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Text S1. Sources of chemicals

All chemicals were of analytically pure reagent and used without further 

purification. The CoCl2•6H2O, NaOH, tert-butanol (TBA), Methanol, p-benzoquinone 

(p-BQ), and furfuryl alcohol (FFA) and Sulfamethoxazole (SMX) were purchased from 

Aladdin Company. Peroxymonosulfate (PMS, KHSO5•0.5KHSO4•0.5K2SO4) was 

purchased from Alfa Aesar. L-hisditine (C6H9N3O2) was purchased from TCI. The 

acetone was purchased from Sinopharm Co, Ltd, and the sodium thiosulfate 

(Na2S2O3⋅5H2O) from Macklin Company. All the aqueous solutions were prepared by 

using Milli-Q water.

Text S2. PMS utilization ratio calculation formula

Eq. S1:  
PMS utilization ratio =

∆n(pollutant)
∆n(PMS)

× 100%

In the equation,  represented the molar amount of pollutant removed and ∆n(SMX)

 denoted the molar amount of PMS consumed.∆n(PMS)

Text S3. Electrochemical analysis tests.

The electrochemical analysis was carried out on electrochemical workstation 

(Koster CS3104). Pt wire and Ag/AgCl electrode were used as the counter and 

reference electrodes, respectively, while catalyst-modified glassy carbon served as the 

working electrode. The catalyst ink was prepared by sufficiently sonicating the mixture 
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of the catalyst (2 mg), isopropyl alcohol (0.74 mL), Nafion solution (0.02 mL), and DI 

H2O (0.24 mL). The glass carbon was then modified with the catalyst ink (10 µL) to 

achieve the desired catalyst loading amount (0.1 mg cm−2). PMS and SMX were added 

at given intervals to final concentrations of 50 mg L−1 and 20 mg L−1. Test results: PMS 

was added in 21 min and SMX was added in 42 min. There was no obvious current 

response.

Text S4. Methods for measuring the concentration of active species.

Eq. S2:  
𝑁𝑥 =

𝐴𝑥𝐺𝑥

𝐴𝑠𝐺𝑠
𝑁𝑠

In the equation, (N) represents the spin number of the sample, (A) represents the line 

integral area of the spectrum, (G) represents the amplification factor of the test, and (s) 

represents the standard sample while (x) represents the unknown sample.

Text S5. The degradation rate (k) of SMX by different active species.

Eq. S3:  
𝑘 =

(1 ‒ 𝑚𝑥) ‒ (1 ‒ 𝑛𝑥)
(1 ‒ 𝑚𝑥)

𝑘𝑥

In the equation, (mx) Percentage of undegraded SMX without scavengers in 2 min, (nx) 

Percentage of undegraded SMX with scavengers in 2 min, and (kx) Rate constants for 

different catalysts in 2 min.

Text S6. The HPLC methods in the experiment section.

All the samples under text were filtered with 0.22 µm polyethersulfone syringe 
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membrane filter to determine the concentration via HPLC (Agilent 1260 Infinity Ⅱ, 

USA) with an Agilent InfinityLab Poroshell 120 EC-C18 column (4.6 × 150 mm, 4 

µm). 

BPA: The mobile phase was a mixture of 70% methanol and 30% water. The flow rate 

and injection volumes were 0.5 mL/min and 10 µL, respectively. The detector 

wavelength was set at 225 nm. CBZ: The mobile phase was a mixture of 40% methanol 

and 60% water. The flow rate and injection volumes were 0.5 mL/min and 10 µL, 

respectively. The detector wavelength was set at 210 nm. ATZ: The mobile phase was 

a mixture of 20% methanol and 80% water. The flow rate and injection volumes were 

0.5 mL/min and 10 µL, respectively. The detector wavelength was set at 220 nm. SMX: 

The mobile phase was a mixture of 25% (0.1% Formic acid) and 75% water. The flow 

rate and injection volumes were 0.6 mL/min and 20 µL, respectively. The detector 

wavelength was set at 554 nm.

Fig. S1. SEM image of Hemi-Co3O4/SiO2
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Fig. S2. (a)The SMX removal by individual PMS. [SMX] = 20 mg/L, [PMS] = 0.12 

g/L. (b)The SMX removal by individual Hemi-Co3O4/SiO2. [SMX] = 20 mg/L, 

[Catalyst] = 0.1 g/L. 

Fig. S3. The total organic carbon content in Hemi-Co3O4/SiO2/PMS systems. 

Reaction conditions: [Hemi-Co3O4/SiO2] = 0.1 g/L, [PMS] = 0.12 g/L, [SMX] = 20 

mg/L. 
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Fig. S4. The SMX degradation activity with Hemi-Co3O4/SiO2 at different pH. 

Reaction conditions: [Hemi-Co3O4/SiO2] = 0.1 g/L, [PMS] = 0.12 g/L, [SMX] = 20 

mg/L.

Fig. S5. The SMX degradation by Hemi-Co3O4/SiO2 in the atmosphere and nitrogen-

bubbling conditions. Reaction conditions: [Hemi-Co3O4/SiO2] = 0.1 g/L, [PMS] = 
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0.12 g/L, [SMX] = 20 mg/L, [initial pH] = 5.3.

Fig. S6. The FTIR spectra of bulk cobalt oxide and Hemi-Co3O4/SiO2.

Fig. S7. The I-t curve of Hemi-Co3O4/SiO2
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Fig. S8. The activity of leaching cobalt ions from Hemi-Co3O4/SiO2 on the degradation 

of SMX. Reaction conditions: [PMS] = 0.12 g/L, [SMX] = 20 mg/L. 

Fig. S9. The EPR spectra of SO4•− after the reaction obtained using DMPO as spin-

trapping agents. 
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Fig. S10. The N2 adsorption−desorption isotherms of Hemi-Co3O4/SiO2, A-

Co3O4/SiO2 and C-Co3O4/SiO2.

Fig. S11. The effect of different real water samples on SMX removal efficiency. 

Reaction conditions: [Hemi-Co3O4/SiO2] = 0.1 g/L, [PMS] = 0.12 g/L, [SMX] = 20 

mg/L. 
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Fig. S12. The XRD of Hemi-Co3O4/SiO2 before and after the reaction.

Fig. S13. Degradation performance of Hemi-Co3O4/SiO2 on various refractory drugs. 
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Fig. S14. The optimized structures of (a) bulk cobalt oxide, (b) C-Co3O4 and (c) 

Hemi-Co3O4.

Fig. S15. The optimized structures of (a) isolated PMS, (b) bulk cobalt oxide@PMS 

and (c) C-Co3O4@PMS in Type II mode. 
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Fig. S16. The difference charge density of (a) bulk cobalt oxide @PMS and (b) C-

Co3O4@PMS systems. The iso-surface value was set as 0.003 e/Bohr3, and the yellow 

and cyan bubbles were represented as the charge accumulation and reduction, 

respectively.
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Fig. S17. The optimized structures of reaction intermediates of 1O2 generation on C-

Co3O4

Table S1. The adsorption free energies of C-Co3O4@PMS and bulk cobalt oxide@PMS 

in two types mode.

Co3O4-based catalysts Binding configurations Gads(eV)

Type I -1.56
C-Co3O4

Type II -1.28

Type I -1.33
bulk cobalt oxide

Type II -0.86
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Table S2. Economic Evaluations for SMX removal through different advanced oxidation processes (AOPs).

Catalysts
Reaction 

system (L)
Time 
(min)

Contaminant 
concentration 
（mg/L）

Oxidant & Chemicals
Energy 

cost ($/m3 
)

Chemical cost 
($/m3 )

Total cost of 
treatment ($/m3 )

Ref.

CoFe/ZSM-5 0.5 60 10

CoFe/ZSM-5

= 0.3 g/L

PMS=2 mM

- 1.29 1.29 1

Co/CN-650 0.03 8 10

Co-Cu@g-C3N4-2

= 0.1 g/L

PMS=0.5 mM

- 3.26 3.26 2

EB/H2O2 - - -
EB=25 kGy

PMS=10 mM
2.44 0.15-0.30 2.59-2.74 3

CoSx@SiO2 0.05 10 5

CoSx@SiO2= 

0.2 g/L

PMS=0.2 mM

- 4.58 4.58 4

CoxFe1-xWO4 0.1 15 10
CoxFe1-xWO4

PMS=0.33 mM
- 0.732 0.732 5
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Hemi-Co3O4/SiO2 0.05 6 20

Hemi-Co3O4/SiO2

=0.1g/L

PMS=0.39 mM

0.588 0.588
This 
Wor

k

Note: Calculated amounts were approximate.

PMS cost = 1.3 $/kg; FeSO4•7H2O cost = 1.57 $/kg; CoCl2•6H2O cost = 6.71 $/kg; TAA cost =2.09 $/kg; FeCl2•4H2O cost =1.23 $/kg; 

Na2WO4⋅2H2O cost = 9.25 $/kg; Co(NO3)2•6H2O cost = 8.37 $/kg; TMAH cost = 2.21 $/kg; TEOS cost =1.54 $/kg; FeCl2 cost =1.09 $/kg; 

C3H6N6 = cost = 0.59 $/kg; Ethylene glycol cost = 0.70 $/kg; citric acid cost = 0.29 $/kg; urea=0.63 $/kg

Table S3 Comparison of catalytic activities between Co3O4/SiO2 catalysts and the previous reports. 

Number Catalyst

Catalyst

Dosage

(g L-1)

PMS

dosage 
(mM)

Contaminant

(mg L-1)
pH

Temp. 
(℃)

kobs 

(min-1)
Pathway

Normalized k

(min-1 M-1)
Ref.

1
Hemi-

Co3O4/SiO2
0.1 0.39 20 5.8 25 1.10

Radical and

nonradical
564.1

This 
work

2 C-Co3O4/SiO2 0.1 0.39 20 5.8 25 0.408 Radical and 209.23 This 
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nonradical work

3 bulk cobalt oxide 0.1 0.39 20 5.8 25 0.225
Radical and

nonradical
115.38

This 
work

4 A-Co3O4/SiO2 0.1 0.39 20 5.8 25 0.63
Radical and

nonradical
323.08

This 
work

5 C3N5-Co0.59 0.5 0.8 10 11.03
Room 
temper
ature

0.35158
Radical and

nonradical
8.7895 6

6 OMC-Co-T800 0.1 0.65 10 5.8 25 0.1988 Radical 30.58 7

7 Co−N−CNTs 0.1 1 10 6.8 25 0.0008
Radical and

nonradical
0.08 8

8 GcN/Co 0.1 1 5 7.1
Room 
temper
ature

0.2028
Radical and

nonradical
10.14 9

9 Co-NC-C 0.1 0.33 20 7.08 25 0.038
Radical and

nonradical
23.03 10

10 CoNCWS800 0.051 0.6 15 5.14 25 0.1001
Radical and

nonradical
49.07 11
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11 CoSx@SiO2 0.2 0.2 5 5.1 25 0.7286
Radical and

nonradical
91.075 4

12 CoFeO4 0.1 0.2 2.53 6
room 

temper
ature

0.1172 Radical 14.8258 12

13
Co−Fe/NC0.7@G

CS
0.4 0.5 30 5.76

room 
temper
ature

0.101
Radical and

nonradical
15.15 13

14 FeCo-BC 0.1 0.4 10 3.4 25 0.749
Radical and

nonradical
187.29 14

15 CoMn2O4 0.2 0.2 12.6 7
room 

temper
ature

0.21 66.15 15

16
Co/CoO/Co9S8@

NSOC
0.1 0.8 20 7.88 25 1.3

Radical and

nonradical
325 16

17 LCo 0.15 0.4 2.5 11.88 30 0.2133 Radical 11.85 17

18
Fe−Co−O−g- 

C3N4
0.2 0.8 10 3.4 25 0.085

Radical and

nonradical
53.125 18

19 Co3O4@NCNTs 0.1 0.65 20 6.67 25 0.2224 Radical and 68.43 19
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nonradical

20 Co0.70Fe0.30WO4 0.1 0.325 10 7 25 0.272 Radical 83.69 5

21 CoOOH/BC 0.3 0.65 40 5.2
room 

temper
ature

0.443
Radical and

nonradical
90.87 20

22 B-CoOOH 0.1 0.3 10 9
room 

temper
ature

1.65
Radical and

nonradical
550 21

23
A-Co-CN/g-

C3N4
0.2 1.3 20 6

room 
temper
ature

0.2601
Radical and

nonradical
20.07 22

Note: The normalized kinetics were obtained via normalizing reaction rate constant (kobs) to the dosage of catalyst, oxidants, and organics via 

Eq. S4:   
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑘 =

𝑘𝑜𝑏𝑠 ∙ 𝑐𝑆𝑀𝑋

𝑐𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∙ 𝑐𝑃𝑆
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Table S4. The Degradation of various refractory drugs with Hemi-Co3O4/SiO2. 

Enter Contaminants Structural formula
Time 
(min)

Conversion 
(%)

k (mn-1)

1 Bisphenol A
OHHO

2 30.4% 0.182

2 Ofloxacin
N

N

CH3

F

O
N

CH3

OH

OO

2 71.3% 0.625

3
2,4-

dichlorophenol

OH

ClCl
2 39.2% 0.249

4 Atrazine N

N

N

Cl

N
H

N
H

2 51.5% 0.362

5 Carbamazepine N

O NH2

2 57.3% 0.425

Note: k value is the rate constant for degradation of different pollutants over two min. 

Ct: the pollutant concentration at two min (t), C0 is the initial pollutant concentration



S22

Eq. S5: 𝑘 =
‒ 𝑙𝑛⁡(

𝐶𝑡

𝐶0
)

𝑡

Table S5. Percentage of peak area of cobalt ions of different valence states in XPS.

Catalyst
Percentage of Co2+ peak 

area (%)

Percentage of Co3+ peak 

area (%)

Hemi-Co3O4/SiO2 52.2 47.8

A-Co3O4/SiO2 45.4 55.6

C-Co3O4/SiO2 41.1 58.9

Note: m: Percentage of Co2+ peak area (%); n: Percentage of Co3+ peak area (%)

Eq. S6:    
Co2 + /Co3 +  = 𝑚

𝑛

Table S6. Percentage of peak areas of different oxygen species in XPS.

Catalyst
Percentage of OLatt 

peak area (%)

Percentage of Oada 

peak area (%)

Percentage of Osurf 

peak area (%)

Hemi-Co3O4/SiO2 44.0 41.6 14.1

A-Co3O4/SiO2 53.4 34.9 11.7

C-Co3O4/SiO2 62.0 24.5 13.5
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Table S7. The concentration of SO4•− in the solution after the reaction. 

Time (min) Concentration of SO4•−

2 1.789×10-5 mol/L

6 3.702×10-5 mol/L
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