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A B S T R A C T   

Visible light catalysis has been widely coupled with persulfate activation for refractory pollutants removal, while 
the exact role of persulfate played in such composite system is still questionable. In this work, the relation be-
tween peroxymonosulfate (PMS) induced structure change and visible light responsive activity of inverse spinel: 
i.e., Zn2SnO4, was deciphered. Under the visible light illumination (λ > 420 nm) PMS addition would endow the 
composite system with pollutant removal performance. Batch test revealed that 60% of bisphenol-A (5 mg L− 1) 
was mineralized within 3 h reaction time, by dosing 0.81 mM PMS and 0.1 g L− 1 catalyst. The above oxidative 
system was also effective for other refractory pollutants elimination. Further analysis indicated that PMS could 
reduce the band gap of spinel from 2.75 to 2.52 eV and thereby enabling its visible light activity. Photogenerated 
h+ induced •OH and e- mediated •O2

− contributed to the pollutant removal while h+ played a leading role. 
Density functional theory revealed that PMS would capture oxygen atom of spinel and induce surface oxygen 
vacancy defect structure formation. Also, three-oxygen atom coordinated Zn was identified as the possible 
catalyze site. This work is valuable for deep understanding the exact role of persulfate in photocatalytic system.   

1. Introduction 

With the mushroom growths of medicine, chemical, printing and 
dyeing industries, refractory pollutants have been widely found in 
various water bodies, which seriously threatens our living environment 
(Wang and Yang, 2016; Zhao et al., 2021). Comparing to the adsorption 
(Peng et al., 2019), flocculation (Porras-Rodriguez and Talens-Alesson, 
1999), and membrane separation (Ren et al., 2020), etc., advanced 
oxidation technology exhibits the advantage of high mineralization ef-
ficiency towards these refractory pollutants (Oturan et al., 2015). 
Among the prevalently used peroxide oxidants, peroxodisulfate (S2O8

2-, 
PDS) and peroxymonosulfate (HSO5

-, PMS) exhibit attractive merits 
including convenience of transport and storage, high redox potential 
(2.5–3.1 V) and longer half-life (30–40 μs) of SO4

⋅- (Hu and Long, 2016). 
Inactivated PS or PMS shows limited organic oxidation ability, conse-
quently, activation process must be applied to facilitate their decom-
position for oxidative species production. Although transition metal 
based homogeneous or heterogeneous catalysis has been widely proved 

as efficient activation means (Liu et al., 2020; Wu et al., 2021), they are 
criticized as potential metal ion leaching issue. 

By means of external energy supply, persulfate is also effectively 
activated and decomposed. Specifically, photoactivation is attractive 
and has been intensively investigated, owing to its advantages of less 
chemical usage and environmental benign (Apell et al., 2019). However, 
the inefficiency of photocatalytic system under visible light irradiation 
greatly restricts its engineering application (Lei et al., 2021). Herein, 
visible-light responsive nanoscale catalysts such as iron molybdate and 
BiVO4 has been fabricated and used (Chen et al., 2020; Wang et al., 
2019). In such heterogeneous photocatalysis system, the 
photo-generated electron derived from photocatalyst was able to cata-
lyze persulfate decomposition for oxidative species production and 
thereby resulting in refractory pollutants degradation. Benefiting from 
the synergistic effect of photocatalysis and persulfate activation, the 
visible light-persulfate oxidation system could then be promisingly 
constructed (Dong et al., 2021). In most of the previous works, photo-
catalysis was viewed as an auxiliary means to promote persulfate 
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decomposition, while little attention was paid on the potential influence 
of PMS on the semiconductor structure change. 

On account of low peroxide bond energy, PMS or PDS is more liable 
to be activated or decomposed compared to H2O2 (Yang et al., 2021), 
which implies its high reactivity. Besides accepting electron from metal 
center for radical generation, persulfate was also able to directly abstract 
electron from organic on the graphitized nanodiamonds (Lee et al., 
2016) or single-wall carbon nanotube (Yun et al., 2018) surface. Shao 
et al., proposed that the potential difference dominated the electron 
transfer from the highest occupied molecular orbital of 4-chlorophenol 
to the lowest unoccupied molecular orbital of PMS, leading to the 
dechlorination occurring (Shao et al., 2020). Other studies have 
revealed that PMS was able to directly oxidize organics including phe-
nolics, pharmaceuticals, antibiotics (Yang et al., 2018), and amino acids 
(Ruiz et al., 2019). Based on the above findings, the exact role of PMS or 
PDS, which is highly reactive, in the visible light-persulfate oxidation 
system is still questionable. An in-depth investigation on the origin of 
oxidizing species and refractory removal mechanism is then warranted. 

Herein, the aim of this work is to establish a visible light-persulfate 
advanced oxidation system for refractory pollutants removal and sys-
tematically explore the potential role of persulfate on semiconductor 
surface structure change. The spinel - Zn2SnO4 was selected as the model 
semiconductor. To reduce the agglomeration of nanoscale spinel, the 
composite catalyst was synthesized via depositing spinel on straw 
hydrochar (SHC) surface. Benefiting from the abundant surface func-
tional groups of hydrochar, the nanoscale metal oxide can be readily 
dispersed on the carbon surface and a better pollutant removal perfor-
mance and material reusability can then be expected (Liu et al., 2018; 
Xiong et al., 2017). The pollutant removal by visible light-persulfate 
oxidation system was evaluated via bisphenol-A (BPA) batch degrada-
tion experiment. Then, the reaction condition was optimized and the 
responsible oxidizing species was identified. More importantly, the po-
tential influence of persulfate on spinel structure defect, i.e., oxygen 
vacancies (OVs), formation mechanism was explored both through 
experiment and density functional theory. This work clarified the po-
tential role of persulfate on altering metal semiconductor surface 
structure, which may be meaningful for the heterogeneous catalysts 
design and environmental remediation application. 

2. Materials and methods 

2.1. Chemicals and materials 

Rice straw was collected from a nearby farmland, the chemical 
composition of straw was shown in Table S1. Stannous chloride dehy-
drate (SnCl2.2 H2O) and sulphuric acid (H2SO4) were obtained from 
Energy Chemical. Zinc chloride (ZnCl2) was purchased from Shanghai 
Lingfeng Chemical Reagent Corporation Ltd. Sodium dodecyl benzene 
sulfonate (SDBS), sodium hydroxide (NaOH), potassium hydroxide 
(KOH), methanol (CH3OH), ethanol (C2H5OH), isopropanol (C4H10O), 
PDS, formic acid (HCOOH), p-chlorophenol (4-CP), tert-butanol (TBA), 
sodium bicarbonate (NaHCO3), and potassium iodide (KI) were obtained 
from Sinopharm Chemical Reagent Corporation, Ltd. BPA, atrazine 
(ATZ), nitrotetrazolium chloride blue (NBT), 5,5-dimethy l,1-pyrroline 
N-oxide (DMPO), p-benzoquinone (BQ), 2,4,6-trichlorophenol (2,4,6- 
TCP) and PMS (4.5% active oxygen) were purchased from Meryer. 
Acetonitrile (C2H3N) is provided by Sigma Aldrich. Carbamazepine, 
terephthalic acid (TA), and sodium oxalate (Na2C2O4) were obtained 
from Macklin. 4-acetamidophenol was purchased from Shanghai Yua-
nye Bio-Technology Corporation, Ltd. The reagents were used as ob-
tained without further purification. 

2.2. Catalyst fabrication and characterization 

Straw was electrically ground into powder and passed through a 120- 
mesh sieve before use. To prepare SHC supported Zn2SnO4 

(Zn2SnO4@SHC), 0.18 g SnCl2⋅2H2O, 0.109 g ZnCl2, 0.32 g NaOH and 
0.0032 g SDBS were dissolved in 80 ml 50% ethanol solution. Here, 
SDBS was used as a dispersant to increase the dispersity of the system 
(Castell et al., 2013). Afterwards, 0.72 g of as-ground straw powder was 
put into the solution and stirred for 1 min. The mixture was then poured 
into a 100 ml Teflon-sealed autoclave for hydrothermal reaction at 
190 ◦C within 20 h. The hydrothermal product was sequentially rinsed 
by ethanol and deionized water. Ultimately, the catalyst was dried in a 
vacuum oven for 5 h at 70 ◦C, and marked as Zn2SnO4@SHC. The SHC 
and pure Zn2SnO4 was prepared as well. To prepare the OVs defected 
photocatalyst, Zn2SnO4@SHC or Zn2SnO4 were respectively immersed 
in 10 g L− 1 PMS solution for 1 h. After filtration and dehydration, the 
OVs enriched catalyst, i.e., OVs-Zn2SnO4@SHC or OVs-Zn2SnO4, was 
respectively obtained. 

X-ray diffraction (XRD) spectra were collected by a SmartLab 3KW X- 
ray diffractometer. X-ray photoelectron spectroscopy (XPS) was 
measured by Thermo Escalab 250Xi. Diffuse reflectance UV–visible ab-
sorption spectra of Zn2SnO4@SHC and OVs-Zn2SnO4@SHC were 
measured with a UV/visible spectrophotometer (PE Lambda 950). Sur-
face area and pore size were analyzed by Mike 2020 automatic 
Brunauer-Emmett-Teller (BET) and porosity analyzer. Scanning electron 
microscope (SEM) images were observed by Quanta 400 FEG. High 
resolution transmission electron microscope (HRTEM) and energy 
dispersive spectroscopy (EDS) were performed by Tecnai G2 F20. The 
content of Sn and Zn were tested by Agilent ICP-OES 720. The concen-
tration changes of SO4

2- were tested by ion chromatography with Dio-
neX ICS-2100. 

The electron paramagnetic resonance (EPR) spectra was recorded by 
using a Bruker A300 EPR Spectrometer. For free radical identification: 
microwave power = 20.35 mW, microwave frequency = 9.83 GHz, 
center field = 3507.8 G, modulation amplitude = 1.0 G, and modula-
tion frequency = 100 kHz. For oxygen vacancy identification: micro-
wave power = 20.44 mW, microwave frequency = 9.86 GHz, center 
field = 3516.9 G, modulation amplitude = 2.0 G, and modulation 
frequency = 100 kHz. 

2.3. Pollutant degradation 

The photodegradation of organic pollutants was conducted in a 
magnetically stirred 200 ml beaker. The beaker was exposed to a 300-W 
Xe-arc lamp (Beijing Precise Technology Corporation, Ltd) and UV light 
was eliminated by equipping with a visible light cutoff filter (420 nm). 
In a typical batch degradation experiment, 0.81 mM PMS was directly 
added into the mixture containing 5 mg L− 1 BPA and 0.1 g L− 1 

Zn2SnO4@SHC (OVs-free) catalyst. To validate the tuning function of 
OVs in photocatalytic activity, degradation experiment with OVs- 
Zn2SnO4@SHC as catalyst while no PMS addition was also conducted. 
During the above batch degradation experiments, the photocatalyst 
(Zn2SnO4 or OVs-Zn2SnO4) dosage was set as 0.03 g L− 1 to maintain a 
same metal oxide content with that of Zn2SnO4@SHC (Table S2). Be-
sides BPA, the effectiveness of photocatalytic system was evaluated with 
other organics. During photocatalytic reaction, 0.5 ml sample was 
withdrawn and mixed immediately with 0.1 ml methanol as a reaction 
terminator. After centrifuging at 14,000 rpm for two minutes, the su-
pernatant was stored for the following measurement. Organic pollutants 
were measured by a high performance liquid chromatography (Shi-
madzu LC-16) assembled with a WondaSil C18 column. The test pa-
rameters of each organic compound are given in Table S3. The change of 
PMS content was determined by iodometry (Ball et al., 1967). During 
the total organic carbon (TOC) tests, 0.22 µm organic filtration mem-
brane was used to terminate the degradation. The TOC was measured by 
a TOC detector (TOC-L, Shimadzu). All of the degradation experiments 
were repeatedly conducted. 

Several quenching agents including ethanol, TBA, and Na2C2O4 
(Intarasuwan et al., 2017) was respectively added into degradation 
system to identify the active oxidative species of •OH, SO4•

-, and h+
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(Wang et al., 2017). Moreover, NBT conversion (Ye et al., 2013) and TA 
photoluminescence method (Huang et al., 2015) were used to detect the 
relative content of •O2

− and •OH, respectively. DMPO was used to 

capture radicals for the following EPR tests. 

Fig. 1. Catalyst morphology and structure properties. SEM images of SHC (a), Zn2SnO4@SHC (b), and OVs-Zn2SnO4@SHC (c), XRD patterns of catalysts (d), TEM 
images of Zn2SnO4@SHC (e), and XPS survey of Zn2SnO4@SHC (f). 

Fig. 2. The photo response activity of Zn2SnO4@SHC and OVs-Zn2SnO4@SHC. UV-Vis diffuser reflectance spectra (a), Tauc curves (b), XPS valence band spectra (c), 
and estimated band structure (d). 
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3. Results and discussion 

3.1. Photocatalysts structure characteristics 

Fig. 1 shows the SEM images of as-prepared catalysts. SHC exhibits 
lamellar structure, comparatively Zn2SnO4@SHC and OVs- 
Zn2SnO4@SHC show incompact structures (Fig. 1a–c). BET specific 
surface area tests (Fig. S1, Table S4) revealed that the surface area of 
Zn2SnO4@SHC (77.9 m2 g− 1) was the highest, comparing to SHC 
(8.2 m2 g− 1) and Zn2SnO4 (44.9 m2 g− 1). The specific surface area of 
materials can be increased by using straw as a carrier. Two sharp peaks 
at 14.8◦ and 22◦ were observed from the XRD pattern of SHC (Fig. 1d), 
ascribing to the (0 1 0) and (0 0 2) plane of graphite crystal (Jiang et al., 
2020). Both Zn2SnO4@SHC and OVs-Zn2SnO4@SHC show a peak at 
34.5◦, representing the (3 1 1) surface of Zn2SnO4 crystal. HRTEM im-
ages of Zn2SnO4@SHC (Fig. 1e) and OVs-Zn2SnO4@SHC (Fig. S2) both 
show that the spacing of lattice fringe is 0.259 nm, which is consistent 
with the (3 1 1) crystal surface of Zn2SnO4. XPS survey indicates that the 
Zn2SnO4@SHC was mainly consisted with Sn, Zn, O, and C (Fig. 1f). 
TEM-EDS mappings of Zn2SnO4@SHC and OVs-Zn2SnO4@SHC (Fig. S3, 
S4) show that O, Zn, and Sn evenly distributed on the carbon substrate. 

XPS valence band spectrum and UV–vis spectra were collected and 
used to explore the band structure of catalysts. The absorption edge of 
Zn2SnO4@SHC is about 429 nm (Fig. 2a), which proves its null visible 
light response property. As for OVs-Zn2SnO4@SHC, the absorption edge 
is substantially extended to about 475 nm, indicating its good visible 
light adsorption capacity. Semiconductor photocatalyst activity highly 
lies on its band structure, which can be estimated via the following 
formulas (Chang et al., 2015):  

α(hν) = A(hν - Eg)n/2                                                                        (1)  

Eg = EVB - ECB                                                                               (2) 

where, α is the absorption coefficient, hν is the photon energy, A is the 
absorbance, Eg is the band gap, EVB and ECB are the potential energy at 

the top of the valence band and the bottom of the conduction band 
respectively. The value of n depends on the transition form of the 
semiconductor itself. Here, n is 1 as Zn2SnO4 is a direct band gap 
semiconductor (Y.-F. Wang et al., 2016). 

The band gap of Zn2SnO4@SHC and OVs-Zn2SnO4@SHC, which was 
derived from the Tauc plot (Guan et al., 2013), is about 2.89 eV and 
2.61 eV, respectively (Fig. 2b). A lower band gap of OVs-Zn2SnO4@SHC 
clearly indicates its wider visible absorption range. Fig. 2c shows the 
valence band spectrum of the catalysts. The top of the valence band of 
Zn2SnO4@SHC and OVs-Zn2SnO4@SHC is 2.75 eV and 2.52 eV, 
respectively. Accordingly, the bottom of the conduction band of 
Zn2SnO4@SHC and OVs-Zn2SnO4@SHC could be calculated, which is 
− 0.14 eV and − 0.09 eV. From the energy band structure, the top of 
valence band of OVs-Zn2SnO4@SHC moves 0.25 eV in the negative di-
rection while the bottom of conduction band moves 0.05 eV in the 
positive direction compared with Zn2SnO4@SHC (Fig. 2d), which 
reduced the band gap of OVs-Zn2SnO4@SHC. 

3.2. Organic pollutants degradation under visible light illumination 

Batch degradation experiment was further conducted to evaluate the 
potential role of PMS in enhancing photocatalyst activity. Solely irri-
tating Zn2SnO4@SHC without the addition of PMS was unable to initiate 
BPA degradation, as evidenced by the unchanged BPA content within 
the 60-min reaction (Fig. S5). This result also demonstrates that the 
adsorption capacity of as-synthesized material was negligible. Addition 
of PMS into reaction dispersion was found to be effective in removing 
BPA (Fig. 3a). Comparing to pure Zn2SnO4, the pollutant degradation 
rate observed on Zn2SnO4@SHC is faster (Fig. S6), indicating straw 
carbon is beneficial for the catalyst dispersion and activity improve-
ment, and the degradation is as excellent as many catalysts in other 
works (Table S5). Moreover, under the dark circumstance or without 
PMS addition, Zn2SnO4@SHC showed poor photocatalytic reactive ac-
tivity in removing BPA (Fig. 3a), indicating that Zn2SnO4@SHC is un-
able to directly activate PMS or be excited by visible light. Previous 

Fig. 3. Visible light catalytic degradation performance. BPA degradation catalyzed by different semiconductors under different conditions, in which, the solid line 
represents the BPA removal efficiency and the dotted line represents the PMS decay (a), the influence of initial pH (b), catalyst dosage (c), and PMS concentration (d) 
on the BPA removal performance. 
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studies documented that semiconductor photocatalyst could catalyze 
PMS decomposition under light illumination, which then mediated the 
reactive species generation for pollutant removal (Jo et al., 2018; Liwei 
et al., 2019). However, in our case, a negligible PMS decay was observed 
during the photocatalytic oxidation process (Fig. 3a). The above result 
implies that the intrinsic activity of photocatalyst, rather than the PMS 

decay mediated oxidative species, contributes to the BPA removal. 
In order to verify the effect of reaction parameters on the degrada-

tion performance, a series of batch experiments, including initial pH, 
catalyst concentration, and PMS concentration were carried out. Fig. 3b 
shows the effect of initial pH on the degradation experiments. BPA was 
completely eliminated in 60 min at pH = 3.5, 5.0, and 7.0. At pH = 9.0, 

Fig. 4. The effectiveness of photocatalytic system on organic mineralization and other refractory pollutants removals. Change of total organic carbon content (a), 
pseudo first order kinetic fitting of TOC change (b), photodegradation performance of other organic pollutants (c), and the corresponding pseudo first order kinetic 
constants fitting (d). 

Fig. 5. The oxidative species identification. Effect of alcohols on the BPA removal performance (a), the influences of Na2C2O4 and Ar purging on pollutant removal 
(b), DMPO trapped EPR spectra (c), TA captured ⋅OH variation (d), TA captured ⋅OH variation after addition of Na2C2O4 (e), NBT captured •O2

− variation (f). 
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only 56% BPA was removed in 60 min. Excess OH- is possible to cause 
damage to the Zn2SnO4 structure, resulting in a poor catalytic activity. 
When the catalyst dosage increased from 0.1 to 0.2 g/L, the BPA 
removal rate was increased (Fig. 3c). Nevertheless, further increase in 
catalyst dosage would induce a lower reaction rate constant, as follows: 
k1 (0.1 g L− 1, 0.026 min− 1) < k4 (0.4 g L− 1, 0.045 min− 1) < k5 
(0.5 g L− 1, 0.048 min− 1) < k3 (0.1 g L− 1, 0.063 min− 1) < k2 (0.2 g L− 1, 
0.079 min− 1) (Fig. S7). Although high catalyst dosage commonly in-
dicates more catalytic sites for reactive species generation, increased 
catalyst amount will in turn cause the accumulated turbidity of reaction 
system, which hinders the visible light irradiation (Chen et al., 2017). 
Fig. 3d shows the effect of PMS concentration on BPA degradation. 
When the initial concentration of PMS increased to 0.27 mM, the 
attenuation of BPA gradually accelerated. Further increase of PMS to 
0.81 mM shows no improvement for pollutant removal. 

Reusability and stability of catalyst are essential for its engineering 
application. The photocatalytic activity of Zn2SnO4@SHC remained 
stable during 3-cycle usage (Fig. S8). TOC tests (Fig. 4a and b) showed 
that mineralization of BPA could be achieved and more than 60% of 
pollutant can be completely degraded within 180 min. Also, to evaluate 
the applicability of this photodegradation system, other pollutants 
including 4-CP, 2,4,6-TCP, atrazine, carbamazepine, and acetamino-
phen were respectively selected. Under the same trial condition, both of 
them can be removed (Fig. 4c). Among them, 4-CP and acetaminophen 
owned a highest removal efficiency (Fig. 4d). 

3.3. Reactive species identification 

In order to identify the responsible oxidative species induced by 
visible light irradiation for BPA removal, different quenchers were 
externally added into the Zn2SnO4@SHC-PMS degradation system. 
Firstly, ethanol (EtOH) and tert butyl alcohol (t-BuOH) were respec-
tively introduced to the system and results revealed that both of them 
exhibited a thorough inhibition on BPA removal (Fig. 5a). EtOH was 
efficient in quenching •OH and SO4•

-, with a rate constant of k(•OH) =
(1.2–2.8) × 109 M− 1 s− 1 and k(•SO4

-) = (1.6–7.7) × 107 M− 1 s− 1) 
(Wang et al., 2020). Whereas, t-BuOH was preferentially react with •OH 
(k(•OH) = 7.6 × 108 M− 1 s− 1) (Miao et al., 2020) rather than SO4•

- (k 
(•SO4

-) = 4.0 × 105) (Yao et al., 2016). The alcohol addition experiment 
clearly suggests that •OH was the responsible species for the BPA 
removal while there might be no SO4•

- in this system. This result again 
proved that PMS did not directly participate in the pollutant removal. 

For the photocatalyst, photogenerated electron-hole pairs is the 
origin for the reactive species formation. Hole (h+) is possible to directly 
oxidize H2O into •OH while electron can reduce dissolved oxygen into 
•O2

− (Nosaka and Nosaka, 2017). Herein, Na2C2O4 was chosen as a h+

quencher to explore its potential role in BPA removal (Intarasuwan 
et al., 2017). As shown in Fig. 5b, sodium oxalate almost completely 
inhibited the pollutant removal. In comparison, purging Ar would 
decrease the BPA removal efficiency to about 55%. The above results 
indicate that both photogenerated h+ and e- contributed to the pollutant 
removal while the h+ played a leading role in the system. In Fig. 5c, by 
using DMPO as a trapper, radicals can be detected by EPR. The EPR 
spectrum clearly shows a typical •OH signal while no SO4•

- related peak 
was found. To semi-quantitatively detect the generated •OH, TA was 
used as a sensitive probe and added into the degradation system. Under 
the visible light irradiation, the TA-•OH complex signal intensity 
increased greatly within 60 min, signifying the considerable amount of 
•OH generation (Fig. 5d). In comparison, only a small amount of •OH 
was formed without visible light (Fig. 5e). When Na2C2O4 (0.22 mM) 
was dosed into the system, the peak of the TA-•OH in fluorescence 
emission intensity greatly reduced, suggesting the assignable impact of 
h+ in the generation of •OH. Fig. 5f shows the NBT UV–vis spectrum 
variation. As the reaction proceeded, the peak intensity of NBT 
decreased, proving the generation of •O2

− . When the PMS was not 
dosed, only a slight decrease of NBT content was observed (Fig. S9), 

which verified the crucial role of PMS in visible light photocatalytic 
system. Based on the above results, it could be deduced that PMS 
addition could tune the Zn2SnO4 semiconductor to be visible light 
responsive. Photogenerated h+-derived •OH and electron-derived •O2

−

contributed to the pollutant degradation. 

3.4. Mechanism elucidation of enhanced photocatalytic activity by PMS 

The above results clearly demonstrated that PMS was negligibly 
decomposed to directly participate in the pollutant removal. In contrast, 
PMS could react with Zn2SnO4 and transform it into a visible light 
responsive semiconductor catalyst. Since PMS could dissociate proton in 
aqueous solution, we added the equivalent amount of H2SO4 into the 
above photocatalytic system to substitute PMS. Unfortunately, no BPA 
removal phenomenon was observed (Fig. 6a). Also, PDS was found to be 
valid in helping pollutant removal while H2O2 was completely failed. 
These results imply that the common structure of PMS and PDS may be 
responsible for the enhancement of visible light response of the material. 

To figure out how the structure change after PMS addition, pure 
Zn2SnO4 without hydrochar was additionally prepared to exclude the 
potential interference of carbon on material characterization and anal-
ysis. Also, the PMS treated material, i.e., OVs-Zn2SnO4, was synthesized. 
Batch degradation experiment result showed that the pure Zn2SnO4 was 

Fig. 6. The performance of using other chemicals to substitute PMS for BPA 
removal (a), degradation curve of BPA with pure Zn2SnO4 or OVs-Zn2SnO4 as 
catalysts (b), EPR tests of Zn2SnO4 and OVs-Zn2SnO4 (c). 
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no visible light responsive ability, as evidenced by the negligible BPA 
removal (Fig. 6b). However, after pretreated with PMS, OVs-Zn2SnO4 
alone (no PMS supply in aqueous solution) could absorb light to initiate 
pollutant removal. Material characterization revealed that neither the 
apparent morphology (Fig. S10) nor the main crystal phase (Fig. 1d) 
difference was observed from the above two catalysts. Herein, we 
deduced that PMS was of high possibility to alter catalyst surface 
structure, i.e., creation of OVs. EPR is an efficient tool to detect the 
material defect. From the EPR spectra, a typical peak centered at 
g = 2.003 was clearly observed on the OVs- Zn2SnO4 (Fig. 6c), which 
ascribes to the characteristic peak of OVs (Bu et al., 2021). On the 
contrast, no relevant peaks have been found from Zn2SnO4. XPS spectra 
was then collected to further explore the elemental valence information. 
The O 1 s XPS spectrum of Zn2SnO4 shows two peaks at 531.5 eV (Ye 
et al., 2019) and 530.3 eV (J. Wang et al., 2016), which represents the 
OVs and the lattice oxygen anions (O2

− ), respectively (Fig. 7a). After 
pretreatment with PMS, the peak area at 531.5 eV is significantly 
improved (Fig. 7d), suggesting OVs enrichment in OVs-Zn2SnO4 surface. 
The Sn 1 s XPS spectrum of Zn2SnO4 shows two peaks at 486.38 eV (Bian 
et al., 2018) and 495 eV (An et al., 2019), which represents Sn4+ species 

(Fig. 7b). In comparison, additional peaks centered at 486.9 eV (Li et al., 
2019) and 495.3 eV (Chen et al., 2014) were observed on OVs- Zn2SnO4, 
which suggests the formation of Sn2+ (Fig. 7e). It is obvious that the PMS 
pretreatment could reduce the valence state of Sn4+, further indicating 
the generation of OVs in the material (Lim et al., 2019). All the above 
results demonstrated that PMS could generate surface OVs and then 
improve the visible light responsive activity of semiconductor. 

It has been widely documented that the metal site of binary metal 
oxide could act as the active center to catalyze PMS decomposition 
through self-redox reaction (Huang et al., 2017; Zhang et al., 2013). 
After binding onto Zn2SnO4 surface, PMS is possibly to acquire electron 
from the metal sites and induces surface bound •OH formation. After 
bonding with the neighboring lattice O, •OOH was formed and further 
escaped from the surface as O2, leaving the OVs (steps (3)–(5)).  

HSO5
- + * → SO4

2- + *OH                                                               (3)  

*OH + lattice O → *OOH                                                                 (4)  

*OOH → O2 + H+ (5) 

According to the proposed route of the generation of OVs, HSO5
- may 

Fig. 7. O 1s (a, d), Sn 1s (b, e), and Zn 1s (c, f) XPS spectra of Zn2SnO4 and OVs-Zn2SnO4, respectively.  

Fig. 8. The potential structure and active sites for OVs generation (a), Gibbs free energy plots of the formation of OV1(b) and OV2 (c) on Zn2SnO4.  
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cleave into sulfate ion, resulting in an increased sulfate ion content in the 
system. Therefore, we measured the concentration changes of SO4

2- 

during photodegradation process by ion chromatography. It was found 
that the SO4

2- content appeared a slight increase (Fig. S11), which 
provides a side validation for the OVs formation. To validate the feasi-
bility of the proposed OVs formation mechanism, density functional 
theory was used, and the specific methods and parameters were given in 
Text S1. According to the atomic arrangement of the (3 1 1) crystal 
surface of Zn2SnO4 in main crystal phase, two different lattice O, namely 
OV1 and OV2, were determined as the possible OV sites (Fig. 8a). In the 
present case, three catalysis sites including Zn-A, Zn-B, and Sn-B was 
possible to mediate OVs formation and the possible intermediates were 
provided in Fig. S12. The results of formation energy show that the OV1 
generated from HSO5

- with the downhill free energy changes for the first 
step on both Zn-B and Sn-B sites, indicating that PMS is able to create 
OVs on Zn2SnO4 surface (Fig. 8b). In comparison, the total free energy of 
H2O2 to generate OVs was positive, but that of PMS was negative, which 
was in consistence with the experimental results (Fig. 6a). Similar to 
OV1, the free energy changes of OV2 formation through three active 
sites were also revealed, suggesting that OV2 was the preferential site for 
OVs generation with PMS through Zn-A site (Fig. 8c). 

4. Conclusions 

In this work, it was found that persulfate was negligibly consumed 
and did not directly participate in pollutant removal under visible light 
irritation. Mechanism investigation revealed that PMS or PDS was 
effective to create surface OVs, which was then beneficial for the band 
gap decrease and visible light responsive activity improvement of 
Zn2SnO4. The surface OVs defected catalyst mediated photocatalytic 
degradation system was efficient to various organic pollutants removals 
as well. Both the photogenerated h+ induced •OH and e- mediated •O2

−

contributed to the pollutant removal while the h+ played a leading role 
in the system. The above findings are valuable for deep understanding 
the exact role of persulfate in photocatalytic system and it might also be 
meaningful for the OVs defect structure development and application. 
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