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a b s t r a c t

Deep oxidation of NO molecules to nitrate species by photocatalysis with virtually no toxic byproduct

NO2 generation is a challenging task. In this study, TiO2 in-situ grows based on NH2−MIL-125(Ti) (NM-

125) not only inhibited TiO2 agglomeration, but also contacted more tightly to obtain efficient interfacial

effects, thus displaying excellent photocatalytic NO removal activity (68.08%). The formation of TiO2 is

directly confirmed by characterizations such as X-ray diffraction (XRD), transmission electron microscope

(TEM), X-ray photoelectron spectroscopy (XPS). Meanwhile, UV–vis, photoluminescence, and photoelec-

trochemical analysis indicate that TiO2 formation effectively improves the optical properties. Moreover,

the strong electron interaction and electron transport direction between NM-125 and TiO2 are investi-

gated by density functional theoretical (DFT) calculation. Finally, combined with the results of electron

spin resonance (ESR) and in-situ FT-IR test, the intermediate processes of NO adsorption and photocat-

alytic oxidation reaction are discussed in depth, where the production of reactive oxygen species (ROS)

under light is the key factor in the successful degradation of NO. Compared with NM-125 which can only

produce •OH through photogenerated electrons since the lower valence band position, NMT-2 can directly

produce •OH through photogenerated holes, thereby relieving the pressure on photogenerated electrons

and producing more ROS. This study will provide reasonable guidance for the modification of NM-125 for

photocatalytic removal of ppb-level NO.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen oxides (NOx, mainly NO) are of the typical air pol-

lutants, which are the main culprits for environmental problems

such as photochemical haze, acid rain, and ozone hole [1–3].

Therefore, a number of methods have been reported to selective

sequester or transform NO, including physical/chemical adsorption

[4], heterogeneous catalytic reduction [5] and oxidation [6], etc.

But these methods are always used for dealing with relatively high

concentrations NO, which become financial and energy constraints

in the purification of ppb-level NO. However, photocatalytic oxida-

tion is an environment-friendly and easy approach to removing NO

at ppb-level [7–10]. Therefore, photocatalysis technology is seen as
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an ideal tool for air purification, and it is of great significance to

explore new high-efficiency photocatalysts to achieve ppb-level NO

removal.

Metal-organic frameworks (MOFs) materials are a novel type

of porous organic–inorganic hybrid supramolecular material, which

has high surface areas, tunable pores, and versatile chemical func-

tionalities [11,12]. More importantly, MOFs can exhibit photocat-

alytic behavior under visible light irradiation, which has attracted

much attention in recent decades. Due to the diversity of exist-

ing metal ions and organic linkers, MOF materials with corre-

sponding target applications can be reasonably developed. Partic-

ularly, NH2−MIL-125(Ti) (NM-125) has been studied as a visible-

light photocatalyst for dye degradation, hydrogen production, CO2

reduction, etc. [13]. However, the photocatalytic activity is still lim-

ited by the finite visible light absorption capacity and the high

photogenerated carrier recombination rate [14,15]. To solve the
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Scheme 1. In-situ fabrication of TiO2 and NM-125 heterojunction.

above issues, heterojunction coupling, regulating metal clusters,

and incorporation of catalytic active sites that have been adopted

to adjust the optical properties of NM-125 [16–18]. Among these

strategies, enhancing photocatalytic activity by constructing het-

erojunctions with other semiconductor materials is undoubtedly

one of the simplest ways, but what method can be used to pre-

pare a heterojunction structure with excellent activity and stability

is worth exploring.

Recently, TiO2 photocatalyst has been extensively investigated

and has commercial application in the field of photocatalytic NO

removal due to its high redox ability and stability under light il-

lumination. However, there are still serious problems that hinder

its further application in air purification [19]. For example, pure

TiO2 particles tend to aggregate, which leads to weakened adsorp-

tion capacity and reduced active site utilization [20]. To overcome

these problems, we report a MOF-driven TiO2 generation strat-

egy that uses the Ti-O clusters exposed by NM-125 loss of lig-

ands in aqueous solutions at higher temperatures to in-situ grow

TiO2 particles (Scheme 1). In this case, the generated TiO2 will be

well dispersed in the NM-125 framework, which can not only en-

hance the photocatalytic activity of the TiO2 itself but also extend

the lifetime of photogenerated carriers due to the strong inter-

facial effects between NM-125 and TiO2. Most notably, compared

with TiO2 and NM-125 heterojunction prepared by other synthetic

methods, this strategy has more advantages, because the Ti source

of TiO2 is directly originated from NM-125, so the TiO2/NM-125

are more closely contacted, which is not only conducive to rapid

charge transfer at the interface, but also has better stability.

In Fig. 1a, the X-ray diffraction (XRD) pattern of NM-125 is

the same as that reported in the previous literature, indicating

that NM-125 has been successfully prepared [21,22]. However, as

the heat treatment temperature increased from 70 °C to 90 °C, the
corresponding characteristic peak of NM-125 gradually decreased,

while the characteristic peak of TiO2 (JCPDS card No. 84–1286)

appeared and the intensity increased with the temperature in-

Fig. 1. (a) XRD patterns and (b) FT-IR spectra of NM-125 and NMT-X. (c) SEM and

(d) HRTEM images of NMT-2.

crease, which can be caused by Ti-O clusters exposed after the heat

treatment ligand decarbonization at higher temperatures to in-situ

grow TiO2 particles. The presence of ligand defects in the struc-

ture of MOFs is directly confirmed by TGA characterization analysis

(Fig. S1 in Supporting information). More notably, the characteristic

peak of TiO2 is significantly wider, which can be the TiO2 obtained

through this way displays poor crystallinity as the uniform disper-

sion in the NM-125 framework.

The Fourier transform infrared (FT-IR) spectra of NMT-X are

similar to those of the original NM-125, indicating that the genera-

tion of TiO2 has a weak effect on the NM-125 (Fig. 1b). The peak at

1625 cm−1 corresponds to the N–H bending vibration of the aro-

matic amine, while the peaks at 1337 cm−1 and 1256 cm−1 belong

to the C–N stretching vibration. The peaks at 1574 cm−1 and 1381

cm−1 correspond to the symmetric vibrations of the carboxylate

connectors, and the peak of 1534 cm−1 and 1433 cm−1 correspond

to the asymmetric vibration [23–26]. Bands in the 400–800 cm−1

region match the vibrations of Ti-O [27,28]. It is not difficult to find

that when the heat treatment temperature increases, the character-

istic peaks of carboxyl functional groups around 1600–1400 cm−1

weaken, and the corresponding peaks of Ti-O clusters of 400–800

cm−1 also gradually weaken. This is due to the loss of organic lig-

ands leading to carboxyl functional group shedding to expose more

Ti-O clusters which convert to TiO2 particles at a certain tempera-

ture.

In Fig. S3 (Supporting information), the morphologies of NM-

125 presents a thin and disk-like shape, which is consistent with

previous reports [29–31]. Interestingly, NMT-2 displays a similar

morphology to NM-125, but a lot of small particles appear on the

surface, which is caused by the production of TiO2 (Fig. 1c). It can

be found that lots of TiO2 particles are evenly wrapped on the sur-

face of MOF, which also proves our previous idea that TiO2 formed

by MOF-driven can well inhibit TiO2 agglomeration. In order to

better explain the presence of TiO2 in the MOF framework, trans-

mission electron microscope (TEM) tests are carried out. The lattice

spacing of 0.356nm in NMT-2 can be identified, corresponding to

the (101) crystal plane of TiO2, which is almost consistent with the

JCPDS card No. 84–1286 simulation value (Fig. 1d).

In order to further investigate the impact of TiO2 generation on

the original MOF, the high-resolution XPS spectra of the samples

are described in Figs. 2a-d, and the binding energy and atomic con-

centration of the corresponding peaks are shown in Tables S1 and

S2 (Supporting information). Through in-depth observation of the

high-resolution O 1s spectrum, it can be found that the content

of C=O significantly decreased from 60.79% to 30.61%, while the

content of Ti-O increased accordingly, from 32.67% to 61.82%. This

phenomenon is understandable based on the production of TiO2.

Under a certain temperature of aqueous solution, NM-125 loses or-

ganic ligands, resulting in Ti-O cluster exposure and conversion to

TiO2 particles. More importantly, the N 1s, C 1s, Ti 2p, and O 1s

XPS peaks of NMT-2 shifted slightly toward lower binding energies

compared to NM-125, which may be attributed to strong electronic

interaction between TiO2 and NM-125 [20]. The above results suc-

cessfully indicate the formation process of TiO2 in NM-125 and the

possible existence of strong electronic interaction, which is con-

ducive to enhancing charge flow.

DFT theoretical calculations are carried out to better study the

strong electronic interaction between TiO2 and NM-125. The ELF

results indicate that there is covalent interaction between Ti atoms

in TiO2 and O atoms exposed to Ti-O clusters in NM-125, which

can be used as a high-speed electron transfer channel and thus

provide the possibility of free electron transfer (Fig. 2e). Mean-

while, the charge density difference is used to accurately deter-

mine the transport direction of the interface charge, where yellow

and blue represent charge accumulation and charge consumption

respectively (Fig. 2f). It can be clearly observed that the extra elec-
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Fig. 2. XPS spectra of NM-125 and NMT-2, (a) C 1s, (b) O 1s, (c) N 1s, (d) Ti 2p. (e) Electron location function (ELF) of NMT-2. (f) Charge density difference of NMT-2. The

isosurfaces are set to 0.002 eV/Å3.

trons in TiO2 tend to transfer to the O atoms of the Ti-O clusters

exposed by NMT-2. Therefore, the prepared NMT-2 heterojunction

photocatalyst has a Ti-O path of electron transfer channel. More-

over, the charge transfer direction is from TiO2 to NM-125, so this

fast charge transfer channel without destroying the crystal struc-

ture is the key reason why NMT-2 has excellent photocatalytic NO

removal activity.

The UV–vis, steady-state photoluminescence (PL), and photo-

electrochemical analysis are performed to probe the optical proper-

ties of samples. In Fig. S7 (Supporting information), it can be seen

that with the increase of TiO2 production, the light absorption ca-

pacity in the visible region increases, but the absorption peak cor-

responding to the organic ligand decreases at 400nm. Therefore,

the more TiO2 produced also means that the more serious the de-

struction of NM-125, which is unfavorable to the photocatalytic

reaction. Moreover, the optical band gap energy of the NM-125

sample is calculated by the equation: ahv = A(hv − Eg)n/2, where

NM-125 is estimated to be 2.39 eV, which is helpful to calculate

the specific valence band position of NM-125. In Fig. S8 (Support-

ing information), the NMT-2 sample has the weakest fluorescence

intensity at 320nm excitation wavelength, indicating that it has

the lowest photogenerated carrier recombination rate, which re-

flected that NMT-2 has the longest electron-hole pairs life that is

a signal of superior photocatalytic activity. The photocurrent re-

sponse diagram display that the photocurrent intensity of NMT-X

is stronger than that of NM-125 (Fig. S9a in Supporting informa-

tion). Among them, NMT-2 has the highest photocurrent intensity,

indicating that it has the best separation efficiency of photogener-

ated carriers. In addition, the Nyquist semicircle diameter (Fig. S9b

in Supporting information) of NMT-2 also exhibits the smallest ra-

dius in all samples, which indicates the surface resistance of NMT-

2 is the minimum. Hence, this phenomenon is conducive to the

transfer of surface charges, which also corresponded to PL charac-

terization and photocurrent response results.

In Fig. 3a, the NO removal rate of NM-125 is only 39.72%,

while the photocatalytic activity of the modified NTM-X photo-

catalyst is significantly enhanced, as follows: NTM-1 (60.07%) <

NTM-3 (60.63%) < NTM-2 (68.07%). The TiO2 production can signif-

icantly improve the photocatalytic NO removal activity of the orig-

inal MOF because the photogenerated carriers generated by TiO2

can be transferred to the original MOF. However, with the increase

of TiO2 production, the photocatalytic activity is significantly weak-

ened, because the Ti source in TiO2 comes from the Ti-O clusters

exposed to the original MOF. Therefore, the more TiO2 is produced,

the more serious the damage to the original MOF, which is not

conducive to improving the photocatalytic performance. In addi-

tion, in photocatalyzed NO removal reactions, it is extremely im-

portant to evaluate the concentration of the toxic by-product NO2,

as this can determine whether the photocatalyst converts all NO

to nitrate species instead of NO2 (Fig. 3b). Surprisingly, the con-

centration of NO2 for both NM-125 and NMT-X materials is be-

low 15 ppb, which indicates that the prepared photocatalyst can

break through the energy barrier of the conversion of toxic by-

product NO2 to NO2
−/NO3

−. The conversion rate of NO to NO2 and

NO2
−/NO3

− is calculated to further analyze the photocatalytic NO

removal performance (Table S3 in Supporting information), where

the NO to NO2 conversion rate of NM-125 is slightly higher than

that of NMT-X, indicating that the modified NM-125 can better in-

hibit the production of toxic by-product NO2 (Fig. 3e). In addition,

the NO to NO2
−/NO3

− conversion rate of NM-125 and NMT-X is al-

most close to the degradation rate of NO, which also confirms that

the prepared catalysts convert almost all NO to NO2
−/NO3

−. More

importantly, the photocatalytic NO removal activity of NMT-2 un-

der visible light irradiation is much higher than that of commercial

P25 [32], and the activity of photocatalysts reported in other liter-

ature under the same conditions is comparable (Table S4 in Sup-

porting information).

The stable catalytic activity of the prepared photocatalyst is a

key factor to evaluate its research significance, so five consecutive

photocatalytic NO removal experiments are carried out to verify

the stability of the material. In Figs. 3c, d and f, after five con-

tinuous photocatalytic NO removal experiments, the catalyst not

only did not display deactivation, but the conversion rate of NO2 is

only 3.20%, indicating that it can steadily convert NO to low-toxic

NO2
−/NO3

− for a long time (Table S5 in Supporting information).

The reaction between photogenerated carriers and adsorbed

small molecules under light can produce reactive oxygen species

(ROS), which will play a crucial role in photocatalytic reactions

[33–35]. To clarify the type of ROS involved in efficient NO re-

moval, electron spin resonance (ESR) measurements are conducted

(Fig. S11 in Supporting information). The strong signals of superox-

ide radical (•O2
−), hydroxyl radical (•OH), and singlet oxygen (1O2)

are founded in both NM-125 and NMT-2 under visible light irradi-

ation, indicating the involvement of •O2
−, •OH, and 1O2 in the pho-

tocatalytic reaction. Interestingly, the signal peak of NMT-2 is sig-

nificantly higher than that of NM-125, which indicates that NMT-2

can produce more ROS under light illumination conditions.

In-situ FT-IR real-time monitoring is carried out to study the

intermediate substances produced by photocatalyst during the ad-

sorption reaction and photocatalytic oxidation reaction stage. Ta-
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Fig. 3. (a) Photocatalytic NO removal activity and (b) NO2 concentration during photocatalysis of NM-125, NMT-X, and P25. (c) NO removal stability tests and (d) changes in

NO2 concentration of NMT-2 under 5 consecutive experiments. (e) The comparison of NO removal rate and NO2 conversion rate during photocatalysis. (f) The comparison of

NO removal rate and NO2 conversion rate under 5 consecutive experiments.

Fig. 4. In-situ FT-IR spectra of (a, b) NO adsorption and (c, d) reaction process over

NM-125 and NMT-2.

ble S6 (Supporting information) summarizes the substances corre-

sponding to IR peaks during NO adsorption and oxidation. During

the adsorption process (Figs. 4a and b), NM-125 and NMT-2 are

exposed to a mixture of NO and O2, and the intensity of some

peaks gradually increased with the extension of time. This is be-

cause NO will first be adsorbed on the catalyst surface, and the

subsequent accumulation of NO will produce NO derivatives, such

as NO2, N2O4 [36,37]. In addition, the characteristic peak of NO−,
NO2

− and NO3
− is detected, which are perhaps highly active in-

termediates caused by the oxidizing capacity of the material itself

[38,39].

After a mixture of gases (NO and O2) is adsorbed on the pho-

tocatalyst surface for 30 min, the changes of surface adsorption

species of NM-125 and NMT-2 are monitored under visible light

irradiation (Figs. 4c and d). For NM-125, it can be found that

most of the peaks of NO and NO derivatives (1623, 1376 cm−1)

produced during the adsorption stage disappear and weaken, and

are converted to the peaks of NO2
− and NO3

− (1560, 1480, 1405

1296, 1202, 1079, 1006, 981 cm−1). Moreover, the peak of NO−

(1361, 1147 cm−1) present in the adsorption stage is further en-

hanced, perhaps because the photogenerated electrons can be di-

rectly transferred to NO [40–42]. Meanwhile, the peak of N2O2
2−

as an intermediate in the conversion of N2O4 to nitrate species

is detected, which further reflected the consumption of N2O4 pro-

duced in the adsorption stage. For NMT-2, the reaction process is

almost the same as that of NM-125, which is to convert NO and its

derivatives generated during the adsorption stage into NO2
−/NO3

−,
but it is worth noting that the species changes in the reaction of

NMT-2 are more abundant and the relative intensity is higher (Fig.

S12 in Supporting information). More importantly, there are still

NO derivative peaks in the NM-125, which is not found in the pho-

tocatalytic reaction stage of NMT-2. These phenomena suggest that

NMT-2 may have superior photocatalytic activity than NM-125 in

the photocatalytic NO removal reaction, which is also well consis-

tent with the above characterization analysis.

According to the experimental results and literature analysis,

the mechanism of photogenerated carrier transport is explored. If

the photogenerated carriers transfer follows the traditional het-

erojunction type mechanism pattern, photogenerated electrons are

collected at the conduction band of TiO2, and photogenerated holes

are collected at the valence band of NM-125, in which the detailed

bandgap structure of NM-125 and TiO2 is described in Fig. S13

(Supporting information). It is not difficult to find that the pho-

togenerated electrons collected at the conduction band of TiO2 are

unlikely to produce •O2
−, because the conduction band position of

TiO2 is −0.24 eV than the redox potential −0.33 eV (O2/
•O2

−) more

positive. Meanwhile, it is not able to generate •OH because the va-

lence band position is significantly lower than+2.38 eV (OH−/•OH).
However, the signal peaks of •O2

− and •OH are found in both NMT-

2 photocatalysts by ESR characterization. Therefore, a Z-scheme

heterojunction is more reasonable for NMT-2 composites to pho-

tocatalytic oxidation of NO (Fig. S14 in Supporting information)

[20,43].

It can be speculated that there are two reaction paths between

NM-125 and NMT-2, which is the main factor leading to the differ-

ence in their photocatalytic activity. Firstly, through in-depth anal-

ysis of Fig. S15 (Supporting information), the band gap structure

that the valence band position of NM-125 is+1.54 eV, which is

much lower than+2.38 eV (OH−/•OH), indicating that photogener-

ated holes cannot oxidize OH− to •OH. However, the peak of •OH

can be produced in the ESR test, so the •OH is mainly produced

by photogenerated electrons for the NM-125 photocatalyst based

on •O2
− →H2O2 → •OH route [44,45]. But, for the NMT-2, OH− can

be directly oxidized to •OH by photogenerated holes due to the
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valence band position of TiO2 at+2.86 eV. Secondly, the conduc-

tion band position of the two materials is lower than −0.33 eV

(O2/
•O2

−), which indicates that the photogenerated electrons can

reduce the O2 adsorbed on the surface of the catalyst to •O2
−.

Therefore, for the NM-125, the production of •O2
− and •OH is in-

separable from the role of photogenerated electrons, and for the

NMT-2, this can relatively better relieve the pressure of photogen-

erated electrons. Finally, NM-125 and NMT-2 photocatalysts can

produce 1O2 under light conditions, another active oxygen sub-

stance, which is mainly produced by photogenerated holes con-

verting •O2
− to 1O2 [46–48]. The generation of 1O2 can offset

the consumption of •O2
− and •OH, indicating that this active sub-

stance is conducive to improving the photocatalytic NO removal

rate [43,49,50]. Therefore, based on the above discussion and anal-

ysis, the reaction path between NM-125 and NTM-2 photocatalysts

is accurately predicted at Scheme S1 (Supporting information).

In summary, our study is the first to prepare NMT-X Z-scheme

heterojunction with excellent stability and high TiO2 dispersion by

stirring NM-125 in an aqueous solution at a certain temperature.

The generation of TiO2 promote the transport of photogenerated

carriers and extended its lifetime, thus representing superior and

stable photocatalytic NO removal activity (68.06%), and even in 5

continuous photocatalytic NO removal experiments, the removal

rate of NO and the conversion rate of NO2 remained basically un-

changed. This means that the prepared photocatalyst can effec-

tively transform NO and prevent the formation of toxic by-product

NO2 for a long time. Moreover, in this work, we deeply analyzed

the relationship between the heterojunction construction strategy

and ROS production in the reaction and clearly clarified the inter-

mediate process of NM-125 and NMT-2 photocatalysts in the pho-

tocatalytic NO removal reaction. This work provides new insights

into the modification of NM-125 and the mechanism of photocat-

alytic oxidation of NO.
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