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a b s t r a c t

Cobalt sulfide has received widespread attention in the advanced oxidation treatment of wastewater, and

its catalytic activity is influenced by crystal structure and exposed active sites. This work successfully

constructed three types of cobalt sulfides, namely Co9S8, Co3S4 and CoS2, by changing the molar ratio of

cobalt to sulfur. The results showed that the degradation efficiency of Co9S8, Co3S4 and CoS2 on chlorox-

ylenol by activated peroxomonosulfate (PMS) were 100%, 88.70% and 67.73%, respectively. Combined with

density functional theory (DFT), the structural properties and reaction energy barriers of different cobalt-

sulfur ratios were calculated. As the ratio of cobalt to sulfur increases, the sulfur vacancies realized a

fuller exposure of active sites (Co2+
surf.) on the surface of the catalysts, with a highly linear relation-

ship with the reaction rate constant (R2 =0.945). This work explores the structure-activity relationship

between cobalt sulfur ratio and degradation efficiency, which can guide new catalyst synthesis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, there is a continuous growth of the demand

for personal care products with antibacterial effects. Thus, vari-

ous germicidal ingredients are widely added to hand sanitizers,

soaps, and body lotions [1,2]. As a typical alternative to tradi-

tional bactericides (such as triclosan and triclocarban), the antivi-

ral efficacy of chloroxylenol (PCMX) against the novel coronavirus

(COVID-19) has been demonstrated, which was significant used in

recent years [3,4]. Notably, PCMX has stable chemical properties,

and could reach a certain cumulative concentration in the envi-

ronment. PCMX (at concentrations of 1.46–5.59 μg/L) has been re-

ported to be detected in influent water from wastewater treat-

ment plants [5,6]. Despite the low concentrations detected, PCMX

can cause significant harm to the aquatic environment and human

health due to its biological activity [7].

Advanced oxidation processes (AOPs) that generate strong oxi-

dizing free radicals (e.g., SO4
•- and •OH) have received much atten-

tion in degrading of organic pollutants in water [8-10]. Transition

metals (Co, Fe, Mn, Cu, etc.) are widely used as catalysts for oxida-

tive degradation due to their variable valence states, which active

oxidizing agent mainly by single electron transfer [11,12]. Cobalt-
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based catalysts are considered to be the most effective catalysts

among various transition metal [13,14]. Reduced sulfur species can

accelerate the M(II)/M(III) cycle, thereby further improving the

production and conversion efficiency of related reactive oxygen

species (ROS) and improving catalytic performance [15,16].

The efficient degradation of organic pollutants in wastewater

by cobalt sulfide-activated peroxymonosulfate (PMS) has attracted

much attention [17,18]. Previous studies have shown that differ-

ent crystal types of CoSx affect the catalytic degradation perfor-

mance, and the design and modulation of cobalt-based catalysts

with abundant active sites is an effective strategy to obtain effi-

cient cobalt-based catalysts [19,20]. However, there are few reports

investigating the effects of different cobalt-sulfur molar ratios on

cobalt sulfide catalysts with tunable morphology and crystal struc-

ture, while the relationship between the physical properties of dif-

ferent CoSx and their catalytic reaction efficiencies is still poorly

understood. Therefore, the aim of this work is to investigate the ef-

fect of precursor molar ratio on the physical properties of CoSx and

the structure-performance conformational relationship for PMS ac-

tivation.

In this work, CoSx with three different cobalt-sulfur molar ra-

tios were fabricated and characterized by a one pot method. The

degradation performance of PCMX by CoSx activated PMS was sys-

tematically evaluated, including process parameters and reaction

https://doi.org/10.1016/j.cclet.2024.110380
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Fig. 1. XRD patterns, FESEM images, and TEM images of (a, d, e) CoS2, (b, f, g) Co3S4, and (c, h, i) Co9S8.

mechanism combined with density functional theory (DFT), the ef-

fect of cobalt sulfide ratio on catalyst reactivity were systematically

studied.

All detailed chemicals, experimental and characterization meth-

ods are provided in Text S1 (Supporting information).

Three kinds of cobalt sulfide were simply synthesized by chang-

ing the ratio of cobalt to sulfur in the synthesis process. The crystal

structure of CoSx was characterized by X-ray diffractometer (XRD).

The XRD patterns were well matched with CoS2 (PDF #89-3056),

Co3S4 (PDF #02-1361), and Co9S8 (PDF #75-2023), respectively. It

indicates that CoSx with different crystal structures were success-

fully synthesized by facile varying cobalt-sulfur ratio (Figs. 1a–c).

The crystal structure of CoS2, Co3S4, and Co9S8 is shown in Fig. S1

(Supporting information).

The scanning electron microscope (SEM) and transmission

electron microscope (TEM) images show that CoS2 appears as

nanospheres (Figs. 1d and e), Co3S4 appears as hollow nanospheres

(Figs. 1f and g), and Co9S8 exhibits nanoflowers morphology (Figs.

1h and i). The results show that the controllable preparation of

CoSx morphology can be achieved by adjusting cobalt-sulfur ratio.

Inductive coupled plasma-optical emission spectrometry (ICP-OES)

(Table S1 in Supporting information) turns out that the true cobalt-

sulfur molar ratios of CoS2, Co3S4, and Co9S8 are 1:2.0, 1:1.5, and

1:1.1, respectively. The Brunauer-Emmett-Teller (BET) surface area

and pore structure of catalysts were analyzed using N2 adsorption-

desorption isotherms and BJH pore size distribution (Fig. S2 in Sup-

porting information), which indicates the mesoporous structures of

both three catalysts. The above results conform to their theoretical

ratios and provide further evidence for the successful preparation

of CoSx nanocatalyst as well. BET surface area, pore volume, and

pore size of the three catalysts are shown in Table S2 (Supporting

information). Obviously, the controllable preparation of CoSx mor-

phology and the corresponding crystal structure can be realized by

adjusting the ratio of cobalt(II) acetate tetrahydrate and thiourea.

Fig. 2a shows the effects of different catalysts CoSx on PCMX

degradation via PMS activation. The adsorption ability of the pure

CoS2, Co3S4, or Co9S8 on PMCX was negligible (3.1%, 3.9%, and 1.3%,

respectively). This finding is consistent with those of Lu et al. and

Li et al. who found that pure PMS and pure CoSx had a weak ad-

sorption capacity for pollutants [21,22]. The degradation efficien-

cies of CoS2, Co3S4, or Co9S8 on PCMX by PMS activation were

67.7%, 88.7% and 100%, respectively, which indicated that Co9S8 ex-

posed more PMS activation sites than Co3S4 and CoS2 under the

same catalyst dosage conditions. It has been reported that Co2+
surf.

exposed on the surface of cobalt-based catalysts could participate

in the activation of PMS, which significantly enhanced the degra-

dation efficiency [23].

The kinetic simulation results showed that the degradation be-

havior of PCMX was better fitted with the pseudo-first-order ki-

Fig. 2. (a) PCMX removal curves in different systems. (b) The pseudo-first-order

kinetic rate plots of PCMX degradation in CoS2/PMS, Co3S4/PMS, and Co9S8/PMS

systems. (c) PMS residual concentration in each system. (d) Utilization effi-

ciency of different cobalt sulfides. Conditions: [Cat.]0 =0.20 g/L, [PCMX]0 =20 mg/L,

[PMS]0 =1.00 mmol/L, pH0 =6.6, T=20 ± 1 °C).

netic model (Table S3 in Supporting information). The degrada-

tion rate of PCMX was obviously accelerated with the increase of

cobalt-sulfur ratio (Fig. 2b). The reaction rate constants of PCMX

degradation in CoS2/PMS, Co3S4/PMS, and Co9S8/PMS were 0.0386

min-1, 0.1619 min-1 and 2.3026 min-1, respectively. The decompo-

sition efficiency of PMS by CoSx with time was in agreement with

that of PCMX degradation in CoSx/PMS systems, as shown in Fig.

2c. CoS2 had a relatively weak activation ability for PMS, with a de-

composition efficiency of 57.6% at 30 min, while Co3S4 and Co9S8
were able to decompose PMS almost completely at 30 min and 5

min, respectively. It may be attributed to the lower sulfation de-

gree of Co9S8, which facilitates the exposure of its surface active

sites (Co2+
surf.) to promote the decomposition of PMS.

To further determine the catalytic activity of the materials, the

catalyst utilization efficiency (ηCat.), the molar mass of pollutant

degraded per gram of catalyst per minute, was calculated (Eq. 1).

The calculation results are shown in Fig. 2d. The CoSx nanocatalysts

prepared in this study showed high degradation activity for PCMX

compared to previously reported cobalt-based catalysts (Table S4

in Supporting information). Among the CoSx, Co9S8 could com-

pletely remove PCMX within 3 min, and its ηCat. reached 1.4703

mmol g-1 min-1.

ηCat.

(
mmol

g · min

)
= �[pollutant]

[Cat.]
× k (1)

2
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Fig. 3. (a) LUMO, HOMO and LUMO-HOMO gap energy levels of CoSx and PMS. (b) Electrostatic potential distribution of CoSx; Electron density differences of different PMS

adsorption models. Isosurface contour is 0.005 e/bohr3. (c) Density of states of CoSx. (d) The corresponding reaction energy barriers for PMS activation.

In order to further explore the reactivity of catalysts with dif-

ferent crystal forms caused by cobalt-sulfur ratio, DFT calculations

were performed on reaction energy levels and electronic proper-

ties [24]. By calculating �EPMS
Cat.

(energy level gap between catalyst

and PMS), it can be seen that the energy level difference between

CoS2 and PMS is narrower (�EPMS
CoS2

= 1.70 eV), which proves that

PMS can more easily receive electrons transferred from CoS2 (Fig.

3a) [25-27]. This �E
gap
Co9S8

(HOMO-LUMO gap) is similar to �E
gap
Co3S4

,

and is significantly lower than CoS2, indicating that the increase

of cobalt to sulfur ratio makes the catalyst’s reactivity significantly

enhanced.

Electrostatic potential distribution (ESP) shows that there are

great differences in the charge distribution on the surface of the

catalyst with different cobalt-sulfur ratios (Fig. 3b). The results

show that this cobalt-sulfur ratio modulation increases the num-

ber of electronic sites on the catalyst surface, which can effectively

control the charge distribution on the catalyst surface and create

more sites for PMS adsorption and activation [28-30]. Furthermore,

the electron density difference indicates an obvious charge transfer

between CoSx and PMS molecules can be found, which indicates

that the coordination adsorption and charge transfer between PMS

and CoSx contribute to the activation of PMS [28,31].

Besides, density of states analysis reveals covalent hybridization

between Co and S orbitals (Fig. 3c) [32], with the d orbitals of CoSx
being the main component of the valence ban. By simulating the

reaction energy barriers for the CoSx-catalyzed PMS activation pro-

cess, the results shown in Fig. 3d indicate that with the increase of

cobalt-sulfur ratio, the catalyst surface is more likely to adsorb the

PMS molecules to complete the electron transfer in the initial state

[31,33]. And the energy required for the peroxy bond breaking of

PMS catalyzed by CoS2 is obviously larger than that of Co3S4 and

Co9S8, so the CoS2/PMS system has the worst reactivity. Overall,

the increase of cobalt-sulfur ratio was more favorable to expose

adsorption-catalytic sites and activate the PMS process.

In the following discussion, using the Co9S8/PMS system as a

representative, the effect of other process parameters on the degra-

dation of PCMX by CoSx activated PMS will be investigated. The

effects of PMS dosage and initial pH on the catalytic performance

of Co9S8/PMS system were investigated (Fig. S3 in Supporting in-

Fig. 4. (a) The effect of scavengers on PCMX degradation. EPR spectra of (b) DMPO-

SO4
•- and DMPO-•OH, (c) DMPO-•O2

-, and (d) TEMP-1O2 in Co9S8/PMS system. Con-

ditions: [Co9S8]0 =0.20 g/L, [PCMX]0 =20 mg/L, [PMS]0 =1.00 mmol/L, pH0 =6.6,

T=20 ± 1 °C.

formation). With the dosage of 1.00 mmol/L PMS, PCMX was de-

graded below the detection limit within 5 min. It indicates that

there were enough active sites on the catalyst surface, and PMS

was activated to generate enough ROS to degrade PCMX (Fig. S3a

in Supporting information) [34]. When the initial pH value is in the

range of 3.0–9.0, the pH changes little in the degradation process

and has a certain stability (Fig. S3b in Supporting information).

Quenching experiments and EPR techniques revealed the re-

active species in the Co9S8/PMS system (Fig. 4). Fig. 4a showed

that 200 mmol/L of MeOH and TBA inhibited approximate 87.5%

and 17.4% of PCMX degradation, respectively, compared to the con-

trol. It indicates that a large amount of SO4
•- was produced in the

system, while a certain amount of •OH was present. CF on the

Co9S8/PMS system was negligible, indicating that the content of

3
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Fig. 5. XPS spectra of Co9S8 for (a) Co 2p and (b) S 2p before and after use. (c)

Schematic illustration of mechanism for PCMX removal via Co9S8/PMS system.

•O2
- in the system is very small, or the generated •O2

- immediately

transforms into other oxygen forms [35]. FFA can quench SO4
•-,

•OH and 1O2 simultaneously [36,37]. The degradation of PCMX

could be inhibited almost completely by adding 10 mmol/L FFA,

providing evidence to the presence of a large amount of 1O2 in

the system. DMPO and TEMP spin traps were used for EPR analysis,

and distinct signal peaks of 1:2:2:1 and 1:1:1:1:1:1 were detected

in the Co9S8/PMS system, and the 1O2 triplet peaks were signifi-

cantly stronger than that in PMS (Figs. 4b–d). In agreement with

the quenching experiments, the presence of SO4
•-, 1O2 and •OH in

the Co9S8/PMS system was further verified.

The changes of element valance of Co9S8 before and after the

degradation reaction were analyzed (after 5 cycles) (Figs. 5a and

b). Table S5 (Supporting information) shows the changes in the va-

lence content of Co and S before and after the degradation reac-

tion. After the reaction, the content of Co2+ decreased by 23.0%,

indicating that the main active site of PMS activation was Co2+
surf.,

which was oxidized to Co3+
surf. after the reaction (Eq. 2) [17]. At

the same time, Co3+
surf. generated by oxidation would be reduced

to Co2+
surf. by PMS (Eq. 3) [38]. •OH in the system was generated

by the reaction of SO4
•- with H2O or OH- (Eqs. 4 and 5) [39]. The

content of S2- decreased by 12.4% after the reaction. S2- has been

reported to reduce Co3+
surf. to Co2+

surf. (Eq. 6), thereby enhanc-

ing the Co2+
surf./Co

3+
surf. cycle efficiency and promoting the im-

provement of the catalytic efficiency [23]. A small fraction of 1O2

in the system is produced by self-decomposition of PMS (Eq. 7)

[21]. The majority of 1O2 is formed by the reaction of accumulated

SO5
•- with H2O (Eq. 8) [40]. Finally, ROS such as SO4

•-, •OH, and
1O2 were produced in the system to oxidatively degrade PCMX to

generate CO2, H2O, and degradation intermediates (Eq. 9).

≡Co(II)surf. +HSO5
-→ ≡Co(III)surf. + SO4

•- +OH- (2)

≡Co(III)surf. +HSO5
-→≡Co(II)surf. + SO5

•- +H+ (3)

SO4
•- +H2O→ SO4

2- + •OH+H+ (4)

SO4
•- +OH- → SO4

2- + •OH (5)

≡Co(III)surf. + S2-→≡Co(II)surf. + S2
2-/SOx (6)

HSO5
- + SO5

2- →HSO4
- + SO4

2- + 1O2 (7)

SO5
•- +H2O→ SO4

2- + 1O2 +H+ (8)

SO4
•-/•OH/1O2 +PCMX→CO2 +H2O+ intermediates (9)

The above discussion indicates that the main ROS in Co9S8/PMS

system are SO4
•-, •OH, and 1O2 (Fig. 5c). The main active site of

the catalyst is Co2+
surf.. The reduced sulfur species S2- promotes

the regeneration of Co2+
surf. on the catalyst surface, improving the

catalytic efficiency.

To study the transformation and evolution of PCMX in the

Co9S8/PMS system, the active site of contaminant PCMX suscepti-

ble to ROS attack was verified by DFT calculations (Fig. S4 in Sup-

porting information) [40]. The HOMO and LUMO values of PCMX

are -6.110 eV and -0.097 eV, respectively. the value of the energy

gap (�E= ELUMO - EHOMO) between HOMO and LUMO is 6.013 eV.

The Fukui function (f +, f -, f 0) can be introduced to better inves-

tigate the oxidizing ability of each atom towards persulfate, cat-

alysts and pollutants [41]. Based on the above calculations, it is

considered that ROS such as SO4
•-, 1O2,

•OH are more likely to un-

dergo ring opening reaction in directly attacking the benzene ring

at the position of C3-C4/C6-C7 versus C4-C5/C5-C6. Also, ROS can

undergo side chain oxidation at C8 and C9. Combined with LCMS

results (Fig. S5 in Supporting information), the degradation path

of PCMX by Co9S8/PMS system was analyzed, as shown in Fig. S6

(Supporting information).

In order to reveal the effect of cobalt-sulfur ratio on the cat-

alytic efficiency of the CoSx/PMS system, the relationship between

n(Co/S) and BET surface area was fitted. The result indicates that

n(Co/S) was positively correlated with BET surface area (Fig. 6a).

Meanwhile, BET surface area was in a good linear relationship with

catalytic reaction rate constant and the correlation coefficient R2

was 0.999 (Fig. 6b), indicating that the cobalt-sulfur ratio plays a

key role in the PMS activation performance of cobalt sulfides, and

the catalytic efficiency of cobalt sulfides increased with the cobalt-

sulfur ratio. The difference in cobalt content on the surface of cat-

alyst was analyzed by XPS to further explore the effect of BET sur-

face area on the catalytic efficiency of catalysts. Fig. 6c shows the

Co 2p spectra of CoS2, Co3S4, and Co9S8 before reaction. The peaks

at approximate 778.3, 781.0, 793.4, and 797.1 eV were assigned to

be Co3+ 2p3/2, Co
2+ 2p3/2, Co

3+ 2p1/2, and Co2+ 2p1/2 [42], respec-

tively.

We found that the content of Co2+ in the catalyst was increas-

ing with the cobalt-sulfur ratio, while the content of Co3+ was de-

creasing. The proportions of Co2+ in CoS2, Co3S4, and Co9S8 were

41.1%, 42.9%, and 57.5%, respectively. However, the proportions of

Co3+ were 41.4%, 32%, and 12.8%, respectively. The relationship be-

tween the content of Co2+ and reaction rate constant k of each

catalytic system was further determined at the same time. Fig. 6d

reveals that the content of Co2+ is positively related to reaction

rate constant k with a linear relationship. Therefore, the enhanced

catalytic activity of cobalt sulfides can be attributed to the increase

of Co2+ content on catalysts.

According to Fig. 6e, the cobalt-sulfur ratio can affect the phys-

ical properties of cobalt sulfides, such as morphology, BET surface

area and surface Co2+ content, thus determining the catalytic ac-

tivity of cobalt sulfides. With the increase of cobalt-sulfur ratio,

the morphology of cobalt sulfides changes from nanoparticle to

nanoflower, and the BET surface area of the catalyst increases grad-

ually. The active site Co2+ on the catalyst surface thus can be more

fully exposed, so as to improve the catalytic activity.

In this work, a series of CoSx with different cobalt-sulfur ra-

tio were successfully fabricated via one plot method for PCMX re-

4
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Fig. 6. (a) The relationship between n(Co/S) and BET surface area of CoSx. (b) The

relationship between BET surface area and reaction rate constant k of CoSx. (c) Co

2p spectra of CoS2, Co3S4, and Co9S8 before reaction. (d) The relationship between

content of Co2+ and reaction rate constant k of CoSx. (e) Schematic graph of the

effect of cobalt-sulfur ratio on CoSx/PMS system.

moval. The cobalt-sulfur ratio is a key factor in regulating the cat-

alytic activity of CoSx through the changes in charge properties

and the exposure of active sites. With the reduction of the de-

gree of vulcanization, the prepared cobalt sulfide has a larger BET

surface area, and the active site (Co2+
surf.) on its surface can be

more fully exposed. The results shows that the first-order kinetic

constant of PCMX degradation by Co9S8 was 2.30 min-1, which

is much higher than that of CoS2 (0.039 min-1) and Co3S4 (0.16

min-1), and the value of k was highly linearly related to the spe-

cific surface area of CoSx and the Co2+ content. DFT theoretical cal-

culations also verified that the increase of cobalt-sulfur ratio can

expose more active sites and reduce the energy barrier of catalytic

oxidation reaction. This work provides both theoretical and tech-

nical support for the design of new cobalt-based catalysts for PMS

activation.
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