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The effective generation and transfer of the photoelectrons are pivotal to the performance of photocatalysts.
Herein, a novel Ti-O-Mo bond-bridged phosphomolybdic acid (PMA)@MIL-125-NH, composite was designed
and synthesized for gas acetone photodegradation. PMA as a photoelectron reservoir was loaded in MIL-125-
NHy. The photogenerated electron transferred from the Tig-oxo cluster of MIL-125-NH» to PMA through the Ti-O-
Mo bond configuration, which enhanced the photoelectrons storing ability of MIL-125-NHj. Stored photoelec-

trons in PMA were effectively separated and released as ¢O3 by reacting with oxygen, while the amount of hole
increased simultaneously. These holes and O3 oxidized acetone subsequently. For PMA@MIL-125-NHj, the
degradation efficiency was 62 % for 400 ppm acetone, which was obviously higher than that of pristine MIL-125-
NH> (45 % for 400 ppm acetone). Our results offered a promising method to improve the photogenerated carriers
in metal-organic framework materials and improve their photocatalytic performance for VOCs degradation.

1. Introduction

Acetone is a common and well-known oxygen-containing volatile
organic compounds (VOCs), mainly from many industries such as elec-
tronic equipment manufacturing, pharmaceuticals, textile dyeing and
printing [1-3]. Due to its volatile and toxic characteristics, prolonged
exposure to high levels of acetone could cause a variety of health
problems in humans, such as headaches, narcosis, dizziness, and nausea
[4,5]. Therefore, the development of effective removal strategies for
acetone is of great importance for human health. Photocatalytic oxida-
tion is regarded as an efficient technology for removing VOCs due to its
eco-friendly and cost-effective feature [6,7], where the key of which lies
in the selection and modification of photocatalysts [8,9].

MIL-125-NHj is a kind of Ti-based metal organic framework (MOF),
which consists of Tig-oxo clusters as the secondary building unit (SBU)
and 2-amino terephthalic acid as the ligand [10,11]. Compared with
some typical photocatalysts, like metal oxide [12], metal sulfide [13],
bismuth-based halogenated oxides [14] and g-C3N4 [15], MIL-125-NH,
exhibited a large specific surface area with easily adjustable structure
and abundant reactive sites [16]. The abundant and uniform porous

* Corresponding author.
E-mail address: jingsun@mail.sic.ac.cn (J. Sun).

https://doi.org/10.1016/j.apcatb.2025.125112

structure of MIL-125-NH; facilitated the capture and diffusion of
acetone [17]. Furthermore, the presence of Ti** endowed MIL-125-NH,
with exceptional photocatalytic ability [18]. However, recent evidence
demonstrated that MIL-125 can only accommodate up to 2 photoelec-
trons per SBU (Tig-oxo cluster) under photoexcitation [19]. Christopher
et al. and Hyunho et al. further confirmed that this was related to the
formation of Ti>*-OH under light by using theoretical calculations [20,
21]. The charge storage capacity of SBU in MIL-125 limited the excita-
tion of photogenerated carriers [22]. Increasing the charge storage ca-
pacity of MIL-125 could be an effective way to boost the generation and
migration of photogenerated carriers during photocatalysis.
Polyoxometalates (POMs) are discrete anionic clusters with multi-
electron storage capability and can serve as a reservoir of photoelectrons
[23,24]. Recently, Jiao et al. constructed two NigPW;o@NU-1000 and
NigPoW;6@NU-1000 for hydrogen generation [25]. The electrons stored
in the NigPW7q or NigP3W;6 component can be transferred to the active
sites in the photocatalytic process and subsequently reduce protons to
hydrogen [25]. Therefore, it might be possible that the incorporation of
POMs into MIL-125-NH; could improve the charge storage capacity of
MIL-125-NHy. When considering the design and synthesis of
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Scheme 1. Schematic illustration of design idea for PMA@MIL-125-NH; composite.

POM@MOF composites, the size of the POM is smaller than the pore of
MOF, otherwise POM will be loaded on the surface of the MOF [26,27].
As shown in Scheme 1, there were two kinds of micropore structures in
MIL-125-NH,: octahedral cage (~12.55 A) and tetrahedral cage (~6.13
A) [10]. We selected phosphomolybdic acid (PMA, H3PMo12040) with
an approximate size of 10.48 A as the POMs component, which consisted
of 12 molybdenum-oxygen octahedra around a phosphorus atom in the
center [28]. PMA molecules were accommodated in the octahedral cage
but did not enter into the tetrahedral cage. The tetrahedral cage of
MIL-125-NH;, was preserved for gas acetone capture and the diffusion of
photodegradation products.

Inspired by the idea above, we successfully loaded PMA into MIL-
125-NH; pore structure by impregnation method. The interaction and
electron transfer between PMA and MIL-125-NH; were explored by the
FTIR, XPS, ESR and CO-DRIFTs. The open-circuit voltage decay exper-
iments showed that PMA as the reservoir of photoelectrons improved the
charge storage capacity of MIL-125-NH; and these photoelectrons stored
in the PMA can efficiently reduce absorbed oxygen to form eO3. The
photocurrent curves, transient surface photovoltage spectra and PL
spectra further showed the effect of improvement of charge storage
capacity on the generation and separation of photoelectrons and holes.
Finally, PTR-TOF-MS and GC-MS were used to explore the possible
photocatalytic degradation pathway for acetone.

2. Experimental section
2.1. Materials

Titanium isopropoxide (TPOT), 2-aminoterephthalic acid (HpATA),
N, N-dimethylformamide (DMF), ethanol, phosphomolybdic acid hy-
drate (PMA) and anhydrous methanol (MeOH) were purchased from
Shanghai Adamas Reagent Co., Ltd. Acetic acid was purchased from
China National Medicines Corporation Ltd. Deionized water for the
experiment was produced by ultrapure water machine (Shanghai, Ton-
dino Scientific Co., Ltd). All of the reagents were used without further
purification.

2.2. Synthesis of photocatalysts

2.2.1. Synthesis of MIL-125-NH>

MIL-125-NH;, was synthesized by the solvothermal method. First,
H5ATA (3.1 mmol) was added to a mixture of DMF (36 mL), acetic acid
(2.1 mL) and MeOH (4 mL). The mixture was sonicated for 30 min and
transferred to a 100 mL Teflon liner. Then TPOT (2 mmol) was added
into the container and heated at 150 °C for 24 h. The precipitate was
washed by DMF and MeOH, and the MIL-125-NH, was obtained by
vacuum drying at 80 °C for 6 h. Finally, the MIL-125-NH; was activated
by vacuum drying at 150 °C for 12 h to remove the residual solvent
molecules of the pore structure.

2.2.2. Synthesis of PMA@MIL-125-NH;,

100 mg MIL-125-NH; was added into MeOH (5 mL) and sonicated
for 15 min. After that, 100 mg PMA was added into the above suspen-
sion and stirred for 24 h. The final suspension was centrifuged and
washed with MeOH three times. The PMA@MIL-125-NH; was obtained
by vacuum drying.

2.3. Characterization

The details of photocatalyst characterization were provided in Sup-
porting information. In short, the characterization techniques were
studied including powder X-ray diffraction (PXRD), Fourier transform
infrared spectrometer (FTIR), thermogravimetry (TG), inductively
coupled plasma optical emission spectrometer (ICP-OES), field emission
scanning electron microscope (SEM), transmission electron microscope
(TEM), X-ray photoelectron spectroscopy (XPS), UV-Vis diffuse reflec-
tance spectra, nitrogen adsorption-desorption test, surface photovoltaic
spectroscopy (SPS), photoluminescence spectroscopy (PL), temperature-
programmed desorption (TPD), in-situ diffuse reflection infrared Fourier
transform spectroscopy (DRIFTS), gas chromatography-mass spectrom-
etry (GC-MS), time of flight mass spectrometer (PTR-TOF-MS), electron
spin resonance spectroscopy (ESR).

2.4. Photoelectrochemical experiments

The photoelectrochemical experiments were carried out on the CHI
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Fig. 1. (a) HAADF-STEM image of PMA@MIL-125-NH,. (b) XRD spectra and (c) enlarged XRD spectra. (d) EDS-mapping images of Mo, Ti, P, C, N in PMA@MIL-125-
NHo,. (e) TG curves, (f) micropore distribution and (g) pore distribution of photocatalysts.

650b (CH Instrument Company, Shanghai, China) electrochemical
workstation equipped with a standard three-electrode system. 40 mg
sample was dispersed in 2 mL ethanol to form the solution. Then, the
600 pl as-obtained solution was spin coating on the F-doped SnOo-
coating (FTO) glass sheet (2.5 mm x 1.5 mm). In a typical three-
electrode system, the synthesized electrode (as-obtained FTO glass)
serves as the working electrode, and the Ag/AgCl electrode and the
platinum foil serve as the reference and counter electrode, respectively.
All electrochemical experiments were measured in the Na;SO4 solution
with a concentration of 0.5 mol/L.

2.5. Adsorption and photocatalysis experiments

The adsorption and photodegradation experiments were carried out
in a gas-solid phase catalytic system as shown in Scheme S1[29]. 20 mg
photocatalyst was dispersed in 2mL ethanol and sonicated for
5 minutes. The obtained suspension was evenly coated on a glass pane
(15 cm x 7.5 cm) and heated at 80 °C for 30 min to completely remove
the ethanol. After that, the glass pane was put in the photocatalytic react
chamber, and covered with a quartz plate. The air is generated through a
three-in-one generator, passes through a humidification tank and then
mixed with the target gases in a gas mixing device.

Acetone was selected as the target VOCs and its flow rate was 20
sccm for the adsorption and photocatalytic degradation. Xenon lamp,
30 cm above the reacting chamber, was used to emit light and the light
intensity was 500 W (~ 22 mW/cm?). The photocatalytic degradation
experiment was started when the photocatalyst reached adsorption-

desorption equilibrium under the dark condition. The concentrations
of acetone were detected via gas chromatography. The adsorption ca-
pacity (A, mmol/g) of acetone was calculated by the following expres-
sion (1):

“stm\ L (=6 [ 05
A=—— 1——|dt - 1——|dt 1
Mm { 0 Co catalyst 0 Go blank W

The photocatalytic degradation efficiency (1) of acetone was calcu-
lated according to the formula (2):

n= (1 fg) x 100% (2)
Co

The kinetic process of photocatalytic degradation was simulated via
a pseudo-first-order reaction, which conformed to the following Eq. (3):

ln(C£> = —kt 3)

0

Where Cj represents the initial concentration of acetone, C represents
the actual concentrations of acetone in the mixing gas, v represents the
flow rate of acetone, M and m represent the molar mass of acetone and
the quality of photocatalysts, respectively. The t represents the actual
time and k represents the kinetic constants of the photocatalytic
degradation.
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Fig. 2. (a) FTIR spectra of photocatalysts. XPS spectra of photocatalysts of (b) O, (c) Ti and (d) Mo.

3. Result and discussion
3.1. Characterization of photocatalysts

The pristine MIL-125-NH; was synthesized by solvothermal methods
[30]. It was then impregnated in the methanol solution containing PMA
to obtain the PMA@MIL-125-NH; composite. According to the image of
HAADEF-STEM (Fig. 1a), PMA molecules were loaded successfully in the
PMA@MIL-125-NH,. The results of scanning electron microscopy (SEM)
and transmission electron microscope (TEM) indicated that the
morphology of MIL-125-NH; was almost unchanged after loading PMA,
which exhibited the polyhedron morphology (Fig. S1 and Fig. S2). The
elemental distribution of PMA@MIL-125-NH, was detected by the
EDS-mapping. As shown in Fig. 1d, Mo, Ti, P, C and O were homoge-
neously dispersed in the MIL-125-NHj, revealing that the PMA was
loaded evenly in MIL-125-NH,. This favored the coordinative linkage
between PMA and MIL-125-NH,. As determined by inductively coupled
plasma optical emission spectrometer (ICP-OES), the Mo and Ti content
of PMA@MIL-125-NH, were 21.05% and 11.66 %, respectively,
namely the actual mass ratio of PMA and MIL-125-NH; in PMA@-
MIL-125-NH, was approximately 0.66/1.

Powder X-ray diffraction (XRD) patterns were used to characterize
the crystal phase of photocatalysts. The diffraction peaks of PMA and
MIL-125-NH, simultaneously appeared in the PMA@MIL-125-NHy
(Fig. 1b), indicating that PMA retained the Keggin-type structure. The
diffraction peak at 9.2°, which was assigned to the (-1, 0, 1) facet of PMA
(PDF#75-1588), shifted to 9.7° implying the strong interaction between
PMA and MIL-125-NH; (Fig. 1c). The thermogravimetric analyses (TG)
were used to investigate the thermal stability of photocatalysts (Fig. 1e).
The weight loss at around 250 °C of MIL-125-NH; was attributed to the
evaporation of DMF [31]. The residual mass of PMA@MIL-125-NH; was
higher than that of MIL-125-NHj, revealing that PMA was successfully
loaded in MIL-125-NH,. The physical structure properties of photo-
catalysts were characterized by Ny adsorption-desorption isotherms

(Fig. S5). The BET value decreased from 1345 m?/g to 901.4 m?/g after
loading PMA, together with a reduction in the volume of both micropore
and mesopore in PMA@MIL-125-NH,; compared to pristine
MIL-125-NHjy (Fig. 1f and g), which indicated that PMA was successfully
loaded in the pores of MIL-125-NH,.

The structure of photocatalysts was further characterized by FTIR
spectrum (Fig. 2a). The bands at 3463, 3380, 1062, 964 and 801 em ! of
PMA@MIL-125-NH,; were assigned to Vvs(NH3), vas(NHaz), vas(P-O),
Vas(M0o—0) and v,5(Mo-0), respectively [31,32]. The appearance of
these peaks showed that PMA was successfully loaded in the
MIL-125-NH, and maintained the Keggin structure. Besides, the v,(-
Mo-0) of the PMA exhibited a blue shift after PMA was loaded in
MIL-125-NH,, implying the plausible connection between PMA and
MIL-125-NHy through the Ti-O-Mo bonds. To further validate the
interfacial Ti-O-Mo bond between PMA and MIL-125-NH,, the electronic
structure of the composite was disclosed by X-ray photoelectron spec-
troscopy (XPS). As shown in Fig. 2b, the O 1s peaks at 532.29, 531.60
and 530.16 eV of MIL-125-NH; belonged to chemisorbed oxygen, oxy-
gen vacancy and lattice oxygen (Ti-O bond), respectively [33,34]. The
binding energy of lattice oxygen in PMA@MIL-125-NH; was higher than
that of MIL-125-NH> (Ti-O bond) and lower than that of PMA (Mo-O
bond), corresponding to the formation of Ti-O-Mo bond [35]. The
amount of oxygen vacancy in PMA@MIL-125-NH; was also higher than
PMA but lower than MIL-125-NH,, which implied that the partial oxy-
gen atoms of PMA embedded in the oxygen vacancy of MIL-125-NH; to
form the interfacial Ti-O-Mo bond. This result also corresponded to the
result of FTIR (Fig. 2a). The Mo 3d peaks at 235.8 and 232.65 eV for
PMA were attributed to Mo 3ds/» and 3ds/s, respectively (Fig. 2d). The
characteristic peak of Mo>" (231.27 eV) appeared obviously in
PMA@MIL-125-NH,, indicating that partial Mo®" of PMA got electrons
and was reduced as Mo®*[32]. The Ti 2p peaks at 464.55 and 458.71 eV
for MIL-125-NH; belonged to Ti 2p; 2 and 2ps/s, respectively (Fig. 2c).
The content of Ti®" (463.60 eV and 457.78 eV) decreased after loading
PMA, disclosing that partial Ti>" lost electrons and was oxidized as Ti**
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[33]. Therefore, it can be determined that the formation of the interfa-
cial Ti-O-Mo bond led to the electron transfer from Ti of MIL-125-NH; to
Mo of PMA, which possibly was attributed to the stronger electronega-
tivity of Mo than that of Ti. Besides, this electron transfer can take full
advantage of the property of storing multielectrons of PMA and improve
the ability to store photogenerated carriers [36]. The P 2s peak was
almost unchanged (Fig. S6a), indicating that the internal structure of
PMA was unchanged and retained the Keggin-type structure. The N 1s
peak overlapped with Mo 3p peak and it was difficult to clearly analyze
the state changes of N atoms (Fig. S6b).

The ESR spectrum was used to further verify the formation of the Ti-
O-Mo bond. As shown in Fig. 3a, the free electrons signal caused by
oxygen vacancy (g = 2.004) of MIL-125-NH; decreased after loading
PMA [37], which further implied that the formation of the Ti-O-Mo bond
resulted from the embedding of oxygen atoms in PMA with oxygen va-
cancies in MIL-125-NH,. Moreover, the CO-DRIFTs spectrum was used
to detect the unsaturated Ti®" sites [38]. As shown in Fi g. 3b, the band at
2177 ecm™! of MIL-125-NH, was attributed to the adsorption of CO on
the unsaturated metal sites (Ti°") and its intensity was decreased
meaning that the amount of Ti*>" was decreased after loading PMA [39,
40]. This manifested that the Ti®" lost electrons and formed Ti**
(Ti®*>Ti*t + e). The electron transferred to Mo of PMA through the
Ti-O-Mo bond, which made Mo®" get an electron and formed Mo®*
(Mo®t + e—Mo°h). Besides, the free electrons signal under light irra-
diation of PMA@MIL-125-NH, was enhanced with irradiated time
(Fig. 3c¢), indicating the accumulation of photoelectrons and their effi-
cient transfer in PMA@MIL-125-NHs.

3.2. Photodegradation performance

To simulate the actual environment, both adsorption and photo-
degradation acetone experiments were conducted in a gas-solid mobile

phase reaction system (Scheme S1). The adsorption property of photo-
catalysts for acetone was tested first by the acetone-TPD. As shown in
Fig. 4a, the intensity of the acetone desorption peak of MIL-125-NH; was
higher than that of PMA@MIL-125-NH,, disclosing that pristine MIL-
125-NH, exhibited good adsorption performance. The dynamic
adsorption experiments were conducted (Fig. S7) and the corresponding
acetone adsorption capacities of PMA, MIL-125-NH,; and PMA@MIL-
125-NH;, were calculated to 0.236, 0.351 and 0.278 mmol/g, respec-
tively (Fig. 4b). The dynamic photodegradation curves of 400 ppm
acetone were shown in Fig. 4c. The photodegradation efficiency of
acetone was 45 % and 62 % on MIL-125-NH; and PMA@MIL-125-NHj,
respectively, and no degradation for PMA. Furthermore, as shown in
Fig. 4d, PMA@MIL-125-NH;, exhibited a higher kinetic constant
(0.0426 min™1) compared to that of MIL-125-NH, (0.0278 min ).
These manifested that the load of PMA improved the photocatalytic
degradation efficiency of MIL-125-NH; for acetone. We also tested the
photodegradation of acetone with low concentration (25 ppm). The ef-
ficiency was increased from 64 % for MIL-125-NHy to 78 % for
PMA@MIL-125-NHj,, which showed that the load of PMA can effectively
enhance the photocatalytic performance of MIL-125-NH; for acetone
both at high and low concentrations. Besides, the photocatalytic
degradation efficiency of PMA@MIL-125-NH, for 400 ppm acetone was
higher than that of commercial P25 (Fig. S8). To evaluate the stability of
the photocatalysts, we performed five cyclic degradation tests with
PMA@MIL-125-NH,. The photodegradation efficiency for acetone was
53 % for the fifth cycle (Fig. 4f) and the XRD patterns and FTIR spectra
were kept almost the same after 5 cycles (Fig. S9). These indicated that
the PMA@MIL-125-NH; have good stability for photocatalytic degra-
dation acetone.
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3.3. Photoelectrochemical properties of PMA@MIL-125-NH,

To analyze the role of PMA, the optical absorption properties of the
photocatalysts were investigated at first by the UV-vis spectra. PMA
enhanced the absorption ability of MIL-125-NH, (Fig. 5a). The bandgaps
of PMA, MIL-125-NH; and PMA@MIL-125-NH;, were 2.40, 2.67 and
2.55 eV, respectively (Fig. 5b). Moreover, Mott-Schottky curves of both
MIL-125-NH> and PMA@MIL-125-NH, showed the characteristics of n-
type semiconductors (Fig. 5c and d). The CB values of MIL-125-NH; and
PMA@MIL-125-NH; were —0.59 and —0.30 eV, respectively. Combined
with the results of bandgaps, the VB values of MIL-125-NH; and
PMA@MIL-125-NH;, were calculated to be 2.08 and 2.25 eV, respec-
tively (VB — CB = bandgap). The load of PMA elevated the position of VB
(from 2.08 eV to 2.25 eV), which indicated that PMA@MIL-125-NHy
exhibited a stronger oxidizing ability compared to pristine MIL-125-
NH,.

Upon excitation by light, electrons in MIL-125-NH; can be excited
from the ligand to the Ti-oxo clusters (LMCT, ligand-to-metal charge
transfer)[41]. However, the Ti-oxo cluster in MIL-125 was capable of
storing a maximum of only two photoelectrons [19], limiting the exci-
tation of photoelectrons [21,22]. Considering that PMA showed the
property of storing multielectrons [42], it was rational to infer that the
role of PMA was to improve the storage capacity of MIL-125-NH; for
photogenerated carriers and further to increase the amounts of photo-
electrons. To validate our point, open-circuit voltage decay (OCVD) was
measured for MIL-125-NH; and PMA@MIL-125-NH, under argon at-
mosphere [43,44]. As shown in Fig. 6a, the open-circuit voltage of both
MIL-125-NH; and PMA@MIL-125-NH; displayed a decrease under light
excitation, corresponding to the n-type characteristic of semiconductors
[44]. Under light irradiation, the open-circuit voltage of MIL-125-NHj;
was immediately maximal, whereas the open-circuit voltage of

PMA@MIL-125-NHj; reached its maximum after 300 s of light irradia-
tion. This behavior demonstrated a noticeable accumulation of photo-
electrons in PMA@MIL-125-NH,. Moreover, the open-circuit voltage of
MIL-125-NH, was partially recovered during the light irradiation,
implying the severe electron-hole recombination in MIL-125-NH,. After
600 s of photoexcitation, the open-circuit voltage of MIL-125-NHy was
quickly returned to its initial potential within 150 s, while the recovery
of the open-circuit voltage of PMA@MIL-125-NH; spanned over 1000 s.
This was the powerful illustration that the photoelectrons can be
transferred and stored in PMA. To further prove that these stored pho-
toelectrons can be released efficiently, open-circuit voltage decay of
PMA@MIL-125-NH; was measured under oxygen atmosphere. As shown
in Fig. 6b, the open-circuit voltage of PMA@MIL-125-NH; in oxygen was
smaller than that in argon and the open-circuit voltage decays faster in
oxygen than in argon, indicating that these photoelectrons stored in
PMA@MIL-125-NH; can be efficiently released (O2 + e — 03). To
determine the release quantity of photoelectrons, the electrochemical
discharge test of the photocatalyst was performed as shown in Fig. 6c.
The amount of discharge of the photocatalysts can be obtained by
integrating the discharge current (Fig. 6d) [44]. The PMA@-
MIL-125-NH; released 17.047 mC electrons after 600s of
photo-charging, which was much higher than that of MIL-125-NH,
(2.575 mQ).

In order to confirm that the improvement of the photoelectron
storage capacity of MIL-125-NH; could facilitate the excitation of pho-
toelectrons, the photocurrent experiment. As shown in Fig. 7a, the in-
tensity of photocurrent was enhanced after loading PMA, indicating the
increase of photogenerated carriers. The surface transient photovoltage
spectra were conducted to further investigate the generation of photo-
generated carriers [45]. As shown in Fig. 7b, the surface photovoltage
value of PMA@MIL-125-NH, was obviously higher than pristine
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of PMA@MIL-125-NH, for 400 ppm acetone with scavengers.

MIL-125-NH,, demonstrating that the load of PMA exhibited a signifi-
cant promoting effect on the generation of photogenerated carriers.
These results manifested that the improvement of the photoelectron
storage capacity of MIL-125-NH; enhanced the amounts of photoelec-
tron. Furthermore, storing photoelectrons in PMA effectively suppressed
the recombination of photoelectrons with holes, which was verified by
the result of Photoluminescence (PL) spectra. As shown in Fig. 7¢, much
weaker PL intensity was observed in the PMA@MIL-125-NH; compared
with pristine MIL-125-NHj, confirming that the electron-hole recombi-
nation was effectively suppressed after loading PMA.

Holes, ¢O3 and ¢OH were the important reactive species during the
photodegradation of VOCs [46]. To further ascertain whether photo-
electrons stored in PMAs can be efficiently utilized during the photo-
catalysis, the change in reactive species during the photocatalysis was
explored. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as a spin

trap reagent to detect the generation of ¢O; and eOH radicals by ESR
spectrum [47]. No ¢OH radicals were detected in either MIL-125-NH or
PMA@MIL-125-NH, (Fig. 7d) and the amount of 05 radicals increased
after loading PMA (Fig. 7e). The increase of ¢03 radicals after loading
PMA disclosed that the photoelectrons stored in PMAs can be efficiently
released, which corresponding to the results of Fig. 6b (O3 + e — 03).
Besides, since no eOH radicals were detected, it can be reasonably
inferred that the main reactive species were holes and eO3 radicals
during the photodegradation. To validate this, the reactive species
scavenging experiment was conducted on PMA@MIL-125-NH,. PBQ
(p-Benzoquinone) was used to scavenge O3 and EDTA-2Na (Ethyl-
enediaminetetraacetic acid disodium salt) was used to scavenge holes.
The addition of PBQ resulted in a reduction of the acetone degradation
efficiency from 62 % to 49 % by quenching 03, and the addition of
EDTA-2Na led to a decline in the degradation efficiency from 62 % to
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degradation. (d) Photodegradation pathway of acetone on PMA@MIL-125-NH,.

30 % by quenching holes (Fig. 7f). These implied that both holes and
©05 radicals had an important role during photodegradation.

Based on the above results, we proposed a possible interaction
mechanism between PMA and MIL-125-NH; as shown in Fig. 8. Upon
light absorption, the electrons in the ligand will be excited to the Tig-oxo
cluster by ligand-to-metal charge transfer (LMCT). After loading PMA,
the interfacial Ti-O-Mo bond served as an “electron bridge”, ensuring the
efficient transfer and storage of electrons from the Tig-oxo cluster of

MIL-125-NH; to PMA. On the one hand, stored photoelectrons in PMA
boosted the amounts of photoelectrons that can be excited to generate
more photogenerated carriers. On the other hand, storing photoelec-
trons in PMA suppressed the recombination of photoelectrons with holes
in MIL-125-NHs. Therefore, the PMA@MIL-125-NH; exhibited a better
photocatalytic degradation performance for acetone.
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3.4. Photodegradation mechanism for acetone

The analysis of intermediates was important for the study of the
degradation process for acetone. To explore the photodegradation of
acetone on PMA@MIL-125-NH,, gas chromatography-mass spectrom-
etry (GC-MS) was used to detect the intermediate species of acetone on
photocatalysts during the photodegradation. As shown in Fig. 9a, three
major intermediate species were identified by GC-MS during the
degradation of acetone, namely CO,, acetic acid and formic acid.
Additionally, we used the proton-transfer-reaction time-of-flight mass
spectrometer (PTR-TOF-MS) to detect the intermediate species of
acetone in flowing gas during the photodegradation [48]. As shown in
Fig. 9b, the peaks at 30.01, 32.00 and 45.99 M/Z were assigned to the
nitric oxide, oxygen and nitrogen dioxide in the drift-tube of
PTR-TOF-MS, respectively. The peaks at 37.02 and 55.04 M/Z were
attributed to the water cluster. The peaks at 33.02, 45.01, 47.01, 59.05
and 61.03 M/Z were assigned to methanol, carbon dioxide, formic acid,
acetone and acetic acid, respectively. The information on peaks of
PTR-TOF-MS was summarized in Table. S4. Compared to the
PTR-TOF-MS results of pristine MIL-125-NH; (Fig. S10b), we detected
large amounts of acetic acid during the degradation of acetone with
PMA@MIL-125-NH; (Fig. 9¢). This implied that the load of PMA pro-
moted the formation of acetic acid during the photodegradation.

Combining the results of GC-MS and PTR-TOF-MS, we proposed a
possible photodegradation mechanism for acetone. Under light irradi-
ation, the photocatalysts generated the electrons and holes through
ligand-to-metal charge transfer mechanism (formula (4)) [49]. The
excited electrons interacted with O3 to form O3 (formula (5)). Firstly,
acetone was dissociative to form methanol and acetic acid species in the
presence of holes and ¢O5 (formula (6)). The generated acetic acid was
oxidized as methanol and formic acid (formula (7)). Then, methanol was
rapidly oxidized to formic acid (formula (8)). The formic acid was finally
oxidized to CO, and H,0 (formula (9)).

photocatalystm}f—cfe’ +h" (@)

e +0,--0; 5)

C3H¢sO — CH3COOH + CH3;0H 6)

0; ht

CH;COOH 2— CH3;0H + HCOOH )
-0, h*

CH;0H — HCOOH 8
-0, h*

HCOOH — CO, +H,0 )

4. Conclusion

In conclusion, we successfully loaded PMA into the pore structure of
MIL-125-NH;, by impregnation method to form PMA@MIL-125-NHy
composite. The photoelectrons can be transferred from Ti-oxo clusters of
MIL-125-NH; to PMA through interfacial Ti-O-Mo bond and stored in
PMA. This enhanced the amounts of photoelectrons that can be excited
and generated more holes. Additionally, the photoelectrons stored in
PMA can be efficiently reacted with oxygen as O radicals. For
PMA@MIL-125-NH,, the degradation efficiency was 62 % for 400 ppm
acetone, which was obviously higher than that of pristine MIL-125-NH»
(45 %). Finally, we proposed a possible photodegradation mechanism
for acetone by using GC-MS and PTR-TOF-MS. This work provided a
promising approach to promote the photogenerated carriers in MOF
materials, and a strategy for the design of high-performance photo-
catalysts for VOCs.
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