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a b s t r a c t

This work reported the lanthanide ion (Gd3+) doped tungsten trioxide (Gd-WO3) nanocrystal for remark-

able promoted photocatalytic degradation of organic pollutants and simultaneous in-situ H2O2 production.

With doped lanthanide ion (Gd3+), Gd-WO3 showed a much broad and enhanced solar light absorption,

which not only promoted the photocatalytic degradation efficiency of organic compounds, but also pro-

vided a suitable bandgap for direct reduction of oxygen to H2O2. Additionally, the isolated Gd3+ on WO3

surface can efficiently weaken the ∗OOH binding energy, increasing the activity and selectivity of direct

reduction of oxygen to H2O2, with a rate of 0.58 mmol L−1 g−1 h−1. The in-situ generated H2O2 can be

subsequently converted to •OH based on Fenton reaction, further contributed to the overall removal of

organic pollutants. Our results demonstrate a cascade photocatalytic oxidation-Fenton reaction which can

efficiently utilize photo-generated electrons and holes for organic pollutants treatment.

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

Medica, Chinese Academy of Medical Sciences.

Photocatalytic oxidation of organic pollutants has been widely

explored for organic pollutants remediation, due to its sustain-

able and environmental benign property driven by solar energy. Up

till now, there have been tremendous reports on raising the pho-

tocatalytic efficiency, e.g., broadening the solar absorption range,

suppressing the photogenerated electron-hole (e−-h+) recombina-

tion rate, as well as boosting charge carrier mobility [1–4]. Dur-

ing a typical photocatalytic oxidation reaction, the photogener-

ated holes with oxidation capability can either directly oxidize

organic compounds or react with water to produce other oxida-

tive active substances (e.g., hydroxyl radicals, •OH) [1,5], while

the photogenerated electrons with reduction capability cannot

be used to oxidize pollutants directly, unless via reacting with

dissolved oxygen to produce oxidative superoxide anion radicals

(O2
•−) [6]. However, as •OH normally owns a relative higher re-

dox potential (E0(•OH/H2O)=2.38V vs. NHE, pH 0) than O2
•−

(E0(O2
•−/H2O2)=1.72V vs. NHE, pH 0) [7,8], therefore, utilizing

electrons to produce more •OH instead of O2
•− may present a

higher oxidation capability for removal of organic pollutants.
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Hydrogen peroxide (H2O2) based Fenton reaction has demon-

strated its excellent efficiency in various applications as well as or-

ganic pollutants treatment, benefiting from the efficient activation

of H2O2 to •OH [9–11]. However, for the traditional H2O2 based

Fenton reaction, the required regular supplement of H2O2 demands

additional cost for fabrication, transport and storage of the liquid

dangerous concentrated H2O2 [12,13]. Recently, photocatalytic gen-

eration of H2O2 has been developed as a sustainably alternative

fabrication technique for H2O2 [14–17], in comparison with the

traditional anthraquinone method [18,19]. Based on above consid-

eration, a photocatalytic process whose photogenerated holes can

be fully used to oxidize organic pollutants, and the corresponding

electrons can reduce oxygen to form H2O2 in situ, may be desir-

able for efficient use of photogenerated electrons and holes for the

photocatalytic degradation of organic pollutants.

Here in this work, we reported a Gd3+ doped WO3 composite

photocatalyst (Gd-WO3), which exhibited not only excellent photo-

catalytic oxidation activity towards organic pollutants, but also si-

multaneously efficient photogeneration efficiency of H2O2 in situ.

The Gd-WO3 possessed a broader absorption spectrum (towards

near-infrared range) of solar light and an increased photocurrent

intensity up to six folds higher than pure WO3. The band gap

structure analysis of Gd-WO3 unveiled its suitable band structure

for direct reduction of oxygen to H2O2, instead of generating O2
•−,

https://doi.org/10.1016/j.cclet.2023.108157
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Fig. 1. (a) Low-resolution SEM image and the corresponding element mappings of Gd-WO3–3. (b) The XRD patterns of WO3 and Gd-WO3. (c) The total survey XPS spectra

of WO3 and Gd-WO3–3. (d-f) The respective W 4f, O 1s and Gd 4d XPS spectra of WO3 and Gd-WO3–3. (g) The HAADF-STEM image of Gd-WO3–3.

which was also supported by electron spin resonance (ESR) anal-

ysis. Density functional theory (DFT) calculation confirmed that

the dispersed Gd atoms on WO3 could weaken the ∗OOH bind-

ing energy on the surface, favoring the two electrons reduction

of oxygen to H2O2, with an efficient H2O2 production rate of 0.58

mmol L−1 g−1 h−1 in tetracycline solution without other sacrificial

agents. The in-situ generated H2O2 could be subsequently con-

verted to •OH, further contributed to the overall removal of tetracy-

cline. Therefore, the Gd-WO3 photocatalyst demonstrates a design

strategy for fully utilization of photogenerated electrons and holes

for photocatalytic oxidation of organic pollutants.

The Gd3+ doped WO3 (Gd-WO3) composite photocatalyst was

prepared via simply mixing commercial WO3 nanocrystals with

GdCl3 in ethanol solution and stirring the mixture at 70 °C for 2h

The Gd ions doping ratio was tuned via adding controlled GdCl3
amount into the precursor mixture, the obtained composites were

named as Gd-WO3–1 to 4 (see Supporting information for ex-

periment details). Low-resolution transmission electron microscopy

(TEM) images of the as-prepared composites in Fig. S2 (Support-

ing information) unveiled the similar morphologies of compos-

ites Gd-WO3–1 to 4, while additional small particles could be ob-

served in Gd-WO3–4, suggesting a crystal phase separation in Gd-

WO3–4. The low-resolution scanning electron microscopy (SEM)

image and corresponding element mappings in Fig. 1a clearly pre-

sented the uniform dispersed W, O and Gd elements, which sug-

gested the homogeneous doping of Gd ions on WO3 substrate. X-

ray diffraction (XRD) analysis results were presented in Fig. 1b and

Fig. S3 (Supporting information), which indicated that with the Gd

ions amount increased, there were only diffraction peaks related

to monoclinic WO3 appeared (JCPDS #83–0950) for samples Gd-

WO3–1 to 3, while Gd-WO3–4 presented additional existence of Gd

crystals (JCPDS #02–0864), supporting the observed phase separa-

tion from low-resolution TEM images in Fig. S2.

Composite Gd-WO3–3 was used for further experiment. Induc-

tively coupled plasma mass spectrometry (ICP-MS) measurement

confirmed the Gd content of Gd-WO3–3 was approximately 5.1

wt% (Table S1 in Supporting information). In order to obtain the

surface chemical states of Gd, W and O elements, X-ray photoelec-

tron spectra (XPS) characterization was performed on pure WO3

and Gd-WO3–3. The wide survey scan of the two samples in Fig.

1c clearly indicated the existence of W and O in both composites,

while Gd-WO3 also presented the existence of Gd element, further

confirming the successful doping of Gd ions. The narrow scan of

W 4f towards both samples exhibited the first doublet peaks at

35.3 and 37.5 eV (Fig. 1d, Figs. S4 and S5 in Supporting informa-

tion) assigned to W6+ W 4f7/2 and 4f5/2, and the second doublet

peaks at 34.2 and 36.4 eV correspond to W5+ 4f7/2 and 4f5/2, re-

spectively [20]. The similar fitting results for WO3 and Gd-WO3 de-

clared that the valence state of W was not altered by Gd element

doping. For the O 1s peak (Fig. 1e), both samples showed strong

peaks at binding energy near 530 eV, corresponding with the oxy-

gen binding energy in WO3 [21,22]. The slight shift in W 4f and

O 1s binding energy upon doping of Gd ions may be attributable

to the strong electronic interaction [22,23]. Furthermore, the Gd 4d

spectrum presented on Fig. 1f showed peaks near 148 and 142 eV,

matching well with the 4d3/2 and 4d5/2 binding energies for Gd3+

in Gd2O3 respectively, implicating that Gd atom in Gd-WO3 might

exist as Gd-O bond [24]. Observation of the Gd-O bond also helped

to prove the successful doping of Gd ions in WO3 lattice under

mild preparation process.

High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) image of Gd-WO3–3 was taken and

presented in Fig. 1g. The interplanar distance of 3.8 Å was well-

indexed with the (002) plane of monoclinic WO3. Additionally,

many separate and brighter dots could be observed (as highlighted

by red circles), which were attributed to Gd atoms. Moreover, it

clearly revealed that the Gd atoms were exactly immobilized at

position of W, implying that Gd atoms perfectly anchored on W

vacancies by substitution rather than interstitial doping [21].

The photocatalytic activities of the WO3 and series Gd-

WO3 photocatalysts were next investigated via measuring their

degradation efficiency of tetracycline under simulated solar light

(1 kW/m2). Tetracycline (TC) was selected as the target compound

since it was one of the representative antibiotics, which could be

widely detected and hardly degraded under natural force [25]. As

presented by Fig. 2a, without the addition of any catalysts, tetracy-

cline concentration did not show obvious change under irradiation.

With the presence of Gd-WO3–1 to 4, the tetracycline degradation
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Fig. 2. (a) Photocatalytic degradation curves of tetracycline over WO3 and series Gd-WO3 photocatalysts under dark adsorption equilibrium and simulated solar light irradi-

ation (1 kW/m2). (b) The detected photocatalytic production of H2O2 in the presence of tetracycline under simulated solar light irradiation (1 kW/m2). (c) Effects of various

quenching agents on tetracycline degradation with Gd-WO3–3. (d) ESR spectra of DMPO-•OH adduct and (e) DMPO-O2
•− adduct with Gd-WO3–3 under irradiation. (f) The

detected photocatalytic production of H2O2 with Gd-WO3, under purging the solution with different gas bubbles.

rate constants (k) were 5.2× 10−3, 8.7× 10−3, 12.3× 10−3 and

9.7× 10−3 min−1, respectively (Fig. 2a and Table S5 in Support-

ing information). The tetracycline degradation efficiency enhanced

from Gd-WO3–1 to 3, but decreased at the presence of Gd-WO3–

4. The decreased catalytic efficiency of Gd-WO3–4 might due to

the formation of separated Gd particles in Gd-WO3–4, as we men-

tioned above in Figs. S2 and S3.

Apart from the photocatalytic degradation of tetracycline, si-

multaneous photocatalytic generation of H2O2 was also detected

in our system (Fig. 2b and Fig. S8 in Supporting information). As

shown in Fig. 2b, the series photocatalysts showed similar activ-

ity trend towards H2O2 generation in comparison with tetracycline

removal, and Gd-WO3–3 presented the highest H2O2 production

yield at 0.58 mmol L−1 g−1 h−1 under simulated solar irradiation

(1 kW/m2) just using tetracycline as the sacrificial agent. There-

fore, based on above phenomenon, we can find out that Gd-WO3–3

presents the highest photocatalytic activity for both degradation of

tetracycline and production of H2O2.

To investigate mechanism for the photocatalytic reactions,

the active species involved in the reactions were first analyzed

with Gd-WO3–3. Tertiary butanol (TBA), p-benzoquinone (p-BQ),

Mn(OAc)2 and ethylene diamine tetra-acetic acid (EDTA-2Na),

which were widely used as scavengers for •OH, O2
•−, e− and h+,

were added into the reactions respectively [23,26,27]. As shown by

Fig. 2c, EDTA-2Na significantly inhibited the degradation of tetra-

cycline, suggesting that oxidation of tetracycline by h+ might con-

tribute dominantly to the removal of tetracycline. Quenching of
•OH with TBA supressed the reaction in a certain degree, which

indicated that •OH also participated in the reaction. In contrast,

Mn(OAc)2 and p-BQ didn’t cause any obvious change on the degra-

dation efficiency, which indicated that e− and O2
•− might not con-

tribute obviously to the photocatalytic oxidation reaction. A further

ESR analysis (Figs. 2d and e) unveiled the presence of •OH but the

absence of O2
•− in the photocatalytic reaction, which matched well

with the above analysis. Therefore, we can propose that there are

two main routes for the photocatalytic degradation of tetracycline.

One is the direct oxidation of tetracycline by h+, and the other is

the oxidation of H2O by h+ to produce •OH, followed by the oxi-

dation of tetracycline by •OH [1].

To identify the generation route of H2O2, we bubbled the re-

action system with different gasses (Fig. 2f). Obviously, bubbling

of compressed air or O2 into the reaction solution both resulted

in an increased H2O2 concentration, while replacing the dissolved

O2 with N2 supressed the generation of H2O2 greatly. This phe-

nomenon demonstrates that H2O2 may mainly form from the elec-

tron reduction of oxygen [28,29].

Optical and electrochemical characterizations of WO3 and Gd-

WO3–3 were conducted next. As shown by the diffuse reflection

spectra in Fig. 3a, Gd-WO3 presented a much-enhanced light ab-

sorption capability towards light range of 200∼1100nm, which

suggested a narrower band gap around 2.30 eV in comparison with

WO3 (2.42 eV), calculating from the plot of the Kubelka-Munk

function [30]. Taking together with the Mott-Schottky plots in Fig.

3b, that the respective calculated flat potentials of Gd-WO3 and

WO3 were roughly+0.06 and+0.11V, versus the saturated calomel

electrode (SCE), which were equivalent to +0.71, +0.76V versus

the reversible hydrogen electron (RHE) [31]. Generally, the flat

potentials of n type semiconductors are about 0.1V lower than

conduction bands, which depends on the electron effective mass

and carrier concentration [32,33]. Therefore, the conduction band

(CB) potentials of Gd-WO3 and WO3 can be identified to be+0.61

and+0.66V vs. RHE, respectively. The corresponding energy level

diagram is plotted and presents in Fig. 3c [7]. It can be seen that,

both WO3 and Gd-WO3 satisfy the reduction of O2 to H2O2 and

oxidation of H2O to •OH.

The photocurrent measurement on Fig. 3d unveiled the greatly

enhanced photocurrent intensity of Gd-WO3 than WO3, with ap-

proximately six folds. This phenomenon suggests the effectively

improved separation and transfer of e−-h+ pairs on Gd-WO3 [34].

The photoluminescence emission intensity measurement of Gd-

WO3 and WO3 in Fig. 3e also manifested this phenomenon. Tak-

ing together the above analysis, we can conclude that doping of

3
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Fig. 3. (a) UV–vis-NIR diffuse reflectance spectra of WO3 and Gd-WO3–3. The inset are plots of (Ahν)1/2 versus hν . (b) Mott-Schottky plots of WO3 and Gd-WO3–3. (c) Energy

level diagrams of WO3 and Gd-WO3–3. (d) The detected photocurrent response curves of WO3 and Gd-WO3–3, with or without one solar irradiation (1 kW/m2). (e) PL spectra

of WO3 and Gd-WO3–3. (f) Koutecky-Levich plots of the data obtained at the constant electrode potential (−0.35V vs. RHE) for WO3 and Gd-WO3–3.

Gd ions into WO3 not only can improve light absorption capacity,

but also effectively enhances the separation/transfer of electron-

hole pairs, which both contributes to the much-enhanced degra-

dation efficiency of tetracycline. The significantly improved sepa-

ration/transfer of electron-hole pairs might be attributed by the

unique 4f half-filled orbital configuration of Gd3+ ion. As reported,

the half-filled 4f orbital electronic configuration is of high stability.

Once Gd3+ ions trap electrons, the trapped electrons will be trans-

ferred to the surface molecules quickly, while Gd3+ ions return to

the original stable half-filled electronic structure [35,36]. Thus, the

separation/transfer of e−-h+ pairs is promoted with Gd3+.
To deeper investigate the mechanism for H2O2 generation, ro-

tating disk electrode (RDE) analysis of the two composites (Fig.

S9 in Supporting information) and corresponding Koutecky-Levich

plots were conducted and presented in Fig. 3f [37,38]. Obviously,

the average number of electrons (n) value involved for photocat-

alytic H2O2 generation with WO3 as catalyst is 1.43, while system

with Gd-WO3 exhibits a n value of 2.18, suggesting that one-step

two-electron reduction of O2 to form H2O2 is preferred in this pho-

tocatalytic Gd-WO3–3 system. Besides, the selective electron trans-

fer to O2 is also investigated by using a rotating ring-disk elec-

trode (RRDE). The selectivity of H2O2 production was obtained in

the O2-saturated electrolyte by measuring both the reduction cur-

rent of O2 at the disk part of RRDE (ID) and the oxidation current

of the produced H2O2 on the Pt ring part (IR) [39–41]. The Gd-

WO3 exhibited relatively higher ring current than WO3 (Fig. S10a

in Supporting information), which indicated that Gd-WO3 gener-

ated a higher yield of H2O2 (66%) than WO3 (49%) in the same po-

tential range (Fig. S10b in Supporting information), further demon-

strating that doping of Gd ions could promote photocatalytic effi-

ciency for H2O2 production.

To explore the mechanism for the enhanced H2O2 generation

on Gd-WO3, sets of DFT calculations via the computational hydro-

gen electrode method were conducted (see Supporting information

for details). As modelled in Fig. S11 (Supporting information), in a

stable crystal structure, Gd atoms would prefer to replace W atoms

on WO3, which matched well with the above Gd 4f XPS analysis

Fig. 4. (a) Comparison of �G∗OOH for oxygen reduction to H2O2 on WO3 and Gd-

WO3. (b) Free energy diagram for the 2e− pathway for H2O2 generation on WO3 and

Gd-WO3 at U = 0V vs. RHE. Differential charge densities of (c) WO3 and Gd-WO3

after ∗OOH adsorption. Yellow and blue-colored isosurfaces show electrons gain and

loss, respectively. (d) Schematic of the 2e− pathway for H2O2 generation on Gd-

WO3.

on Fig. 1f. Besides, during the reduction of oxygen to H2O2, the

absorption energy of oxygen intermediate ∗OOH (�G∗OOH) plays a

dominant role in determining the reaction activity. The ideal cat-

alysts for H2O2 generation prefer a �G∗OOH ∼4.2± 0.2 eV [42–

44]. As shown in Fig. 4a, compared to �G∗OOH of WO3 (3.73 eV),

the calculated �G∗OOH of Gd-WO3 is around 4.49 eV, which is

larger than 4.2 eV and much closer to the optimal Gibbs free en-
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Fig. 5. (a) Photocatalysis-Fenton cascade degradation of tetracycline over Gd-WO3–3 with addition of different dosage of Fe2+ . (b) ESR spectra of DMPO-•OH adduct with

Gd-WO3–3 in Fenton reaction. (c) The schematic diagram of proposed mechanism for the photocatalysis-Fenton cascade reaction on Gd-WO3–3.

ergy (∼4.2 eV). Additionally, with Gd3+ doped, the energy barrier

of rate-determining step becomes lower than pure WO3 (Fig. 4b),

benefiting the generation of H2O2 on Gd-WO3. The charge den-

sity difference of WO3 and Gd-WO3 were further investigated sep-

arately to distinguish the charge transfer (Fig. 4c). In specific, the

electrons will migrate to Gd central atom, which causes a signifi-

cant augment of charge density on the Gd site. Moreover, Gd atom

is found to have easier access to acquire electrons, thus, Gd center

is more favourable to weaken the adsorption of ∗OOH [45,46], in-

creasing the activity and selectivity of O2 reduction to H2O2. Addi-

tionally, ESR signal of DMPO-•OOH could be hardly observed in the

Gd-WO3 system (Fig. S12 in Supporting information), also demon-

strating rapid reduction of O2 on Gd-WO3 to generate H2O2 via

a direct one-step two-electron oxygen reduction reaction pathway,

instead of following sequential two-step one-electron pathway. The

two-electron reduction pathway for H2O2 production on Gd-WO3

was depicted on Fig. 4d.

Along with the photocatalytic degradation of tetracycline, the

degradation efficiency decreased gradually and closed to end at

reaction time of 120min. However, with the addition of certain

amount of FeSO4 (1.5mmol/L), degradation of tetracycline was

boosted again and reached a completed removal after half an hour,

and the determined k was 61.1× 10−3 min−1 with Gd-WO3 (Fig.

5a, Fig. S13 and Table S5 in Supporting information). A continued

increasement of Fe2+ dosage (3.0mmol/L) didn’t result in a further

increased efficiency. This phenomenon can be attributed to the ac-

tivation of H2O2 by Fe2+ to generate extra •OH, followed by a sub-

sequent oxidation of tetracycline by •OH. The ESR analysis of this

step helped to confirm the existence of •OH during this step (Fig.

5b). The photocatalytic oxidation and subsequent Fenton reaction

can serve together as a cascade reaction for the efficient degrada-

tion of tetracycline. And the total organic carbon (TOC) removal ef-

ficiency through the cascade reaction was around 1.65 times higher

than the sole photocatalysis (Fig. S14 in Supporting information).

Besides, in contrast to similar literatures that have been re-

ported (Table S6 in Supporting information), Gd-WO3 synthesized

in this work not only exhibits efficiently synergetic photocatalytic

H2O2 production and oxidation of organic pollutants without purg-

ing of oxygen gas into the solution, but also realizes photocatalysis-

Fenton cascade reaction without the external addition of H2O2. The

efficiency of Gd-WO3 showed a decreased efficiency after four cy-

cled experiments, we attributed this phenomenon to the covered

reaction sites due to the absorbed TC and products on the surface,

since morphology and crystal structure did not show any obvious

change (Fig. S17 in Supporting information).

Scheme for the overall reaction mechanism was presented in

Fig. 5c. Under solar light irradiation, e−-h+ pairs are efficiently

generated and separated on Gd-WO3 composite. The holes can ox-

idize organic pollutant directly, while the holes also can react with

H2O to form •OH, followed by oxidation of organic pollutants by
•OH. Simultaneously, the separated electrons will reduce oxygen

to form H2O2 directly, and the in-situ generated H2O2 can be fur-

ther activated to treat organic compounds. In comparison with sin-

gle photocatalytic oxidation treatment of organic pollutants which

mainly relies on the oxidation capability of h+, the cascade reac-

tions can utilize both the photogenerated electrons and holes, to

boost the photocatalytic efficiency greatly.

As a summary, the Gd-WO3 with well dispersed Gd sites was

developed, which can directly oxidize organic pollutants, as well as

produce H2O2 in situ under solar irradiation. As manifested, doping

Gd ions into WO3 can efficiently broaden the solar light absorp-

tion spectrum to near-infrared range (∼1100nm), as well as im-

prove the photocurrent intensity up to six folds, resulting in much-

enhanced photocatalytic oxidation capability towards organic mi-

cropollutants, including tetracycline and 2,4-dichlorophenol. What

is more, the Gd sites on WO3 can promote the charge transfer from

catalyst to oxygen, favouring the photocatalytic generation of H2O2

with a rate of 0.58 mmol L−1 g−1 h−1, without the addition of any

electron scavengers. The generated H2O2 can be further activated

to produce •OH, contributing the oxidation of organic compounds.

The cascade photocatalytic oxidation-H2O2 activation reaction pro-

vides a feasible catalyst design strategy for the fully utilization of

photogenerated electrons and holes for oxidation of organic pollu-

tants.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This work was supported by Natural Science Foundation of Zhe-

jiang Province (No. LR21B07002), National Natural Science Founda-

tion of China (Nos. 22176170, 21976152), and the Open Research

Program of Key Laboratory of 3D Micro/Nano Fabrication and Char-

acterization of Zhejiang Province, Westlake University.

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2023.108157.

References

[1] P.A.K. Reddy, P.V.L. Reddy, E. Kwon, et al., Environ. Int. 91 (2016) 94–103.
[2] M.Q. Yang, M. Gao, M. Hong, G.W. Ho, Adv. Mater. 30 (2018) 1802894.

[3] J. Wang, H. Wang, S. Zuo, et al., Environ. Sci.: Nano 7 (2020) 3333–3342.

5



J. Wang, J. Wang, S. Zuo et al. Chinese Chemical Letters 34 (2023) 108157

[4] W. Wang, X. Li, F. Deng, et al., Chin. Chem. Lett. 33 (2022) 5200–5207.

[5] O. Carpa, C.L. Huisman, A. Rellerb, Prog. Solid State Chem. 32 (2004) 33–177.

[6] H. Bi, J. Liu, Z. Wu, et al., Chem. Phys. Lett. 769 (2021) 138449.
[7] A.J. Bard, R. Parsons, J. Jordan, Standard Potentials in Aqueous Solution, 1st. ed.,

Marcel Dekker, New York, 1985.
[8] Y. Nosaka, A.Y. Nosaka, Chem. Rev. 117 (2017) 11302–11336.

[9] S. Zuo, S. Zhu, J. Wang, W. Liu, J. Wang, Appl. Catal. B: Environ. 301 (2022)
120783.

[10] Y. Zhang, G. Li, Y. Hu, Chin. Chem. Lett. 32 (2021) 2529–2533.

[11] D. Yang, D. Qu, L. An, X. Zong, Z. Sun, Chin. Chem. Lett. 32 (2021) 2292–2296.
[12] B. Puértolas, A.K. Hill, T. García, B. Solsona, L. Torrente-Murciano, Catal. Today

248 (2015) 115–127.
[13] Z. Jiang, L. Wang, J. Lei, Y. Liu, J. Zhang, Appl. Catal. B: Environ. 241 (2019)

367–374.
[14] Y. Chu, X. Zheng, J. Fan, Chem. Eng. J. 431 (2022) 134020.

[15] C. Feng, L. Tang, Y. Deng, et al., Appl. Catal. B: Environ. 281 (2021) 119539.
[16] Y. Yang, G. Zeng, D. Huang, et al., Appl. Catal. B: Environ. 272 (2020) 118970.

[17] J. Zhang, C. Yu, J. Lang, et al., Appl. Catal. B: Environ. 277 (2020) 119225.

[18] R. Abejón, A. Garea, A. Irabien, Chem. Eng. Res. Des. 90 (2012) 442–452.
[19] C. Samanta, Appl. Catal. A: General 350 (2008) 133–149.

[20] S.L. Wang, Y. Zhu, X. Luo, et al., Adv. Funct. Mater. 28 (2018) 1705357.
[21] D. Wang, H. Li, N. Du, W. Hou, Adv. Funct. Mater. 31 (2021) 2009770.

[22] S. Zhang, S. Song, P. Gu, et al., J. Mater. Chem. A 7 (2019) 5552–5560.
[23] S. Zhou, R. He, J. Pei, et al., Environ. Sci. Technol. 56 (2022) 10474–10482.

[24] D. Raiser, J.P. Deville, J. Electron. Spectrosc. Relat. Phenom. 57 (1991) 91–97.

[25] J.C. Chee-Sanford, R.I. Mackie, S. Koike, et al., J. Environ. Qual. 38 (2009)

1086–1108.

[26] J. Zeng, Q. Rong, B. Xiao, et al., J. Mater. Chem. A 9 (2021) 8704–8710.
[27] S. Zuo, X. Jin, X. Wang, et al., Appl. Catal. B: Environ. 282 (2021) 119551.

[28] X. He, H. Shang, C. Wang, et al., Chin. Chem. Lett. 32 (2021) 3377–3381.
[29] H. Hirakawa, S. Shiota, Y. Shiraishi, et al., ACS Catal. 6 (2016) 4976–4982.

[30] P. Kubelka, F. Munk, Z. Tech. Phys. 12 (1931) 593.
[31] Y. Chen, M. Yang, J. Du, et al., J. Mater. Sci. 54 (2019) 671–682.

[32] X. Jin, L. Ye, H. Wang, et al., Appl. Catal. B: Environ. 165 (2015) 668–675.

[33] J. Wang, Y. Yu, L. Zhang, Appl. Catal. B: Environ. 136-137 (2013) 112–121.
[34] Y. Lin, W. Wu, C. Yang, M. Chen, X. Li, Appl. Catal. B: Environ. 245 (2019)

71–86.
[35] J.H. Baek, T.M. Gill, H. Abroshan, et al., ACS Energy Lett. 4 (2019) 720–728.

[36] A.W. Xu, Y. Gao. H.Q. Liu, J. Catal. 207 (2002) 151–157.
[37] Y. Liu, H. Liu, C. Wang, S.X. Hou, N. Yang, Environ. Sci. Technol. 47 (2013)

13889–13895.
[38] Y. Wu, Z. Gao, Y. Feng, et al., Appl. Catal. B: Environ. 298 (2021) 120572.

[39] Y.J. Sa, J.H. Kim, S.H. Joo, Angew. Chem. Int. Ed. 58 (2019) 1100–1105.

[40] P. Zhang, Y. Tong, Y. Liu, et al., Angew. Chem. Int. Ed. 59 (2020) 16209–16217.
[41] Z. Lu, G. Chen, S. Siahrostami, et al., Nat. Catal. 1 (2018) 156–162.

[42] J. Gao, H. Yang, X. Huang, et al., Chem 6 (2020) 658–674.
[43] Z. Teng, Q. Zhang, H. Yang, et al., Nat. Catal. 4 (2021) 374–384.

[44] K. Wang, Y. Li, H. Shi, et al., Adv. Sustainable Syst. 6 (2022) 2200144.
[45] J. Qin, H. Liu, P. Zou, et al., J. Am. Chem. Soc. 144 (2022) 2197–2207.

[46] J. Lee, A. Kumar, T. Yang, et al., Energy Environ. Sci. 13 (2020) 5152.

6




