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a b s t r a c t

The cubic S/N co-doped TiO2 (TNSx, x is the calcination temperature) photocatalysts with rich oxygen va-

cancies were obtained by high temperature calcination of sulfur powder and titanium-based MOFs NH2-

MIL-125 for the photocatalytic removal of gaseous formaldehyde (a volatile organic compound). Among

the obtained catalysts, the presence of oxygen vacancies restricted photogenerated electron and holes re-

combination. 98.00% removal of gaseous formaldehyde in 150 min could be achieved over TNS600 by

xenon lamp. The removal efficiency for formaldehyde was well retained for five cycle experiment. The

results from PL, TRPL and EIS revealed that TNS600 had the best separation efficiency of photogenerated

electrons and holes, and the enhanced charge separation led to a significant increase in photocatalytic

activity. The photocatalytic oxidation mechanism indicated that the •OH and •O2
− radicals were mainly

involved in the efficient elimination of gaseous formaldehyde and were able to mineralize formaldehyde

to H2O and CO2.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, the natural environment, including the atmo-

spheric quality has been incessantly destroyed due to the human

production activities [1]. Volatile organic compounds (VOCs), with

high-risk biological toxicity, not only seriously threaten human

health, but also play a key role in atmospheric chemistry, giving

the formation of ozone, secondary organic aerosols, and the green-

house effect [2]. Therefore, the removal of VOCs has become one of

the hot spots in recent years. Among the various VOCs, formalde-

hyde (HCHO) from building materials, fabrics, adhesives, paints and

coatings is one of the most toxic gases that humans are easily ex-

posed [3]. Trace amount of HCHO might cause respiratory and eye

symptoms, and high concentrations or prolonged exposure even

trigger for some cancers [4].

Compared with traditional treatment methods, photocatalytic

oxidation possesses the advantage such as mild reaction condition

and low energy cost [5]. However, this method also suffers from

the low efficiency of photogenerated electron-hole separation. The

introduction of oxygen vacancies into the metal oxide photocat-

alyst improves photogenerated charge migration and photogener-
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ated carrier separation, and then enhances photocatalytic efficiency

[6]. TiO2 is one of the most popular photocatalysts, while the rapid

recombination of photogenerated carriers and the loss of active

sites caused by agglomeration of spherical particles, limit its ap-

plication prospects [7]. Previous studies indicate that the element

doping strategy could endow TiO2 with high carrier separation ef-

ficiency and narrow band gap, and the elements that could be cho-

sen for doping include metal and nonmetal elements [8]. Nonmetal

element (e.g., C, N, S, and/or P) doping has been widely studied due

to its easy availability and the more facile doping conditions. Var-

ious doping materials based on TiO2 have been reported, such as

S-TiO2, N-TiO2, P-TiO2, F-TiO2, C-TiO2, and N/S-TiO2 [8,9].

Metal-organic frameworks (MOFs) show wide applications in

the field of photocatalysis, due to their controllable morphology

and abundant active sites [10]. NH2-MIL-125, as a representative

of Ti-based MOFs, has excellent visible light utilization ability be-

cause of the introduction of amino [11,12]. More interestingly, the

preparation of derivation using MOFs as precursors via the calcina-

tion process is a promising direction. The derivations might keep

the morphology and high specific surface area of the MOFs pre-

cursors [13]. TiO2-based materials derived from NH2-MIL-125 have

shown great potential in the field of photocatalytic oxidation [14].

In the present study, the S/N co-doped TiO2 (TNSx, x is the calci-

nation temperature, and T600 was synthesized via the calcination
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Fig. 1. SEM of (a) NH2-MIL-125, (b) T600, (c) TNS600. (d-f) HRTEM and (g) SAED

of TNS600. (h) Elemental mappings of the TNS600.

of the precursor NH2-MIL-125 at 600 °C under the same heating

rate and atmosphere without adding sulfur source) catalysts with

large number of oxygen vacancies were obtained by high temper-

ature calcination of NH2-MIL-125 and sulfur powder in an air at-

mosphere. It is found that the cube-like S/N co-doped TiO2 with

rich oxygen vacancies exhibits efficient elimination performance

for HCHO. The possible photocatalytic oxidation mechanism is ex-

plored by various characterization techniques.

The specific procedure for the preparation of TNSx samples af-

ter derivatization from NH2-MIL-125 was described in Support-

ing information. The micro structure of NH2-MIL-125, T600, and

TNS600 were observed by SEM characterization. As shown in

Fig. 1a, NH2-MIL-125 presented a cubic shape with a particle size

of about 600 nm, which was parallel to the record in the previous

work [15]. Meanwhile, T600 and TNS600 were selected as the rep-

resentative materials to explore the morphology changes after py-

rolysis (Figs. 1b and c). It could be seen that after calcination, the

original cubic shape derived from Ti-MOFs was well maintained for

the T600 and TNS600 samples with the 400 nm of grain size.

The cubic particles were characterized by TEM to further under-

stand the structural information. As seen in Fig. 1d, the particles

had a cube-shaped structure that was similar to the shape shown

in the SEM images. A high magnification investigation of individual

cubic particle (Fig. 1e) showed that the surface was rough after cal-

cination. Furthermore, HRTEM image showed very clear crystalline

surface, and regular lattice stripes were observed. The interplanar

spacings of 0.352 and 0.243 nm were marked in Fig. 1f, which was

due to the anatase TiO2 (101) and (103) phase, respectively. The

obtained photocatalyst with cubic morphology exposed more re-

active sites than the traditional agglomeration-prone microsphere

morphology, which benefited the well contact of between the pol-

lutants and the photocatalysts. We have also analyzed selected area

electron diffraction (SAED) using spherical aberration electron mi-

croscopy as shown in Fig. 1g. SAED image showed the crystalline

surface of anatase. Fig. 1h showed the EDS results of the TNS600

photocatalyst. It could be seen that Ti, O, S, C and N elements

were uniformly dispersed on the surface of TNS600, further prov-

ing the successful preparation of doped photocatalysts TNSx. Fi-

nally, a combination of XRD (Figs. S1a and b in Supporting infor-

Fig. 2. (a) Ti 2p, (b) S 2p, (c) O 1s, and (d) N 1s XPS spectra of T600 and TNSx.

mation) and FTIR (Figs. S1c and d in Supporting information) anal-

yses together revealed the successful preparation of S/N-TiO2. The

doping of sulfur inhibited the formation of rutile phase. Anatase

TiO2 was superior to rutile TiO2 in terms of photocatalytic abil-

ity [16,17]. In terms of photocatalytic ability, anatase TiO2 was su-

perior to rutile TiO2 [18]. The anatase phase might be an impor-

tant reason for the high photocatalytic activity of TNSx. The aver-

age crystallite size (D) was calculated as shown in Table S1 (Sup-

porting information), demonstrating that sulfur doping reduced the

particle size of the photocatalyst. And the actual content of S and

Ti were quantified by X-ray fluorescence spectrometry (XRF). As

shown in Table S1, the molar percentage of S/Ti firstly increased

and then decreased as the calcination temperature increased, with

the highest molar percentage of S/Ti at 600 °C and the maximum

S doping of TNS600. The TNSx sample was also found to have

a higher specific surface area by nitrogen adsorption-desorption

analyses (Fig. S2 in Supporting information), which is shown in Ta-

ble S1, which was more conducive to the separation of photogen-

erated electrons-vacancies. The presence of oxygen vacancies was

confirmed by Raman analysis (Fig. S3a in Supporting information)

and electron paramagnetic resonance (EPR) (Fig. S3b in Supporting

information).

The valence state and surface composition of the T600 and

TNSx samples were explored via the XPS technique. As shown in

the Ti 2p spectra (Fig. 2a), the corresponding characteristic peak

of Ti 2p1/2 and Ti 2p3/2 in TNS600 were located near 464.2 and

458.5 eV, suggesting the presence of Ti4+ [19]. The peaks at 457.2

and 463.0 eV were attributed to the Ti 2p3/2 and Ti 2p1/2 orbitals

of Ti3+, which confirmed the generation of Ti3+ on the surface, in

consistent with the EPR results. Compared with T600, the binding

energy of Ti in TNSx was shifted towards a higher binding energy,

which was probably due to the different ionization energies of Ti

and S. The electronegativity of S is higher than that of titanium,

and the doping of S resulted in a lower electron density around

Ti4+ [17,20]. In Fig. 2b, the characteristic peaks of S 2p3/2 at 168.6

eV and S 2p1/2 at 169.7 eV were well matched with the S6+ and

S4+ species, which demonstrated that the sulfur doped into TNSx

was distributed as S6+ and S4+ [17,21]. There was no S2− charac-

teristic peak located at 162.0 eV, further suggesting that the doping

of sulfur was mainly cationic substitution of Ti species [21]. Ti4+

was replaced by S6+/S4+ cation, generating impurity state in the

gap between the valence and conduction band [21,22], which al-
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lowed S doping to be photo-activated by light irradiation, thereby

improving electron transfer efficiency [21,23].

The XPS O 1s spectra of TNSx were shown in Fig. 2c, where

the three binding energies located at 528.7 eV, 531.3 eV and 533.1

eV of O component were divided into three species: lattice oxygen

(Olatt), defect oxygen (Odef) and adsorbed oxygen (Oads), respec-

tively [24]. According to XPS O 1s analysis results in Table S2 (Sup-

porting information), it can be concluded that during the heating

process from 500 °C to 600 °C after doping S and N, the higher the

temperature, the lower the content of Olatt species on the material

surface and the higher the content of Odef species. This indicated

that some lattice oxygen was lost and transformed into oxygen va-

cancy during the heating process, which was consistent with the

EPR characterization. In addition, within the temperature range of

500–600 °C, increasing the temperature was beneficial for increas-

ing the content of Oads species on the surface of the material, re-

sulting in the highest adsorbed oxygen content on the surface of

TNS600 and the best catalytic performance. For TNS650 obtained

by high-temperature calcination, compared with TNS600, its sur-

face has a lower content of Odef species, indicating that the mate-

rial surface contains fewer oxygen defects, and its Oads species con-

tent was the lower, leading to a decrease in the surface’s ability to

capture formaldehyde molecules and a decrease in catalytic perfor-

mance. The deconvolution of the N 1s peak revealed the presence

of two peaks in Fig. 2d, assigned to N-doping and the formation

of N-O-Ti species [25]. In addition, the atomic percentage of S and

N were semi-quantitatively determined by XPS (Table S1). Similar

to the XRF result, the S and N content firstly increased and then

decreased as the calcination temperature increased, with the max-

imum doping of S and N at 600 °C.
The photocatalytic performance of the prepared S/N co-doped

TiO2 catalysts were investigated by xenon lamp irradiation. As

shown in Fig. 3a, TNS600 showed excellent photooxidative ca-

pacity for HCHO removal within 150 min, with a removal rate of

98.00%, which was significantly higher than that (66.30%) of T600.

Furthermore, the apparent reaction constant k values (Fig. 3b) for

the photocatalytic degradation of HCHO over T600 and TNSx were

calculated by the first-order kinetic model (−ln(Ct/C0 = kt)) [26]. It

was arranged in the order of TNS600 (0.02883 ± 0.00043 min−1)

> TNS650 (0.01200 ± 0.00139 min−1) > TNS500 (0.00853 ±
0.00063 min−1) > T600 (0.00744 ± 0.00220 min−1), indicating

that the greater the S and N doping, the better the photocatalytic

performance. The photocatalytic degradation activities of different

photocatalysts for HCHO removal was summarized in Table S3

(Supporting information), and the present S/N-TiO2 catalyst

showed excellent photocatalytic activity. The reusability of TNS600

for HCHO removal was investigated under the same conditions,

the removal efficiency over TNS600 decreased from 98.00% to

91.44% after 5 cycle experiment (Fig. S4 in Supporting informa-

tion). The cycle experiment demonstrated the excellent stability of

the TNS600 sample.

Fig. 3. Photocatalytic activities of various photocatalysts for HCHO removal by

xenon lamp irradiation (a), and the corresponding apparent reaction constant k val-

ues (b).

Photoluminescence (PL) could characterize the carrier sepa-

ration efficiency of photocatalysts (Fig. S5a in Supporting infor-

mation) and time-resolved photoluminescence (TRPL) provided

the charge carrier lifetime to assessed the separation efficiency

of electron-hole pairs (Fig. S5b in Supporting information), both

demonstrated the efficient separation of photogenerated electrons

and holes in TNS600. The interfacial charge transfer efficiency of

photocatalyst samples was compared based on the electrochemi-

cal impedance spectroscopy (EIS) test results (Fig. S5c in Support-

ing information). The photocurrent transient curves of T600 and

TNSx were obtained through several turn on-off cycles (Fig. S5d in

Supporting information). These results obtained from PL, TRPL, EIS

and photocurrent transient curves above all came to the conclusion

that TNS600 had the best photo generated carrier separation effi-

ciency, which was in good agreement with TNS600 with the best

photocatalytic performance.

EPR was selected for the detection of •OH and •O2
− radicals. The

active species of •OH and •O2
− radicals of photocatalyst TNS600

were intercepted by DMPO using EPR as shown in Fig. S6 (Sup-

porting information). No signal was detected in dark. Six charac-

teristic peaks of DMPO-•O2
− due to the presence of •O2

− radicals

and the characteristic 1:2:2:1 quadruple hydroxyl peaks due to the

presence of •OH radicals were examined after light irradiation for

5 min, respectively, indicating that •O2
− and •OH radicals were pro-

duced on TNS600.

The band positions of TNS600 were calculated by the Mott-

Schottky curve (Fig. S7 in Supporting information). The C–2 value of

TNS600 was proportional to the potential, and thus TNS600 could

be defined as an n-type semiconductor [27]. The flat band potential

(EFB) of TNS600 was −0.49 eV vs. Ag/AgCl obtained via the inverse

extension of the curve from the two frequencies intersected on the

x-axis. The property of the n-type semiconductor determined that

its EFB was 0.1 eV more positive than the conduction band po-

tential (ECB) [28]. After converting to the standard hydrogen elec-

trode potential, the ECB of TNS600 was calculated to be −0.39 eV

vs. NHE. Combined with the band gaps of the two materials an-

alyzed by UV-vis DRS (Fig. S8 in Supporting information), the va-

lence band width (EVB) of TNS600 was 2.91 eV vs. NHE, which was

calculated via the formula (Eg = EVB − ECB). Since the EVB of TNS600

was higher than the OH–/•OH with redox potential of 2.40 eV vs.

NHE, the reaction of photogenerated holes h+ combined with H2O

to produce •OH could take place in the valence band of TNS600.

Similarly, the ECB of TNS600 was −0.39 eV vs. NHE, which was

lower than the O2/
•O2

− with redox potential of –0.33 eV vs. NHE.

Hence the reaction of photogenerated electrons e− combined with

O2 to produce •O2
− could take place in the conduction band of

TNS600 [29]. The photogenerated carriers participated in the gen-

eration process of oxidative radicals, inhibiting the recombination

process to a certain extent, and enhancing the photocatalytic activ-

ity of TNS600.

To gain insight into the mechanism of HCHO oxidation on the

catalyst, we carried out diffuse reflectance in situ IR testing and

analysis of the TNS600 sample (Fig. S9 in Supporting information).

We proposed a photocatalytic mechanism for HCHO removal by

S/N-titanium dioxide, as shown in Fig. 4. The S/N-TiO2 compos-

ite retained the unique structural of NH2-MIL-125 and offered a

large possibility for the transfer of photogenerated electrons and

holes. After S/N-TiO2 exposed to the xenon lamp, a large number

of photogenerated carriers were generated over S/N-TiO2 (Eq. 1).

The electrons on the valence band first migrated to an intermedi-

ate band formed by oxygen vacancies (Ov) [30,31], and then were

trapped leaving many holes on the valence band and achieving

an effective separation of electrons and holes. The trapped elec-

trons further transferred to the conduction band of the catalyst.

The existence of oxygen vacancies in S/N-TiO2 could significantly

contribute to the generation of free radicals, and the electrons
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Fig. 4. Photocatalytic mechanism of S/N-TiO2 for HCHO removal.

stored on the conduction band of S/N-TiO2 could react with the

adsorbed molecular oxygen to form •O2
− radicals (Eq. 2). Photo-

generated holes (h+) retained on the valence band could further

react with nearby water molecules or surface hydroxyl groups to

form highly reactive •OH radicals (Eq. 3) [32]. Thus, formaldehyde

oxidation may follow four steps: (1) Adsorption on the catalyst sur-

face (Eq. 4); (2) adsorbed HCHO can be oxidized by tow radicals

(•O2
−/•OH) to produce DOM (H2CO2) (Eq. 5); (3) DOM is further

oxidized to formate species and carbonate species (Eq. 6); and (4)

complete mineralization of intermediate species to CO2 and H2O

(Eq. 7) [33,34].

S/N-TiO2 +hv→ S/N-TiO2 (h+ + e–) (1)

O2 + e– → •O2
− (2)

–OH+h+ → •OH (3)

HCHO→HCHO(ads) (4)

HCHO(ads)+ •O2
−/•OH→H2CO2 (5)

H2CO2 + •O2
−/ •OH→HCOO–/CO3

2− (6)

HCOO–/CO3
2− + •O2

−/•OH→H2O+CO2 (7)

In this study, S/N co-doped TiO2 materials with a large number

of oxygen vacancies were prepared by adding sulfur powder during

calcination of titanium-based MOFs NH2-MIL-125. The co-doped

catalyst possessed anatase phase TiO2 and exhibited cubic mor-

phology derived from the NH2-MIL-125 precursor. With a change

in the calcination temperature, the separation efficiency of photo-

generated carriers over the prepared photocatalysts also changed,

due to the effect of calcination temperature on the S doping level

in TNSx. Under xenon lamp irradiation, the photodegradation

efficiency of HCHO within 150 min reached 98.00% over the

TNS600 catalyst. Furthermore, the TNS600 catalyst possessed good

recyclability. Not only the removal efficiency of HCHO, but also the

morphology and crystal structure were well kept after 5 cycle ex-

periment. The main reactive radicals involved in the photocatalytic

oxidation reaction were the •O2
− and •OH radicals. The S/N co-

doped TiO2 materials provided an idea for designing MOFs-derived

photocatalysts for heterogeneous environmental remediation.
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