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Ligand-hydroxylated UiO-66 for Enhanced Photothermally
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Abstract: The efficient removal of low-concentration volatile organic compounds (VOCs) in indoor and industrial
environments remains a significant challenge. Metal-organic frameworks (MOFs) are potential oxidation catalysts
due to their superior adsorption enrichment capability for low-concentration VOCs. In this work, hydroxyl-containing
ligands were introduced into UiO-66, and the as-synthesized UiO-66-OH catalyst exhibited exceptional
photothermal catalytic performance on oxidation of flowing low-concentration VOCs (initial concentrations of
0.075 mg/L for toluene and 0.064 mg/L for benzene, a weight hourly space velocity (WHSV) of 30000 mL/(g-h)),
achieving 97% and 90% conversion of toluene and benzene, respectively, surpassing the reported photothermal
catalysts such as metal oxides and noble-metal-loaded catalysts. Such impressive activity is attributed to the
synergy of thermal catalysis and photocatalysis. Ligand hydroxylation optimizes the electron structure and the
ligand-to-metal charge transfer (LMCT) effect, enhancing light absorption, improving electron-hole separation
efficiency and photothermal properties of UiO-66. Hydroxyl introduction promotes the formation of oxygen
vacancies, facilitating oxygen adsorption/activation to sustain lattice oxygen (Oy,) and generate superoxide radical
(-O3), which are the dominant reactive species in VOCs oxidation. This work not only presents the potential of
MOFs as efficient photothermal catalysts for the oxidation of low-concentration VOCs but also shows prospects on
facile modulation of electron structure by ligand engineering to enhance the photothermal properties of MOFs.
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ligand-to-metal charge transfer effect

Accelerated urbanization and industrial activities have
significantly increased VOC emissions, which are major
contributors to air pollution and pose serious health risks,
including respiratory and neurological damage!'l. As
precursors to ozone and smog, VOCs significantly impact
global air quality™
approach to eliminate VOCs by converting them into
harmless CO, and H,O. While thermocatalysis is efficient
for high-concentration VOCs, it requires elevated
temperatures”’.
ambient conditions and suits low-concentration VOCs
but suffers from limited efficiency. Thus, achieving rapid

. Catalytic oxidation is an effective

In contrast, photocatalysis works at

and effective low-temperature removal of dilute VOCs
remains a key challenge.

Photothermal catalysis combines the strengths of thermo-
and photocatalysis, using solar energy to enhance low-
temperature activity and thermal oxidation, offering
superior performance over either method alone!®.
Photothermal catalysts for VOCs oxidation mainly include
metal oxides and noble-metal-loaded semiconductors.
Metal oxides such as Co;0,4 offer structural stability and
dual activation in virtue of thermal or light energy.
Meanwhile, noble metals (e.g., Pt, Au) enhance light
absorption and accelerate reaction kinetics through
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localized surface plasmon resonance (LSPR) effects,
significantly improving catalytic efficiency™. Despite
substantial advancements in photothermal catalysis for
VOCs removal, most research focus on moderate to
high-concentration VOCs (0.5-10 mg/L), relevant to
industrial emissions, and may not effectively address
low-concentration VOCs (<0.1 mg/L) critical to indoor
and ambient air quality.

Metal-organic frameworks (MOFs) featured with high
specific surface area, adjustable porosity, and abundance
of active sites, exhibit excellent adsorption capability for
VOCs, enabling them to effectively concentrate low-
concentration VOCs. Ma et al!® synthesized Fe-based
MOFs (MIL-100(Fe), MIL-101(Fe), MIL-53(Fe)) for
toluene adsorption, with MIL-100(Fe) showing the
highest capacity (663 mg/g). Its performance stems from
n-n interactions between toluene and the ligand, and
efficient pore filling via its hierarchical structure. Chen
et all’’ designed a cobalt-adeninate MOF (MOF-11),
which demonstrated a saturated adsorption capacity up to
0.73-3.57 mmol/g following the order of toluene<
benzene<acetone<methanol. As photocatalysts, current
MOFs remain mediocre due to their limited light-harvesting
capability and poor charge separation efficiency, often
addressed by combining them with metal oxides or other
semiconductors. Lv et al!® synthesized MOF@COF
heterojunction to improve light absorption, accelerate
charge transfer and extend electron-hole pair lifetime,
achieving improved visible-light-driven VOCs oxidation
performance. Zhang et al.”’ developed TiO,/Ui0-66-NH,
nanocomposites, which achieved 72.7% and 70.74%
conversion of toluene and acetaldehyde, respectively,
under flowing conditions with initial concentrations of
0.094 mg/L for toluene and 0.044 mg/L for acetaldehyde
under the irradiation of a 50 mW/cm® mercury lamp.
However, most reports on MOFs-based materials for
VOCs oxidation focus on photocatalysis and scarcely
involve photothermal catalysis.

LMCT, which involves electrons excited from ligand
orbitals to metal center, is a fundamental effect in
coordination complex or MOFs. By introducing new
charge transfer states and altering electronic structure,
LMCT effect can be modulated to extend the light
absorption of catalysts to visible range. Moreover,
LMCT could improve charge separation and mobility,
thereby reducing electron-hole recombination, which is
critical for efficient photocatalysis. As reported by
theoretical calculations in an early study!'"”, LMCT in
MOFs is closely related to the characteristics of metal
and ligand, which can be systematically modulated by
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introducing electron-donating or electron-withdrawing
functional groups, such as —OH and —NH,, into ligands.
Despite the promising potential of MOFs in the
removal of low-concentration VOCs, their intrinsic
photothermal catalytic performance remains limited. In
this work, UiO-66 was selected as the base material, and
a ligand modification strategy was employed to regulate
LMCT effect. By introducing functional groups, the light
absorption capability, charge separation efficiency, and
overall photothermal catalytic activity of UiO-66 were
Furthermore, the possible
mechanism behind the superior photothermal performance
of UiO-66-OH was proposed. This study highlights an
effective ligand engineering strategy to improve the
photothermal effect of MOFs and their potential as
highly efficient and stable photothermal catalysts for

significantly enhanced.

low-concentration VOCs oxidation.

1 Experimental

The functionalized Zr-based MOFs, abbreviated as
Ui0-66-X (X=NO,, NH,, OH, NDC) were synthesized
following the reported method (Fig. 1(a))!'".

Specifically, 1 mmol of ZrCl, was dissolved in 30 mL
of dimethylformamide (DMF) and 2 mL of concentrated
hydrochloric acid. 1 mmol of ligand (2-hydroxyterephthalic
acid (-OH), 2-nitroterephthalic acid (-NO,), 2-aminoterephthalic
acid (-NH,), 2,6-naphthalenedicarboxylic acid (-NDC),
and terephthalic acid) was dissolved in 30 mL of DMF.
Subsequently, two solutions were mixed and placed in an
80 mL Teflon-lined stainless-steel autoclave and heated
under certain conditions (Table S1). After cooling to
room temperature, the solid product was filtered and
thoroughly washed several times with DMF and ethanol,
then dried overnight at 60 °‘C under vacuum. To enhance
purity, the dried powder was dispersed in 60 mL of ethanol
and stirred for 24 h, filtered, and dried again overnight at
60 ‘C under vacuum, yielding the final MOF product.

Experimental details are provided in the Supporting Materials.

2 Results and discussion

2.1 Structure and composition

X-ray diffraction (XRD) patterns illustrate the phase
structure and crystallinity of all five catalysts (Fig. 1(b)).
All catalysts exhibit characteristic diffraction peaks at
20=7.3°, 8.4° and 25.4° corresponding to the (111), (002),
and (006) crystal planes of UiO-66, respectively. This
verifies that the structural integrity has been well
maintained after the introduction of different ligands.

www.jim.org.cn
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Fig. 1

Compared to pristine UiO-66, the diffraction intensities
of (111), (002), and (006) planes of the UiO-66-X
samples decrease, indicating a decrease in long-range
structural order after ligand modification!"". Among them,
UiO-66-NDC exhibits the most significant intensity decline,
which can be attributed to steric hindrance and =n-m
stacking interactions that disrupt the regular coordination
environment and lead to structural distortion.

Fourier transformed infrared (FT-IR) spectra reveal
the introduction of functional groups (Fig. 1(c)). For
UiO-66-NH,, the absorption bands at 3360 and 3467 cm’!
correspond to the symmetric and asymmetric N-H
stretching vibrations of primary amine groups (Fig. S1)!'
and the band at 1290 cm™' corresponds to the C—N bonds
of aromatic amines''?). For UiO-66-NDC, the absorption
bands located at 1410 and 1556 cm' represent the
symmetric and asymmetric stretching vibrations of -COOH
group in the NDC linker!"”), respectively. Ui0-66-NO, shows
the N-O vibration band of -NO, group at 1580 cm '"*,
and a distinct —OH band at 1233 cm' exists in
Ui0-66-OH!"*"1. All samples show a distinct bending

absorption band of Zr—O cluster at 650 cm'!"*!,

2.2 Photothermal catalytic performance

The photothermal catalytic activities of the catalysts
for oxidation of toluene and benzene were evaluated in a
continuous flow reactor. The initial concentration of
toluene and benzene was 0.075 and 0.064 mg/L,
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(a) Schematic diagram of the synthesis procedure, (b) XRD patterns and (c¢) FT-IR spectra of UiO-66 and UiO-66-X

exhibit enhanced
photothermal catalytic performance compared to pristine
Ui0-66, and UiO-66-OH exhibits the highest activity.
For toluene oxidation, UiO-66-OH achieves a stable

respectively. UiO-66-X materials

maximum conversion up to 97% within 20 min, significantly
outperforming pristine UiO-66, whose toluene conversion
is only 60% following a subsequent decline (Fig. 2(a)).
Similar trends can also be observed in benzene oxidation,
where UiO-66-OH achieves a conversion rate of 90%
within 10 min and sustains high activity over the
extended reaction time, compared to the lower benzene
conversion rate below 50% on UiO-66 (Fig. 2(b)). To
evaluate the superiority of UiO-66-OH catalyst over
conventional photothermal catalysts, a comparison is
listed in Table S2. The reports closely matching the
experimental conditions of this work were chosen,
including the type of reactor, light intensity, efc. Notably,
despite the absence of noble metals or heterogeneous
components, UiO-66-OH achieves conversion levels of
toluene and benzene comparable to or higher than those
reported catalysts in the literature, demonstrating the
high effectiveness and potential of MOF-based materials
for photothermal catalytic oxidation of VOCs.

The cyclic performance on photothermal catalytic
oxidation of both toluene and benzene demonstrates the
robustness of UiO-66-OH (Figs. 2(c, d)). Across five
cycles, UiO-66-OH retains its high conversion efficiency

www.jim.org.cn
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Fig. 2 (a, b) Photothermal catalytic performance of UiO-66-X and UiO-66 for oxidation of (a) toluene and (b) benzene,
and (c, d) cycle stability of UiO-66-OH for photothermal catalytic oxidation of (c) toluene and (d) benzene

without noticeable deactivation, with toluene and
benzene conversion remaining ~95% (Fig. 2(c)) and
~90% (Fig. 2(d)), respectively, emphasizing its stability
under prolonged operational conditions. Scanning
electron microscopy (SEM) images of UiO-66-OH
before (Fig. S2(a)) and after (Fig. S2(b)) five cycles
demonstrate that the material retains uniform morphology
and well-defined particle structure, with no observable
changes, indicating excellent morphological stability of
Ui0-66-OH. XRD pattern of UiO-66-OH after five cycles
(Fig. S2(c)) shows no significant changes compared to the
fresh sample, further confirming the material’s outstanding
structural robustness and crystallographic ~stability
throughout the catalytic process.

N, adsorption-desorption isotherms of UiO-66 and
UiO-66-OH collected at 77 K (Fig. S3) exhibit typical
type I behavior, characteristic of microporous materials.
Ui0-66 shows a high specific surface area of 1198 m*/g.
After hydroxyl functionalization, the specific surface
area of UiO-66-OH decreases to 855 m?/g, which can be
attributed to partial pore occupation by the introduced
—OH groups. Both materials possess dominant pore sizes
corresponding to the tetrahedral cages (~8.3 A) and the
octahedral cages (~13 A), which well match the
molecular kinetic diameters of benzene (5.03 A) and
toluene (5.35 A)!'®. This size compatibility suggests
that UiO-66 frameworks can effectively adsorb and

transport VOCs molecules, thereby facilitating their

J. Inorg. Mater., 2026, 41(5): 663—672

rapid catalytic conversion.
2.3 Electron structure and photothermal property
The photothermal conversion capabilities of the
catalysts were evaluated. Under Xe lamp irradiation with
a light intensity of 300 mW/cm’, the equilibrium surface
temperatures of the samples were measured. The results
indicate that different ligands significantly influence the
photothermal conversion properties of UiO-66-X. As
shown in Fig. 3(a), UiO-66-NH, reaches an equilibrium
temperature of 155 C within 5 min, exhibiting the
highest photothermal conversion efficiency. Followed by
Ui0-66-OH, which achieves a stable temperature of 130 C
after 15 min. Whereas UiO-66-NO, and UiO-66-NDC
show slight in photothermal
conversion. The photothermal enhancement effect is
closely related to the ligand variety, following the order
of -NH,>-OH>-NO,>-NDC. Based on this ordering, it
can be inferred that the electron-donating ligands could
induce high photothermal conversion efficiency, likely
due to their enhanced light absorption, charge transfer,
and nonradiative energy dissipation!'”!. To verify these,
UV-Vis spectroscopy, photoluminescence (PL) spectroscopy,

only enhancement

electrochemical impedance spectroscopy and photocurrent
response were conducted!'®.

UV-Vis spectrum of UiO-66-OH (Fig. S4(a)) exhibits
a distinct red shift of absorption edge from 346 nm of
pristine UiO-66 to 377 nm, suggesting a narrowed band

www.jim.org.cn
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gap and enhanced visible light absorption ability. Tauc
plots (Fig. S4(b)) reveal a band gap reduction from 3.20 eV
of Ui0-66 to 2.89 eV of UiO-66-OH, which lowers the
energy required for electron excitation and enables more
effective charge carrier generation under visible light.
This red shift and narrowed band gap lower the initial
energy barrier for LMCT!", implying that the LMCT
effect is more favorable in UiO-66-OH. These improve-
ments likely stem from electronic structure modifications
introduced by hydroxyl groups, which act as electron-
donating substituents, creating localized electronic states
that facilitate charge separation and reduce recombi-
nation rates of photogenerated charge carriers™. This
finding aligns with a previously published calculation
study, which demonstrated that incorporating hydroxyl
groups into Ce-UiO-66 resulted in a decreased LMCT
energy of —1.61 eV from —1.43 eV, indicating enhanced
LMCT effect due to ligand hydroxylation!'".
Mott-Schottky analysis gives more detailed energy
band structure. For pristine UiO-66, the conduction band
(CB) and valence band (VB) locate at —0.55 V (vs. SHE) and
+2.65V (vs. SHE) (Fig. S4(c)), respectively, corresponding to
its band gap of 3.20 eV. In contrast, UiO-66-OH exhibits
the CB at +0.16V (vs. SHE) and the VB at
+3.05V (vs. SHE) (Fig. S4(d)), resulting in its reduced
band gap of 2.89 eV. The CB and VB of UiO-66-OH are
favorably aligned with the oxidation potentials of toluene
and benzene (Fig. 3(b)). Specifically, its VB is
sufficiently positive to oxidize toluene (+2.50 V) and
benzene (+2.72 V)", indicating that the photogenerated
holes in UiO-66-OH enable the direct oxidation of
toluene and benzene into CO,. Meanwhile, PL spectra
(Fig. S5(a)) show lower fluorescence intensity of
UiO-66-OH UiO-66, suggesting a
suppression of radiative recombination of photogenerated

than pristine

charge carriers or an enhancement on charge separation.

As shown in photocurrent response spectra (Fig. S5(b)),
UiO-66-OH generates a much higher and more stable
photocurrent, manifesting the improved charge generation,
separation, and transfer after hydroxyl introduction.
Nyquist plots (Fig. S5(c)) show that UiO-66-OH has a
smaller arc radius than UiO-66, signifying lowered
charge transfer resistance and enhanced electron mobility
after hydroxyl introduction.

Based on the above results, it can be concluded that
the introduction of hydroxyl groups with strong
electron-donating ability into of UiO-66
effectively modulates the LMCT effect, resulting in
narrowed band gap and enhanced electron transfer from
ligand to metal site. Consequently, the light adsorption
ability and the photocurrent response of the catalyst are

ligands
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effectively improved. Meanwhile, the irradiation
recombination of electrons and holes is suppressed, and
the photothermal property related to non-irradiation
recombination is markedly elevated. Notably, the
deepened VB level of UiO-66-OH endows the catalyst
with strengthened oxidation capability, which is favorable for
VOCs degradation.
2.4 Chemical composition

The chemical states of surface elements were analyzed
by X-ray photoelectron spectroscopy (XPS). As shown in
Figs. S6(a, b), both catalysts show Zr*" peaks at 182.8 (Zr3dsy)
and 185.3 eV (Zr3d3/2)[22], alongside 7 peaks at 181.4
(Zr3ds;,) and 184.6 eV (Zr3ds»)'**!. Notably, the Zr’*/Zr
ratio increases from 16.58% of UiO-66 to 19.41% of
Ui0-66-OH. Since Zr*' can capture electrons from
oxygen vacancies and be reduced to Zr’", the increased
Zr*'/Zr ratio suggests that the introduction of hydroxyl
groups in the UiO-66 frameworks is accompanied by the
generation of oxygen vacancies. Ols XPS spectra
(Fig. 3(c)) show UiO-66-OH has three peaks at 530.4,
531.7, and 532.3 eV, which can be assigned to Zr—O in
metal clusters, carboxylic acid groups C=O in linkers,
and O—H of ligands and adsorbed water, respectively**.
Compared to pristine UiO-66, the binding energy of
adsorbed oxygen in UiO-66-OH exhibits a shift toward
lower energy, which can be attributed to the band bending
effect induced by oxygen vacancies within the lattice,
further indicating the presence of oxygen vacancies!*”.

Electron paramagnetic resonance (EPR) was implemented
to confirm the existence of oxygen vacancies. Fig. S6(c)
provides direct evidence for the presence of oxygen
vacancies. UiO-66-OH exhibits a prominent signal with a
g value of 2.006, characteristic of unpaired electrons
localized at oxygen vacancies®®. Both materials show
Zr** signals at g=1.9801%"!, with UiO-66-OH displaying a
marginally higher signal intensity compared to UiO-66.
This observation aligns with the XPS analysis.
2.5 Mechanism of photothermal catalysis

To differentiate the individual contributions of
photocatalysis and thermal catalysis during the oxidation
reaction, thermocatalytic performance tests were conducted at
the equilibrium temperatures mentioned above to compare
with photothermal catalytic performance. The catalyst
amount, benzene concentration and flow rate in thermal
catalysis were kept consistent with those in photothermal
catalysis to ensure valid comparison. As shown in
Fig. S6(d), an enhancement of 55.4% on toluene conversion
is achieved by photothermal catalysis compared with
thermal catalysis, and an enhancement of 51.0% on
benzene conversion is achieved. These results highlight

www.jim.org.cn
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Fig. 3 (a) Surface temperature of the catalysts, (b) schematic band structure,
(c) Ol1s XPS spectra, and (d) active species trapping experiments of UiO-66-OH

photothermal catalytic activity is not only attributed to
thermal effects but also related to light-driven processes.
To probe the active species in the photothermal
catalytic oxidation of VOCs over UiO-66-OH, a series of
trapping experiments were conducted. Specifically, scaven-
gers including isopropanol (IPA), AgNOs;, triethanola-
mine (TEOA), furfuryl alcohol (FFA) and benzoquinone
(BQ) were used to trap hydroxyl radical (-OH), photo-
generated electron (e"), photogenerated hole (h"), singlet
oxygen ('0,) and superoxide anion (-O3), respectively.
As shown in Fig. 3(d), trapping ‘O, with BQ most
significantly reduces benzene conversion, followed by
trapping h” with TEOA, indicating that O, and h" are
primary reactive species driving the catalytic oxidation
reaction. Trapping 'O,, e and -OH also affect conversion
but to a lesser extent, suggesting that they play minor roles.
To examine the intermediates formed on the catalysts
during benzene and benzene oxidation, in-situ FT-IR
spectra were conducted under varied experimental
conditions. For toluene oxidation, reaction began in
light-absent and oxygen-free conditions (Fig. 4(a)). The
band at 1542 cm' is detected after the introduction of
toluene, corresponding to C=C bond®, representing
toluene adsorbed on the surface of UiO-66-OH. As the
reaction progresses, the bands at 1636 and 1681 cm'
gradually emerge and intensify, indicating the formation
of —CHO groups™™, and signifying the oxidation of
toluene to benzaldehyde. This observation demonstrates

J. Inorg. Mater., 2026, 41(5): 663—672

that UiO-66-OH is capable of oxidizing toluene into
benzaldehyde even in the absence of light and oxygen,
indicating the activity of Oy, for toluene oxidation. In
this process, benzaldehyde is identified as the first
intermediate in the overall oxidation pathway.
Subsequently, with the introduction of O,, additional
characteristic peaks appear (Fig. 4(b)). The band at
1451 cm ™' corresponds to —COOH"", and those at 1102
and 1264 cm™' correspond to —OH™'). These suggest that
benzaldehyde is further oxidized to benzoic acid and
benzyl alcohol, which is most likely attributed to the
supplemented Oy, by O, activation at oxygen vacancies.
However, no evidence of aromatic ring cleavage in
toluene is observed under this condition, indicating that
the oxidation process remains localized to the —CHj;
groups. When introducing light irradiation, additional
characteristic bands are observed alongside those
previously identified (Figs. 4(c, d)). Notably, the band at
1741 cm™' corresponding to maleic anhydride®® is
detected, indicating that the benzene ring structure is
attacked and cleaved. Furthermore, a distinct band at
2357 cm' is observed, representing CO,"”*!, confirming
that toluene completely mineralized under irradiation.
This manifests that the key reactive oxidation species,
‘03 and h", generated by photo excitation, are responsible
for the mineralization of toluene.

For benzene oxidation, as shown in Fig. 5(a), the
in-situ FT-IR spectra reveal a distinct C=C vibration

www.jim.org.cn
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band at 1543 cm ' corresponding to the adsorption of
benzene on the surface of UiO-66-OH. Additionally,
C-O vibration bands at 1170 and 1211 cm ' are observed,
indicating the formation of phenol”*. Furthermore, the

J. Inorg. Mater., 2026, 41(5): 663—672

C=0 vibration band at 1683 cm ' suggests the presence
of quinone as another intermediate. A small band at 1462 cm™*
associated with —-CH,COOH indicates partial destruction
of the ring structure under the absence of light and O,,
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manifesting Oy, is effective in C—H and benzene ring
activation. Upon the introduction of oxygen, as
illustrated in Fig. 5(b), the intensity of the bands at 1167
and 1209 cm' increases significantly, indicating that
phenol is the predominant intermediate. The —COR
vibrational bands at 1272 and 1349 cm ' are characteristic
of anhydrides. The band at 1462 cm™' corresponds to
—CH,COOH persists. Under light irradiation, in-situ
FT-IR spectra depicted in Figs. 5(c, d) reveal significant
enhancements on the C=0 bands at 1634, 1678, and
1747 cm ™', indicating that quinone becomes the dominant
intermediate product. The anhydride bands at 1272 and
1349 cm ™' and the acetate band at 1462 cm ' are all
intensified, suggesting that the benzene ring cleavage has
been accelerated under light irradiation and O,. Finally,
distinct CO, peaks at 2353 and 2423 cm ' indicate that
benzene undergoes complete mineralization.

In-situ FT-IR spectra were also conducted to
investigate the catalytic behavior of pristine UiO-66 for
degradation of benzene and toluene. The results indicate
that even under irradiation with O,, only early-stage
intermediates such as benzaldehyde, benzyl alcohol, and
phenol species are generated on UiO-66 (Fig. S7). The
characteristic bands of these intermediates are signifi-
cantly weaker and less defined compared to those on
UiO-66-OH. No signals corresponding to ring-opening
products or further oxidized species are detected. This
suggests that pristine UiO-66 has much lower catalytic
oxidation activity, which makes it difficult to completely
degrade benzene and toluene.

Based on the above results, the photothermal catalysis
of toluene and benzene oxidation on UiO-66-OH can be
summarized as the synergy of thermal catalysis and
photocatalysis. In thermal catalysis, Oy, is involved and
mainly contributes to C—H oxidation. In photocatalysis,
‘0, and h" participate and are responsible for C-C
cracking, aromatic ring oxidation, and finally mineralization
to CO, and H,O. The ligand hydroxylation leads to
increased oxygen vacancies and enhanced LMCT effects
in UiO-66-OH. The presence of oxygen vacancies is
found to improve the activity of Oy, and the adsorption/
activation of O,, thus elevating the thermal catalytic
performance on VOCs oxidation. The enhanced LMCT
effects result in narrowed band gaps to enhance light
absorption and photothermal properties, together with
promoted charge separation and transfer efficiency,
boosting the generation of ‘O, and h', and the
photocatalytic oxidation performance. Notably, the VB
level has been deepened to a strengthened oxidation
direction, enhancing the oxidation ability of photogenerated
h’, favoring the deep mineralization of toluene and

J. Inorg. Mater., 2026, 41(5): 663—672

benzene. Nonradiative recombination of e and h'
produces heat, leading to the rising temperature under
irradiation. The localized thermal energy promotes the
activity of Oy, the charge (¢ and h") transfer and mass
(reactants, and products) diffusion,
boosting the overall efficiency of the oxidation reaction.

The possible pathways of photothermal -catalytic
oxidation of toluene and benzene on UiO-66-OH catalyst
are shown in Fig. S8. Under irradiation, € and h" are
produced. Partial ¢ and h" recombine via nonradiative
mode to release heat, raising the catalyst temperature and
enhancing the activity of Oy, Meanwhile, ¢ at CB
participates in the generation of ‘O,. Toluene or benzene
is adsorbed on the surface of catalyst and O, is activated
by oxygen vacancies. For toluene oxidation, the —CHj;
group of toluene is attacked by surface Oy, and stepwise
oxidized to benzyl alcohol, benzaldehyde and benzoic
acid. Subsequently, in virtue of ‘O, and h' the
ring-opening reaction takes place and produces maleates
as ring-opening intermediates, which are finally transformed
into CO, and H,O. For benzene oxidation, the C—H bond
of benzene is stepwise oxidized by surface O, to phenol
and quinone. Then -O; and h' attack the aromatic ring,
and ring-opening intermediates such as acetic acid and
acetic anhydride are produced stepwise and finally
mineralized into CO, and H,O.

intermediates

3 Conclusions

In this work, a series of Ui0-66-X (X=NO,, NH,, OH,
NDC) photothermal catalysts are synthesized through ligand
functionalization for the oxidation of low-concentration
VOCs. Among them, the UiO-66-OH catalyst achieves
the highest conversion up to 97% and 90% for toluene
and benzene (initial concentrations were 0.075 mg/L for
toluene and 0.064 mg/L for benzene, respectively, a
WHSYV of 30000 mL/(g'h)), respectively, surpassing the
reported photothermal catalysts such as metal oxides and
noble-metal-loaded semiconductors. It also maintains
excellent stability over five cycles. The introduction of
hydroxyl groups in the ligands optimizes the electron
structure and LMCT effects in UiO-66, narrowing the
band gap and facilitating the electron transfer from
ligand to metal center, thus effectively enhancing light
absorption and improving electron-hole
efficiency. Meanwhile, hydroxyl introduction markedly
promotes the concentration of oxygen vacancies and
significantly enhances the photothermal effect. Such
impressive performance is attributed to the synergy of
thermal catalysis involving highly active Oy and
photocatalysis involving O; and h". The increased

separation
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oxygen vacancies enhance the activity of Oy, facilitate
the oxygen adsorption/activation and the generation of

-03.
induce aromatic ring cleavage,

O« mainly initiates C—H oxidation, ‘O, and h'
enabling complete

mineralization of toluene and benzene into CO, and H,O.
This work not only presents the potential of MOFs as
efficient photothermal catalysts for the oxidation of
low-concentration VOCs but also shows prospects on

facile modulation of electron structure to enhance the

photothermal properties of MOF's by ligand engineering.

Supporting Materials

Supporting materials related to this article can be found
at https://doi.org/10.15541/jim20250157.
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S1 Characterizations

X-ray diffraction (XRD) patterns were collected by a
Rigaku D/Max 2200PC X-ray diffractometer using Cu
Ka (4=0.154 nm) at a scanning rate of 4 (°)/min and a 26
range of 5°-60°. Fourier transformed infrared (FT-IR)
spectra were recorded in the range of500-4000 cm'
using KBr pellets. The BET surface areas and porosity
characteristics of both pristine UiO-66 and UiO-66-OH
were measured using a Micromeritics ASAP 2460 surface
and pore size analyzer through N, adsorption/ desorption
at 77 K. Scanning electron microscopy (SEM) was
performed on a Thermoscientific Quattro S field
emission microscope at an accelerating voltage of 2 kV.
X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer using Al Ko radiation
(hv=1486.6 eV) and setting Cls energy to 284.8 eV to
calibrate the binding energy. A Bruker A300 spectrometer
was used to record electron paramagnetic resonance
(EPR) spectra. A Shimadzu UV-3600 spectrometer was
used to acquire UV-Vis absorption spectra with BaSOj, as
reflectance standard. A Edinburgh FLS1000 fluorescence
spectrophotometer with an excitation wavelength of
395 nm was used to obtain photoluminescence (PL) spectra.
Mott-Schottky analysis was conducted at a direct current
potential range from —1 to 1 V with an alternating current
coupling with a frequency amplitude of (1000£100) Hz.

S2 Catalytic performance

The photothermal catalytic performance of the catalysts
was assessed using a custom-designed continuous flow
reactor, with toluene or benzene serving as probe VOCs
and a compressed gas mixture containing 20% (in
volume) O, and 80% (in volume) N, was employed as
oxygen source for the reactions. A Xe lamp
(CEL-HXF300) with an intensity of 300 mW/cm” was
used as light source. Due to the photothermal effect, the
surface temperatures of UiO-66 and UiO-66-OH were
measured to be approximately 60 and 115 C
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respectively. In a standard test, 100 mg of catalyst was
loaded into the reactor, and a gas mixture containing
0.075 mg/L for toluene and 0.064 mg/L for benzene in air
was introduced at a flow rate of 50 mL/min,
corresponding to a weight hourly space velocity (WHSV)
of 30000 mL/(g-h). The concentrations of toluene,
benzene and CO, in the effluent were continuously
monitored using a gas chromatograph (GC-9790II, Fuli,
China) equipped with two flame ionization detectors
(FID) and a methanation furnace.

The thermocatalytic performance of the catalysts was
measured in a continuous fixed-bed reactor in dark. The
reaction temperature was controlled by an electrothermal
furnace and other reaction conditions were the same as in
PTC reaction.

The conversion rate of toluene or benzene was
calculated using equation as follows:

CO — Ct

Conversion rate = % 100% (S1)

0
where C, represents the initial concentration of toluene
(0.075 mg/L) or acetaldehyde (0.064 mg/L), and C,
denotes the concentration of remaining toluene or
benzene at a given reaction time 7.

Active species trapping experiments were performed
using AgNOs, triethanolamine (TEOA), p-benzoquinone
(BQ), furfuryl alcohol (FFA) and isopropanol (IPA) as
specific radical scavengers for e” , h* , ‘O, , '0, and
-OH, respectively®'. In a typical process, 0.5 mmol of
each scavenger was dissolved in 5 mL of ethanol.
Subsequently, 100 mg of catalyst was added into the
solution, and the mixture was sonicated for 30 min to
form a uniform suspension. The suspension was then
dried at 60 C overnight, and the treated catalysts were
subjected to photothermal catalytic tests.

S3 In-situ Fourier transform infrared
spectra

The in-situ Fourier transform infrared (FT-IR) spectra
was recorded by a Nicolet iS10 spectrometer with an
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HgCdTe (MCT) detector. Light was provided by an Xe
lamp (CEL-HXF300). The catalyst was pretreated in N,
at 60 C

temperature. The in-situ FT-IR spectrum of the catalyst

for 30min and then cooled to room

the process.

Table S1 Hydrothermal conditions for the synthesis of
UiO-66 and UiO-66-X catalysts

1 “ Ti
was collected as background. Then, benzene or toluene .Samp © Temperature/ C ime/h
vapors were introduced in dark to reach adsorption U%O-66 120 24
equilibrium. Subsequently, a gas mixture (20% oxygen, Ui0-66-NDC 120 24
80% nitrogen) was introduced at a rate of 50 mL/min. Ui0-66-NO, 120 24
Finally, the light was applied. After the background Ui0-66-NH, 120 12
collection, spectra were collected every 5 min throughout Ui0-66-OH 80 12

Table S2 Performance comparison of relevant catalysts on benzene and toluene oxidation
Catalyst VOC  Concentration/(mg-L™) Catalyst amount/mg Light intensity/(mW-cm™2)  Conversion/%

Pt/TiO,'5% Benzene 0.96 100 300 84.5
Pt/g-C5N,5% Benzene 0.96 150 500 95
This work Benzene 0.064 100 300 90
MnO,-TiO,s Toluene 0.02 500 - 72
TiO,-Ui0-66-NH,"!  Toluene 0.094 100 50 73
Pt/MnO, 5 Toluene 0.75 100 200 90
This work Toluene 0.075 100 300 97

£l

&

2

Q

i

5 N-H

4

4000 3500 2500 2000

Wavenumber/cm™
Fig. S1 FT-IR spectrum of UiO-66-NH, in the range of 2000-4000 cm '
©
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Fig. S2
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(a, b) SEM images and (c) XRD patterns of UiO-66-OH (a) before and (b) after five catalytic cycles
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