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a b s t r a c t

Peroxymonosulfate (PMS) activation in heterogeneous processes is a promising water treatment technol-

ogy. Nevertheless, the high energy consumption and low efficiency during the reaction are ineluctable,

due to electron cycling rate limitation. Herein, a new strategy is proposed based on a quantum dots

(QDs)/PMS system. Co-ZnS QDs are synthesized by a water phase coprecipitation method. The inequiva-

lent lattice-doping of Co for Zn leads to the generation of surface sulfur vacancies (SVs), which modulates

the surface of the catalyst to form an electronic nonequilibrium surface. Astonishingly, the plasticizer mi-

cropollutants can be completely degraded within only tens of seconds in the Co-ZnS QDs/PMS system due

to this type of surface modulation. The interfacial reaction mechanism is revealed that pollutants tend to

be adsorbed on the cobalt metal sites as the electron donors, where the internal electrons of pollutants

are captured by the metal species and transferred to the surface SVs. Meanwhile, PMS adsorbed on the

SVs is reduced to radicals by capturing electrons, achieving effective electron recovery. Dissolved oxygen

(DO) molecules are also easily attracted to catalyst defects and are reduced to O2
•−, further promoting

the degradation of pollutants.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

There are over 320 million tons of discarded plastics globally

each year, 10% of which ultimately reach and persist in the aquatic

environment [1]. Microplastics are pieces of plastic less than 5mm

in diameter [2], which may take up to several decades to decom-

pose under natural conditions and release various harmful organic

substances (such as plasticizers and antioxidants in manufactur-

ing) during the process [3,4]. Except for the physical hazards of

microplastics themselves, plasticizer bisphenol A (BPA) is an im-

portant precursor in the manufacture of plastics, which has poten-

tial environmental and human health impacts [5–8]. Peroxymono-

sulfate (PMS) activation, one of the most powerful advanced oxi-

dation processes to treat organic pollutants in wastewater, gener-

ates hydroxyl radicals (•OH), sulfate radicals (SO4
•–), singlet oxygen

(1O2), and other reactive oxygen species, which can effectively ox-
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idize refractory contaminants and improve wastewater biodegrad-

ability [9–11]. Most of the current research is focused on heteroge-

neous catalysts such as Co3O4, Fe
0, and Fe3O4 [12–16], but an im-

portant factor limiting PMS activation is the rate-limiting step in

reducing high valence metal species in the process [17]. Typically,

additional PMS needs to be consumed in this step to accelerate

the electron circulation in the metal species. Therefore, accelerat-

ing electron circulation is crucial in PMS activation with heteroge-

neous catalysts [18].

Our previous work first proposed dual reaction center (DRC)

catalysts with regional differences in the electrons on the surface.

In addition to H2O2 and persulfate, pollutants and dissolved oxy-

gen (DO) in aquatic environments could also act as electron donors

and acceptors [19–24], which suggests that the degradation capac-

ity of pollutants by the reaction system can be enhanced by con-

structing the surface electron polarization of the catalyst. Recently,

it has been found that the formation of surface atomic vacancies

https://doi.org/10.1016/j.cclet.2021.12.004
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Fig. 1. (a) HRTEM images of Co-ZnS QDs. (b) The XRD pattern of Co-ZnS and ZnS. (c) Fourier transforms of k3-weighted EXAFS oscillations obtained at the Co K-edge of Co

foil, CoS and Co-ZnS QDs. (d) EXAFS curve fittings of Co-ZnS QDs on [χ (R)] and Re[χ (R)]. (e) H2-temperature programmed reduction (H2-TPR) curves of ZnS and Co-ZnS QDs.

(f) UV–Vis-NIR diffuse reflection spectrum of ZnS and Co-ZnS QDs.

facilitates the construction of dual reaction centers and accelerates

electron transfer [25,26]. Sulfur vacancies (SVs), similar to oxygen

vacancies, are anionic defects produced on metallic sulfide surfaces

by lattice sulfur detachment under specific conditions. In PMS ac-

tivation, the sulfur vacancy prefers to capture an O atom in the

PMS as a means of targeted electron transfer, further accelerat-

ing the conversion of the pollutant [25]. Quantum dots (QDs) re-

ceive increasing attention because of their unique characteristics

and excellent photovoltaic performance, such as large specific sur-

face area, size tunability, bound electrons and electron vacancies

[27]. Due to its low toxicity, low cost and high stability, ZnS QDs

are common main semiconductor material for the production of

quantum dots [28].

Herein, based on the DRC theory, we first report a new strategy

to generate electron-rich/poor reaction sites on the catalyst surface

by constructing SVs through Co doping into the ZnS QDs lattice. It

is demonstrated that in the system of cobalt-doped induced sulfur

vacancies, rapid interaction between pollutants/PMS/Co-ZnS QDs

can occur for electron transfer, and the pollutants are degraded by

the combined action of Co2+ sites and free radicals, resulting in

rapid oxidation of pollutants. And it is effective in the treatment

of actual printing and dyeing wastewater, which provides an effec-

tive strategy with high efficiency and low energy consumption for

actual wastewater treatment.

To determine the morphology and structure of the synthesized

catalyst. X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(XPS), extended X-ray absorption fine structure (EXAFS) and other

characterization methods were employed. The element maps of

Co-ZnS QDs (Fig. S1 in Supporting information) confirmed the pre-

dominant existence of Zn, S, and Co elements, as well as the even

dispersion of the three elements in the Co-ZnS QDs sample. The

high resolution transmission electron microscopy (HRTEM) image

of Co-ZnS was shown in Fig. 1a, many irregularly disconnected lat-

tice fringes were clearly observed in the high-resolution spectrum.

The lattice fringes with the same direction can be considered as a

quantum dot [29], which showed that quantum dots with a diam-

eter approximately 2.5 nm were unevenly distributed on the cat-

alyst. In addition, it showed that the distance (0.311nm) between

adjacent lattice fringes was in good agreement with the interplanar

distances of the ZnS (111) planes, which demonstrated the forma-

tion of ZnS QDs [30].

Fig. 1b showed the powder XRD pattern of the prepared cata-

lyst. Co-ZnS QDs had three main peaks which could be attributed

to the (111), (220), and (311) planes of the cubic zinc blende phase

of the ZnS host material [31]. No significant changes in XRD pat-

terns were observed when doped with Co, indicating that the cat-

alysts retain the basic main structure after doping. Compared with

the characteristic (111) reflection peak 2θ (2θ ≈ 28.75°) of ZnS

QDs, the (111) reflection peak 2θ (2θ ≈ 28.59°) of Co-ZnS QDs

shifted 0.16° toward the lower angle direction. Since the radius of

Co2+ (0.058nm) is slightly smaller than that of Zn2+ (0.060nm)

when Co2+ replaces the Zn2+ position in the ZnS lattice, the crys-

tal plane spacing in the ZnS lattice decrease, and its diffraction an-

gle shifts toward a lower angle. Co2+ entered the interior of the

ZnS lattice in a substituted Zn2+ position [32]. The results of XPS

in Fig. S2 (Supporting information) agreed well with previous XRD

results; the doping of Co did not change the original structure of

ZnS.

In Fig. 1c, the magnitude curves for the Co K-edge Fourier trans-

formed EXAFS signals of various samples were shown. A peak at

∼1.71 Å (no phase correction) was observed on the CoS sample,

which was distributed to the Co−S shell. The shell (1.84 Å) of Co-

ZnS QDs coincided with CoS, stating that Co(II) and the occurrence

of a Co−S shell originated from the formation of Co−S bonds. In

addition, to obtain finely local coordination information of the Co

species in the Co-ZnS QDs, advanced fitting curves of the EXAFS

signals were exhibited in Fig. 1d. In the key range of 0–2.50 Å, the

fitting curves on [χ (R)] and Re [χ (R)] almost matched up with the

experimental signals of Co-ZnS QDs, and the R-factor was ∼0.014

(less than 0.020), confirming the high credibility and certainty

of the fitting results. The eventually obtained fitting information

was shown in Table S2 (Supporting information). There were three

backscattering shells with bond distances of 2.30 Å (Co−S), 2.60 Å

(Co−Zn) and 2.03 Å (Co−Co) for the Co-ZnS QDs [33]. By compar-

ing the bond distances, it was easy to see that the Co−S shell was

the first shell and the Co−Zn shell was the second shell, which in-

dicated the formation of Co−S−Zn bonds in Co-ZnS QDs. The lat-

tice substitution of Co easily caused the shedding of S, resulting in

SVs.
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Additionally, in order to detect the production of SVs on the

catalyst surface, H2-temperature programmed reduction (H2-TPR)

was further conducted to investigate the reducibility of the ZnS

and Co-ZnS QDs, as shown in Fig. 1e. During the H2-TPR process,

H2 is highly reductive, which can reduce high valent metal ions to

low valent metal ions or metal atoms, and in addition, the surface

oxygen and lattice oxygen ions can participate in this reduction re-

action. Therefore, the results of H2-TPR could also indicate the ac-

tivity of oxygen species in catalysts [34]. For ZnS QDs, only one

strong peak at 480.8 °C was due to the reduction of the high va-

lent metal ions in ZnS QDs. With regard to the doped samples, the

existence of Co improved the reduction behavior. Generally, it has

been proposed that the vacancies generated in the catalyst lattice

can adsorb oxygen easily. Due to the presence of defective struc-

tures, sulfur vacancies are more inclined to adsorb oxygen, result-

ing in the formation of active oxygen species on the catalyst sur-

face. Therefore, many active oxygen species are formed on the cat-

alyst surface, which can be reduced readily by H2 at low temper-

ature [35]. The TPR curve of Co-ZnS could be divided into three

peaks. The first peak was at 439.76 °C, which was attributed to

the reduction of the adsorbed oxygen species adsorbed by surface

sulfur vacancies, proving the veritable existence of a large number

of surface sulfur vacancies on Co-ZnS QDs with the dopant of Co

species. The next two peaks at 516.25 and 604.44 °C could be as-

signed to the reduction of high valent metal ions Zn2+ and Co2+,
respectively [36]. The Zn2+ reduction temperature of Co-ZnS QDs

was higher than that of ZnS QDs, so the reduction peak was shifted

to high temperature with the substitution of Zn by Co, revealing

that ZnS QDs less stable than Co-ZnS QDs in the reducing environ-

ment and that Co doping was critical for improving the stability of

the Co-ZnS QDs structure [37].

The UV–vis-NIR diffuse reflectance spectra of the prepared sam-

ple were illustrated in Fig. 1f. The doping of Co enhanced the re-

sponse of the Co-ZnS QDs in the 650–800nm (the absorption band

of Co−S at approximately 750nm [38]) wavelength region. Starting

at approximately 225nm [39], the response of Co-ZnS QDs spectra

was significantly weaker than that of the ZnS QDs. These results

also demonstrated the successful doping of Co into the ZnS lattice,

which weakened the response strength of ZnS.

The catalyst activity of the synthesized samples with PMS ac-

tivation was evaluated by degrading BPA from an aqueous solu-

tion at natural pH. In the suspension with Co-ZnS QDs/BPA with-

out PMS (Fig. 2a), the adsorption capacity was very inconspicuous.

At the same time, BPA was barely removed in only PMS systems.

Surprisingly, in the presence of PMS, the pollutant could be com-

pletely removed within tens of seconds, indicating that the Co-

ZnS QDs had significant advantages over ZnS QDs (inset, Fig. 2a)

in degrading BPA and activating PMS. The result confirmed that

the inequivalent substitution of Co allowed the formation of an

electronically nonequilibrium state on the catalyst surface, which

played a crucial role in the degradation of organic pollutants by

the catalyst. To further explore the influencing factors of degrada-

tion, BPA was degraded in different reaction systems. The effects

of Co-ZnS QDs/PMS system about operation parameters on degra-

dation of BPA were investigated. Fig. 2b showed the effect of dif-

ferent PMS dosages in BPA degradation by the suspension with Co-

ZnS QDs/PMS, which showed that the activity was enhanced with

increasing PMS concentration. Typically, surface hydroxyl groups

readily form at the catalyst surface metal sites (Me-OH), which re-

sults in the activity of metal-containing catalysts being very sus-

ceptible to changes in pH in aqueous solution [40]. As illustrated

in Fig. 2c and Fig. S4 (Supporting information), the results partic-

ularly embodied that Co-ZnS QDs successfully avoid the effects of

pH and saline solutions on the degradation activity.

The catalyst stability of Co-ZnS QDs was shown in Fig. 2d.

The recycling performance for the degradation of BPA in Co-ZnS

QDs/PMS remained above 80% after 5 cycling runs, which showed

the excellent stability of the catalyst. Furthermore, to explore the

practicalities of Co-ZnS QDs, actual printing and dyeing wastewa-

ter was used to evaluate the degradation activity. Figs. 2e and f are

fluorescence spectra of actual wastewater before and after (30min)

the reaction in the Co-ZnS QDs/PMS system respectively. The fluo-

rescence intensity of the two main peaks related to the fulvic-like

compounds in the suspension decreased significantly [41,42], indi-

cating that the dissolved organic matter in the treated water was

basically removed, thus significantly improving the biodegradabil-

ity of the water. The results above confirmed that the Co-ZnS QDs

had high efficiency, strong adaptability, and high stability.

DFT calculations were further utilized to investigate the inter-

action between the pollutants/PMS and the two active sites on Co-

ZnS QDs. Fig. 3 presented the DFT calculations for the compari-

son of adsorption energy. At the electron-poor Co sites, the adsorp-

tion energy of phenol molecules (Eads = −1.09 eV) was much lower

than that of PMS, which clarified that phenol molecules could be

more stably adsorbed to the Co sites. Then, we performed adsorp-

tion/reaction calculations for PMS and phenol at the sulfur vacancy.

Apparently, the adsorption energy of PMS (Eads = −4.77 eV) was the

most negative at the electron-rich region SVs, indicating that PMS

adsorption was most stable at the SV sites. These results theoret-

ically suggested that pollutants tend to react in electron-poor re-

gions at the Co site, while PMS preferred to adsorb at SVs for re-

action. A stable model of the adsorption structure between them

was shown in Figs. 3a and b. More DFT calculation results were

shown in Figs. S5 and S6 (Supporting information). The pollutant

molecule acted as an electron donor interacting directly with the

electron-poor surface Co2+ site areas, and subsequently, electrons

were transferred to the SVs. In contrary, there was a strong ten-

dency for PMS to be adsorbed on the SV sites. When the PMS was

captured by SVs, the electron-rich SVs rapidly conveyed its internal

electrons to the PMS, causing a spontaneous process in which PMS

decomposed into •OH and SO4
2− (or OH− and SO4

•–). The pollutant

was adsorbed on the Co2+ site, which was an energy-decreasing

process that can proceed spontaneously, and the reaction energy

barrier in the transition state was at a very low level (2.6 kcal/mol)

(Fig. 3c), so the reaction could proceed quickly.

On this basis, to further explore the interfacial electron trans-

fer process in the Co-ZnS QDs system, TEMP and BMPO capture

EPR techniques were applied. As shown in Fig. 4a, in the absence

of pollutants, a weak signal consisting of three characteristic peaks

of TEMP-1O2 appears in the spectrum of the Co-ZnS QDs/PMS sus-

pension, which indicated that although PMS had relatively posi-

tive adsorption energy at the Co site relative to the SVs, there was

still a small part of PMS that provided electrons to the electron-

poor Co2+ areas and is oxidized to 1O2 [43,44]. After pollutants

were added to the suspension, the 1O2 signal almost disappeared.

These results showed that the BPA molecule acted as an electron

donor interacting directly with the electron-poor surface Co2+ site

areas, attenuating the oxidation process of PMS or the addition

of pollutants consuming 1O2. During this process, strong BMPO-
•OH and BMPO-SO4

•– adduct signals were also observed (Fig. 4b)

[45–47], revealing that a large part of PMS was captured by the

electron-rich area SVs and changed to free radicals by obtaining

electrons. The intensity of the •OH and SO4
•− signals had no sig-

nificant change after the addition of high concentrations of BPA,

which demonstrated that the consumption and generation of free

radicals are almost in a relatively equilibrium process. At the same

time, the pollutant was also adsorbed on the cobalt metal site, pro-

viding electrons to the electron-poor area, subsequently, electrons

were transferred to the SVs. The internal electrons in the SV were

trapped by PMS, therefore, PMS decomposed into •OH and SO4
•–.

Consequently, on the surface of Co-ZnS QDs containing Co2+ sites

and SVs, due to the presence of pollutants and PMS, the system
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Fig. 2. (a) Degradation of BPA in ZnS QDs and Co-ZnS QDs suspensions with PMS. (b) Effect of different PMS dosages on the degradation of BPA in Co-ZnS QDs suspensions.

(c) Effect of initial pH values on BPA degradation in Co-ZnS QDs/PMS. (d) The recycling performance for the degradation of BPA in Co-ZnS QDs suspensions with PMS. (e)

and (f) are the 3D-EEM fluorescence spectroscopy of the actual printing and dyeing wastewater sample by the Co-ZnS QDs with PMS. Reaction conditions: [BPA]=10mg/L,

[catalyst]=1g/L, [PMS]=2mmol/L (except b), natural pH (except c).

Fig. 3. (a, b) A model for stable adsorption structures of Co-Phenol and SV-PMS on Co-ZnS QDs based on DFT calculations. In addition, the results of adsorption complexation

reactions of PMS and pollutants on Co2+ sites and SV on the surface of Co-ZnS QDs are shown (comparison of adsorption energies based on DFT calculations). Unit: eV. (c)

Reaction pathways and free energies for the progressive oxidation of pollutants adsorbed on Co2+ sites on the Co-ZnS QDs surface based on DFT calculations.

could continuously generate free radicals and degrade pollutants.

Moreover, it was generally believed that the vacancies generated

in the catalyst lattice tend to adsorb oxygen. In Fig. 4c, a clear

BMPO-O2
•− signal suggested that DO molecules were also involved

in the reaction [48]. DO molecules trapped electrons in the SV to

form O2
•− radicals, which also drove the pollutants to provide elec-

trons at the Co2+ site, accelerating electron transfer within the sys-

tem and ultimately leading to rapid degradation of the pollutants.

As shown in Fig. S9 (Supporting information), it was evident that

although BPA could still be completely degraded in the presence

of nitrogen within 30 s, the degradation efficiency of BPA was re-

duced compared to degradation with oxygen, indicating that O2
•−

radicals can degrade the BPA to some extent. Fig. 4d showed the

electrochemical impedance spectroscopy (EIS) results of the pre-

pared electrodes based on the corresponding catalyst samples. The

slope of EIS usually reflected the rate of electron transfer [49,50].

The EIS slops of Co-ZnS QDs /BPA and Co-ZnS QDs/BPA/PMS had al-

most the same slope but are significantly smaller than that of the

Co-ZnS QDs, which made it clear that the addition of PMS and BPA

accelerated the electron transfer rate. These results verified the ex-

perimental results that the pollutants were degraded within tens

of seconds and degraded by multiple pathways.

Moreover, to demonstrate the above interface reaction mech-

anism, GC–MS technology was used to analyze the intermedi-

ate products in the Co-ZnS QDs/BPA/PMS system after reaction

for 5min (Fig. 4e, Fig. S7 and Table S3 in Supporting informa-

tion). It was discovered that cleavage and hydroxylation products

of BPA were present in the solution system after the reaction. The
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Fig. 4. TEMP spin-trapping EPR spectra for (a) 1O2 in Co-ZnS QDs suspensions in the absence of PMS with/without pollutants. BMPO spin-trapping EPR spectra for (b)
•OH/SO4

•– and (c) O2
•−in Co-ZnS QDs suspensions in the presence of PMS with/without pollutants. (d) Electrochemical impedance spectroscopy (EIS) of the prepared elec-

trodes from the corresponding catalyst samples. (e) Analysis of intermediate products of BPA degradation in Co-ZnS QDs suspensions with PMS by GC–MS.

electron-donating properties of BPA allowed its direct decomposi-

tion leading to the generation of cleavage products (e.g., phenol,

4–tert–butyl), in addition, the generation of hydroxylation products

proved the further degradation of pollutants by free radicals (e.g.,

glycerol and glycolic acid).

In summary, we first report a new strategy to generate

electron-rich/poor reaction sites on the ZnS QDs surface to improve

the activation efficiency of PMS. Through the lattice substitution

of Co, a defective surface with electron polarization distribution is

formed on the Co-ZnS QDs. The plasticizer micropollutants can be

completely degraded within only tens of seconds in the surface

sulfur vacancy-rich Co-ZnS QDs/PMS system. The interfacial reac-

tion mechanism is revealed that pollutants tend to be adsorbed

on the cobalt metal sites as the electron donors, where the in-

ternal electrons of pollutants are captured by the metal species

and transferred to the surface SVs. Meanwhile, PMS adsorbed on

the SVs is reduced to radicals by capturing electrons, achieving

effective electron recovery. Dissolved oxygen (DO) molecules are

also easily attracted to catalyst defects and are reduced to O2
•−,

further promoting the degradation of pollutants. Thus, the Co-ZnS

QDs/PMS system achieves efficient and multi-pathway degradation

of pollutants. And it is effective in the treatment of actual printing

and dyeing wastewater, which provides an effective strategy with

high efficiency and low energy consumption for actual wastewater

treatment.
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