limited sta-
bility for 15 min. The remaining concentration of Cr(vi) was
determined at a maximum absorption wavelength (542 nm)
through a calibration curve established from standard solu-
tions (Fig. S3, ESIt). Here, the photoreduction yield (%) of Cr(vi)
was confirmed with the following equation:

(G -C) o

Photoreduction yield (%) = 100 (1)

0

where C, and C; are the concentrations of Cr(vi) ions in solution
at the beginning and at time ¢, respectively.

2.4. Reusability

Photoreduction cycles were conducted to evaluate the stability
of the material in practical applications. Subsequently, the
HCMUE-2 sample was treated with 1% HNO; solution to
remove all traces of Cr** ions, which had been generated during
photocatalysis and adsorbed into the pore channels of the MOF
structure. This process was then maintained until the filtration
was tested without the presence of traces of Cr** via the UV-vis
spectra. Subsequently, the material was collected and washed
with water and MeOH until the filtrate reached a neutral pH
value. Then, the powder was centrifuged, dried, and activated
under vacuum at 120 °C for 1 day. The final product was
utilized for the subsequent photocatalytic investigation.

2.5. Photocatalytic mechanism

To elucidate the nature of the Cr(vi) photocatalytic reduction
into Cr(m) over HCMUE-2, trapping experiments were con-
ducted to confirm which agents will appear in the reaction
solution after photocatalysis. The scavengers, which are utilized
to capture the active species, such as electrons, holes, OH*, and
0**, were 0.1 M AgNO;, 0.1 M EDTA-2Na, 0.1 M IPA, and 0.1 M
p-benzoquinone (p-BzQ), respectively. Similarly, 15 mg of
HCMUE-2 was constantly stirred into an accurate volume of
Cr(v) (10 mg L") for 60 min in the dark to reach adsorption-
desorption equilibrium before irradiation. Subsequently, the
mixture was introduced to each mentioned scavenger and
stirred for 90 min at room temperature under visible light from
a white LED lamp. Next, 5 mL of the suspension was taken out
after each 15 min period, centrifuged, and identified by UV-vis
spectroscopy to confirm the remaining concentration of Cr(vi)
after the reaction. Based on these surveys, a mechanism for the
photocatalytic reduction was proposed along with the differ-
ence in photoreduction efficiency in each experiment.

Mater. Adv., 2025, 6, 4817-4832 | 4819
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3. Results and discussion

3.1. Complete characterizations of HCMUE-2

To explore the excellent performance for photoreduction of
Cr(vi) into Cr(m) over a MOF platform, we assumed several
design factors: (i) a suitable pore size, which allows effective
diffusion of Cr(vi) into internal pore channels, driving a direct
reaction with available active sites; (ii) the necessity for dense
electron-rich functional groups to narrow the band gap energy
via convenient transport from linker to metal-oxo clusters and
enhance the adsorption capacity of Cr(vi) in an acidic medium;
and (iii) high thermal and water robustness to endure the
harsh conditions corresponding to photocatalytic applications.
Inspired by this, a mixture of H,NDC(OH) linker and ZrOCl,-
8H,0 was dissolved in DMF solvent in the presence of formic
acid as a modulator and heated at 120 °C for 3 days to achieve a
brown powder, denoted HCMUE-2 (Fig. 1a). The product was
then washed with DMF to remove the unreacted starting
chemicals. Subsequently, the solid was exchanged with MeOH
and activated under vacuum conditions at 120 °C for 1 day to
detach the guest molecules from HCMUE-2. Here, HCMUE-2
possesses a three-dimensional architecture with bcu topology
and densely dispersed hydroxyl groups within the structure.
This results in a significant improvement in the interaction
between the negatively charged Cr(vi) moieties with positively
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charged OH," species at low pH values, and supports the
electron transfer process from ligand to clusters to form an
appropriate band gap energy for the efficient absorption of
visible light. The phase purity of as-synthesized HCMUE-2 was
determined using powder X-ray diffraction (PXRD) measure-
ment, where the PXRD pattern of the as-synthesized material is
in good agreement with the simulated structure. It is realized
that the crystallinity of the activated sample was lost under
activation, as confirmed by PXRD analysis (Fig. 1b). Addition-
ally, this phenomenon is indicated in the N, adsorption iso-
therm curve and pore size distribution analysis at 77 K of
HCMUE-2 (Fig. S4, ESI). In detail, the BET surface area of
HCMUE-2 is much lower than the theoretical specific surface
value. This can be explained by the high flexibility of OH
moieties inside the backbone upon activation, as illustrated
in reported studies.>* "¢ Interestingly, the level of structural
order is entirely recovered upon re-solvation in H,O (Fig. 1b).
The continuous FT-IR spectroscopy analyses of activated
HCMUE-2 are revealed in Fig. 1c, compared to the H,NDC(OH)
spectrum. As a result, there are new absorption bands located
at 1654, 1601, 1432, and 648 cm™*, which are exhibited in the
HCMUE-2 spectrum, but are absent from H,NDC(OH). These
characteristic signals are assigned to the vibrations of uncoor-
dinated C-O in the COOH group, asymmetric C-O, symmetric
C-0, and Zr-O within HCMUE-2, respectively. Additionally, the
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Fig. 1 The structure of HCMUE-2 is formed from ZrgOg(H,0)g(COO)g SBUs with HoNDC(OH) linker (a). Atom colors: Zr, green; C, black; O, red.
All H atoms are omitted for clarity. The PXRD patterns of as-synthesized HCMUE-2 (blue), activated HCMUE-2 (green), and HCMUE-2 immersed in H,O
in comparison with simulated Zr-bcu-NDC (b). Fourier transform infrared spectra of H,NDC(OH) (red) and activated HCMUE-2 (green) (c).
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appearance of a vibration mode peaking at 1365 cm™ ', is
ascribed to the absorption frequency of aromatic O-H bending
in both H,NDC(OH) and HCMUE-2. Additionally, the charac-
teristic mode at 1562 cm ™' in both samples is attributed to
C=C stretching vibration in the benzene ring derived from the
linker. Furthermore, Raman spectra of the HCMUE-2 material
and the H,NDC(OH) linker are shown in Fig. S5 (ESIt). The
vibration modes located at the new frequencies, such as 1598
and 1364 cm™ ', were relevant to the C=C and C-O bands,
respectively, in the spectrum of HCMUE-2, but appeared at
various frequency ranges for H,NDC(OH). In particular, the
vibration signal of Zr-O presented at 628 cm™ " is also found in
HCMUE-2, similar to the stated FT-IR spectrum.

In order to gain a deeper insight into the structural char-
acterizations of HCMUE-2, thermogravimetric analysis com-
bined with differential scanning calorimetry (TGA-DSC),
scanning electron microscopy (SEM) incorporating energy-
dispersive X-ray (EDX) spectroscopy and mapping, transmis-
sion electron microscopy (TEM) analysis, and X-ray photoelec-
tron spectroscopy (XPS) measurement were carried out on the
activated HCMUE-2 sample. Consequently, the TGA-DSC curve
recorded in a dry air medium are given specifically in Fig. 2a. As
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a consequence, a weight decrease of 20.46% is attributed to the
release of coordinated water inside the clusters of HCMUE-2,
and absorbed water on the surface of the material from room
temperature to 300 °C, with an initial specific endothermic
peak at 107.7 °C. Subsequently, the weight loss of 39.39% in the
region from 300 to 600 °C with a strong exothermic peak at
517.9 °C is assigned to the total breakdown of the architecture.
Thus, the structural stability of HCMUE-2 is revealed to be
thermally stable up to 300 °C. This indicates the promising
applications of the HCMUE-2 material in real-life conditions. In
addition, the EDX spectrum and EDX-mapping analyses are
exhibited in Fig. 2b and Fig. S7 (ESI}), corresponding to the full
presence of C, O, and Zr elements within HCMUE-2. The
surface morphology of HCMUE-2 is confirmed by SEM and
TEM images (Fig. 2c and d), which show that HCMUE-2
possesses prism particles with relative uniformity due to the
partial agglomeration with an average size from 50 to 100 nm.
Notably, the XPS spectra exhibit the distribution of the C, O,
and Zr components within HCMUE-2 (Fig. 3a). Furthermore,
the high-resolution XPS spectra were investigated to determine
the elemental components on the MOF surface (Fig. 3b-d).
Specifically, the C 1s spectrum is deconvoluted into four
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Fig. 2 (a) TGA diagram (black) and DSC curve (red) of activated HCMUE-2; (b) EDX spectrum of activated HCMUE-2; (c) SEM image of activated

HCMUE-2 with scale bar of 1.00 um; (d) TEM image of HCMUE-2 with scale bar of 50 nm.
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Fig. 3 XPS analysis of HCMUE-2: XPS survey of HCMUE-2 (blue) (a); high-resolution spectrum of C 1s in HCMUE-2 (b); high-resolution spectrum of

O 1s in HCMUE-2 (c); high-resolution spectrum of Zr 3d in HCMUE-2 (d).

distinctive peaks at 287.9 eV for the COO™ group, 286.5 eV for
the C—0 bond, 285.1 eV for the C-O bond, and 283.9 eV for the
C—=C/C-C bond.””"*® Next, the high-resolution spectrum of the
O 1s curve shows characteristic peaks at 531.8 eV, 530.9 eV, and
529.3 eV, attributed to the appearance of Zr-O-H, C-O, and Zr-
O-Zr signals within HCMUE-2.*>"° Noteworthily, the Zr curve is
divided into two peaks at 184.2 eV and 181.8 eV, related to Zr
3ds;, and Zr 3ds,, respectively.”’ These findings are in good
accord with the aforementioned FT-IR and Raman data. This
confirmatory evidence proves that the HCMUE-2 material has
been successfully fabricated with unique performance that can
be utilized for potential applications in practical situations.

3.2. Photoabsorption and electrochemical properties

This fact reveals that the photoabsorption performance of the
material plays a vital role in enhancing the photoreduction
efficiency of Cr(vi). Hence, UV-vis/DRS analysis was performed
on the activated HCMUE-2 sample to explore its behavior. As

4822 | Mater. Adv,, 2025, 6, 4817-4832

indicated in Fig. 4a, the HCMUE-2 material exhibits notable
photoabsorption with a broad absorption wavelength region
from 200 to 1000 nm. This is suitable for the application of
HCMUE-2 as an effective photocatalyst in the visible light
range. As a result, by fitting the photoabsorption parameters
with the indirect transition combined with the Tauc plot
(Fig. 4b), the band gap value of HCMUE-2 is 2.12 eV. This
obtained result proves that HCMUE-2 displays extraordinary
photoabsorption in visible light. This can be accounted for by
the highly integrated network between the n electrons in the
benzene ring and non-bonding electron pairs of the OH moi-
eties within the HCMUE-2 structure, leading to the formation of
a unique chemical optical property.”” In order to interpret
further the stated band gap value of HCMUE-2, electrochemical
measurement was conducted. Accordingly, cyclic voltammetry
analysis was carried out at a scan rate of 50 mV s~ (Fig. 4c).
Here, an inversion layer is created when the applied potential is
below the HOMO level; in addition, an accumulation layer is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formed when the applied potential is above the LUMO level,
resulting in the observed change between anodic and cathodic
currents (Fig. 4c).***>® Interestingly, the oxidation and
reduction peaks are found at +1.05 V and —1.13 V, allowing
determination of the E;ypo and Egomo values of —4.00 eV and
—6.18 eV, respectively. With the achieved results, the value
of Egectrochemical g calculated to be 2.18 eV from the energy
diagram (Fig. 4d), corresponding to EgP“*" determined from
the Tauc plot.

To further elucidate the possible causes behind the
enhanced photoreduction of HCMUE-2, the photolumines-
cence spectrum was recorded from 450 to 700 nm upon an
excitation wavelength of 250 nm to confirm the separation
efficiency of the electrons and holes for enhancing effective
photocatalytic reduction.’” It has been realized that holes and
electrons are key factors during the photocatalytic process
because the PL spectrum derives from the recombination of
holes and photoinduced electrons. Herein, the low PL signal

© 2025 The Author(s). Published by the Royal Society of Chemistry

intensity at the fluorescence peak leads to a low recombination
rate between the photogenerated electrons and holes.”>>® As
shown in Fig. 5a, the PL spectrum of HCMUE-2 possesses a
relatively small fluorescence intensity at 560 nm, indicating the
decrease in the recombination rate of the charge carriers and
improvement in photocatalytic efficiency. This can be ascribed
to the dense presence of hydroxyl groups within the MOF
backbone, facilitating convenient transfer of photoinduced
electrons from the ligand to Zr-O clusters and effectively
preventing the recombination of holes and electrons. This
situation is the same as for the PL spectrum of hydroxyl-
functionalized UiO-66.>” Subsequently, to obtain a deeper
comprehension of photo-excited carrier transport, the time-
resolved fluorescence decay spectrum of HCMUE-2 was per-
formed (Fig. 5b). As a result, the HCMUE-2 sample exhibits an
exponential decline in fluorescence intensity with sluggish
kinetics. Through fitting of the decay spectrum, the lifetime of
HCMUE-2 is calculated to be 34.51 ns. This value points out

Mater. Adv., 2025, 6, 4817-4832 | 4823
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Fig. 5 The PL spectrum of HCMUE-2 with an excitation wavelength of 250 nm (a); time-resolved transient photoluminescence decay spectrum of

HCMUE-2 (b); transient photocurrent response of HCMUE-2 (c).

the considerable protraction of the lifetime of the photogen-
erated electrons and holes, resulting in boosting their separa-
tion efficiency in the photocatalytic process and inhibiting
their recombination. It is interesting to note that the
enhanced lifetime of the electrons and holes depends on the
optimal electron transfer and the band structure change
caused by the efficient functionalization of OH moieties onto
the MOF architecture, driving the formation of huge n-rn and
n-p integrated electron systems derived from the unpaired
electrons of hydroxyl groups in the linkers and clusters, and n-
electron networks of benzene rings.’® Moreover, the photo-
current-time diagram of HCMUE-2 for six on-off cycles with
discrete visible light illumination is clearly displayed in
Fig. 5c. It is found that the current density rises upon visible
light irradiation, which is attributed to the increase in separa-
tion level of photo-excited carriers. Whereas, the photocurrent
density decreases to zero without light illumination. This
finding can be explained by the effective transport of

4824 | Mater. Adv,, 2025, 6, 4817-4832

photoinduced electrons from the linker to the catalytic sites
of the Zr-O clusters.>

3.3. Photoreduction of Cr(vi)

To explore the excellent photocatalytic reduction of Cr(vi) over
HCMUE-2 caused by the dense packaged presence of the OH
moieties within the architecture, a series of photoreduction
studies were conducted. In detail, the HCMUE-2 material (15
mg) was introduced to 40 mL of Cr(vi) solution at a concen-
tration of 10 mg L™ in an initial pH region from 1 to 5. The
mixture was stirred at a constant rate for 60 min in the dark to
achieve adsorption-desorption equilibrium before visible light
illumination. As shown in Fig. 6a, no considerable conversion
of Cr(vi) into Cr(m) is observed in the absence of a photocatalyst
under visible light in 90 min. While, in the dark, HCMUE-2
reveals the uptake of Cr(vi) at about 43% at pH = 1, attributed to
the pure adsorption of Cr(vi) into the internal pore channels of
the MOF structure (Fig. 6a and b). Herein, the uptake process of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cr(v1) into the pore channel of HCMUE-2 in a low-pH medium is effective interaction with the negatively charged Cr(vi) ions
supported by the protonation of hydroxyl groups inside the from solution. Furthermore, as in our previous report,*® the
structure, driving the formation of OH," species capable of point of zero charge (pH,,.) of HCMUE-2 was determined to be

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 4817-4832 | 4825
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Table 1 The maximum photoreduction of Cr(vi) by HCMUE-2 in compar-
ison with the other photocatalysts

Dosage C, Efficiency Time
Material (gL™ (mgL™") (%) (min) Ref.
SrTiO; 1.0 4.8 99 240 60
OH-TiO, 1.0 10 88 30 61
Ag-BiOCl 1.0 10 86 180 62
MIL-53(Fe) 1.0 20 66 40 63
Ag/AgCI@MIL-53(Fe) 0.4 10 99.4 240 64
g-C3N,/UiO-66 0.5 10 99 40 65
UiO-66-NH,(Zr) 0.5 5 98 120 66
MIL-53-NH, 0.5 8 15 60 67
RGO-UiO-66(NH,) 0.5 10 100 100 68
MIL-100/Bi;,0,,C1, 0.5 10 99.2 120 69
MIL-101-NH,/g-C;N, 1.0 20 66 90 70
MIL-53/WO;, 1.0 45 94 240 71
HCMUE-2 0.375 10 93 60 This

0.375 10 100 90 study

4.2, leading to efficient enhancement of the possible uptake of
Cr(v1) via the electrostatic attraction between the positive sur-
face charge and Cr(vi) anions at pH values lower than pHy,..
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Notably, HCMUE-2 has an extraordinary photocatalytic
reduction performance for Cr(vi), reaching an efficiency of
100% upon irradiation by visible light in 90 min at pH = 1
(Fig. 6a and c). This unique efficiency can be ascribed to the
efficient support of the hydroxyl groups inside HCMUE-2,
which helps enhance the convenient non-bonding electron
transfer to the m-n integration system in the architecture of
the material and improving the photoabsorption property
under visible light by decreasing the band gap value.*® The
obtained result in the photoreduction of Cr(vi) into Cr(u1) over
HCMUE-2 is significantly greater than those for published
investigations in terms of the simpler and milder experimental
conditions in respect of the MOF dosage and initial Cr(vi)
content (Table 1). This fact shows that the OH moieties present
in the linkers and clusters will promote the removal of Cr(vi) via
the adsorption mechanism by the protonation reaction under
acidic pH conditions, leading to the generation of -OH,"
species and effectively interacting electrostatically with the
anionic Cr(vi) species. Accordingly, there is complete photore-
duction efficiency for Cr(vi), which is found at pH = 1 under

(b)

HCMUE-2 before phot'ocatalys'is

Intensity (a.u.)

HCMUE-2 after photocatalysis
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(d)

sisAjeleoojoyd Jayy |
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Fig. 7 The PXRD diagram of HCMUE-2 before photoreduction of Cr(vi) (black) compared to the PXRD pattern of HCMUE-2 after photoreduction (red)
(a); FT-IR spectrum of HCMUE-2 before photocatalysis of Cr(vi) (black) and after photocatalysis of Cr(vi) (red) (b); TEM images of HCMUE-2 before
photoreduction of Cr(vi) (c) and after reusability (d) with a scale bar of 200 nm.
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visible light irradiation after 90 min for HCMUE-2. Whereas,
the photocatalytic reduction yield for Cr(vi) gradually rises to
18% for pH = 5, 32% for pH = 4, 53% for pH = 3, and 86% for
pH = 2, in 90 min (Fig. 6d). A series of investigations of the
photoreduction of Cr(vi) over HCMUE-2 in neutral and basic
media was also conducted to evaluate the wider applicability of
the material, exhibiting poor photocatalytic possibilities for
HCMUE-2 under these conditions (Fig. S11, ESIt). Herein, the
lower Cr(vi) photoreduction percentage at pH over 1 can be
explained by the creation of different Cr(vi) species and the
precipitation of chromium(m) hydroxide, resulting in their
occupation of the pore cavities of the MOF causing obstacles
to active adsorption and photoreduction sites within HCMUE-
2'40,72

Photoreduction kinetics were also studied to gain an insight
into the photocatalytic behavior of HCMUE-2. Consequently,
the kinetic parameter is best fitted with the pseudo-first-order
model (Section S8, ESIt), indicating a high correlation coeffi-
cient of 0.997 (Fig. 6e). Furthermore, the rate constant para-
meter of the Cr(vi) photoreduction process over HCMUE-2
reached a value of 0.0296 min~" at pH = 1, which is higher
than those of other reported photocatalysts. In particular, the
regeneration possibility of the material after the photoreduc-
tion was surveyed to demonstrate its use efficiency in practical
situations. HCMUE-2 was collected, immersed in 1% nitric acid
solution to totally dissolve the Cr(OH); species remaining in the
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pores and washed with an excess amount of H,O until pH = 7.
Next, the product was exchanged in MeOH, centrifuged, and
activated under vacuum for 24 h at 120 °C for subsequent
reusability studies. As illustrated in Fig. 6f, the photoreduction
ability for Cr(vi) by HCMUE-2 is retained over five consecutive
cycles at pH = 1 after 120 min of irradiation with visible light
with an inconsiderable decline.

Additionally, the architectural robustness of HCMUE-2 after
five cycles was determined by additional analyses, including
PXRD, FT-IR, Raman, and TEM. As a consequence, the struc-
tural order of the material is retained, as evidenced by the
PXRD patterns of HCMUE-2 before and after the photocatalytic
reaction, in good agreement with the diffraction peaks (Fig. 7a).
Moreover, the characteristic bands of vibrational modes
observed from the FT-IR and Raman spectra, within HCMUE-
2 after photoreduction are in good accord with the pristine
sample (Fig. 7b and Fig. S6, ESIT). Noteworthily, there is no
significant difference in the surface morphology of the material
in terms of particle size after five recycles (Fig. 7c, d and Fig. S8,
ESIt). These observations demonstrated that HCMUE-2 could
be utilized as a promising material in the photocatalytic
reduction of Cr(vi) into Cr(m) from wastewater.

3.4. Proposed photoreduction mechanism of Cr(vi)

To further understand the Cr(vi) photoreduction process over a
hydroxyl-modified Zr-based MOF, a series of experiments were
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conducted to explore the photoreduction mechanism. As
revealed in Fig. 8a, before exposure to light, the anionic Cr(vi)
species that existed at a low-pH range moved to the external
and internal pores of HCMUE-2 via the efficient electrostatic
attraction generated by the anionic Cr(vi) species and proto-
nated hydroxyl groups within the MOF backbone. The photo-
catalyst gains continuous exposure to visible light owing to
higher or the same energy as the band gap energy of the
material, causing an excitation of electrons (e”) from the
valence to the conduction zone and the generation of holes
(h"). Notably, the elementary photogenerated electrons, created
by the OH groups inside the structure, will be transferred to the
metal clusters through ligand-to-metal oxo charge carrier trans-
port. These electrons rapidly go to the HCMUE-2 surface, where
they will combine with the protons to reduce the Cr(vi) species
to Cr(m). Simultaneously, the water molecules, as hole scaven-
gers, incorporate the holes to create protons and °OH
radicals.*®”® To demonstrate the appearance of Cr(m) ions
during the photoreduction process, HCMUE-2 was collected
by centrifugation prior to XPS measurement. Accordingly, the
new signal peak appears at 576.8 eV, which is assigned to the
binding energy of Cr 2p within the reused sample (Fig. 8b). In
particular, the high-resolution curve of Cr 2p of the recycled
HCMUE-2 indicates the appearance of the Cr(m) species with
the characteristic peaks at 586.7 eV for Cr 2p,/, and 577.1 eV for
Cr 2paj,” 7> and the absence of Cr(vi) ions inside the architec-
ture, proving the complete reduction of Cr(vi) into Cr(m)
(Fig. 8c). The obtained data illustrate that Cr(u) is formed
and almost absorbed into the pore channel of HCMUE-2 after
the Cr(vi) photoreduction reaction. To elucidate the stated
argument, the solution extract after 90 min of photocatalysis
was analyzed by atomic absorption spectroscopy (AAS) to deter-
mine the total remaining Cr content after the reaction. The

4828 | Mater. Adv., 2025, 6, 4817-4832

results showed that the remaining Cr content in the solution
present after the reaction reached the permitted concentration.

To further demonstrate the abovementioned photocatalytic
mechanism, various scavengers, including AgNO;, EDTA-2Na,
isopropanol (IPA), and p-benzoquinone, were added to the
photocatalytic reaction system to trap e, h*, *OH, and *0,",
respectively,*”® and the results are clearly exhibited in Fig. 9.
As a result, the Cr(vi) photoreduction efficiency reaches almost
100% compared to the blank sample after the introduction of
IPA and p-benzoquinone scavengers. This proves that the
trapping agents for *OH and *O,~ show no activity throughout
the photocatalytic reaction. However, the photocatalytic
reduction percentage of Cr(vi) declines considerably to 82%
and 31% as the scavengers for EDTA-2Na and AgNO; are added
to the reaction mixture, respectively, indicating that both active
moieties, h', and e~ directly join the photoreduction reaction,
especially e™.

4. Conclusion

We have described the synthesis and full characterization of a
Zr-based MOF with modification by hydroxyl groups, namely
HCMUE-2. The HCMUE-2 material displayed an extraordinary
photoreduction performance for Cr(vi) under visible light illu-
mination. Accordingly, the great Cr(vi) photocatalytic reduction
yield over HCMUE-2 reached 100% after 90 min at pH = 1 upon
irradiation by visible light, with the reduction efficiency being
maintained without any significant loss for at least five con-
secutive cycles. To the best of our knowledge, this obtained
yield is much higher than that of previously reported studies in
terms of the treated initial concentration of Cr(vi) and the
dosage of photocatalyst. Significantly, the architectural stability
of HCMUE-2 after the photoreduction reaction is confirmed by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the incorporated PXRD, FT-IR, Raman spectra, and TEM mea-
surements. Moreover, the possible Cr(vi) photoreduction
mechanism and formed Cr(u) species are interpreted via trap-
ping experiments for the reaction agents combined with the
XPS spectrum. Additionally, the cost-effectiveness of using
HCMUE-2 under practical conditions is reasonable, with its
facile large-scale synthesis, small amounts of photocatalyst in
the photoreduction process, and high reusability. The results
achieved in this work promise the opening up of photocatalytic
fields of OH-functionalized Zr-based MOFs and will boost novel
research for modified materials in treating the highly poiso-
nous Cr(vi) ions from wastewater.
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