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Text S1. Chemicals and materials.

Cobalt chloride (CoCl,, 98.0%), 2,2-Bis (4-Hydroxyphenol) Propane (C;5H;50,,
BPA, 98.0%), Sulfamethoxazole (CioH;{N3;05S, SMZ, 98.0%), 2,4-dichlorophenol
(C¢H4CL,0, 2,4-DCP, 98.0%), (methylsulfinyl) benzene (C;HsOS, PMSO, 98.0%),
methyl phenyl sulfone (C;HgO,S, PMSO,, 98.0%), 2,2,6,6-tetramethyl-4-piperidinol
(CoH;oNO, TEMP, 98.0%), sodium sulfate (Na,SO4, 99.0%), potassium
monopersulfate triple salt (Ks/2H32S,09, PMS, 42.8-46.0%), rhodamine B
(C,5H3,CIN,0O;, RhB, 96.0%), humic acid (HA, 90.0%), nafion perfluorinated resin
(CyHF705S), and p-benzoquinone (CgH40,, p-BQ, 99.0%) were obtained from
Adamas-beta Co., Ltd. Sodium thiosulfate (Na,S,03, 99.0%), furfuryl alcohol (CsHgO,,
FFA, 98.0%), Ciprofloxacin (C7H;sFN30;, CIP, 98.0%), Sodium bicarbonate
(NaHCOs3, 99.8%) and tert-butanol (C4H;oO, TBA, 99.0%) were obtained from
Shanghai Macklin Biochemical Co., Ltd. Ethanol (CH;CH,OH, EtOH, 99.7%),
Methanol (CH;0H, MeOH, 99.7%), sodium dihydrogenorthophosphate (NaH,PO,,
99.0%) and sodium chloride (NaCl, 99.5%) were obtained from General-Reagent® Co.,
Ltd. 5,5-dimethyl-1-pyrroline N-oxide (C¢H;;NO, DMPO) was purchased from
DOIJINDO, Japan. Tetracycline (C,;Hp4N,Og, TC, 91.0%) was obtained from J&K
Science Co., Ltd. Phenol solution (CsH¢O, 99.5%) was obtained from Shanghai Meryer
Co., Ltd. Melamine (C5HgN6, 99.0%) was obtained from Sinopharm Chemical Reagent
Co., Ltd. sodium nitrate (NaNO;3;, AR) were obtained from Guangdong Guangshi
Regent Technology Co., Ltd. All solutions were prepared using ultrapure water (Milli-

Q, 18.2 MQ cm) produced from a purification system.



Text S2. The determination of Co contents in nZVCo@NC.

The procedure for determining the Co content in the nZVCo@NC catalysts as
follows: A 2.0 mg portion of the nZVCo@NC catalyst was placed in a Teflon crucible,
followed by the addition of 3.0 mL sulfuric acid and 2.0 mL nitric acid. The resulting
suspension was heated on an electric hot plate at 200 °C until it turned clear and
transparent. After being cooled to room temperature, the solution was transferred to a
50.0 mL volumetric flask, diluted with water to the calibration mark, and shaken
thoroughly. Finally, a 5.0 mL aliquot of the solution was taken, and the concentrations
of Co were measured using inductively coupled plasma optical emission spectrometry
(ICP-OES). The Co content in the nZVCo@NC catalyst was calculated using Equation

S1.

, ¢ % 0.05L
Ratioy, = ———— X 100 wt%
2mg (S1)

Where ¢ and Ratioy are the metal concentration (mg L') measured by ICP-OES and

metal content in the nZVCo@NC catalysts.



Text S3. Calculation of the modified rate constant.

The pseudo-first-order kinetic constant (k) is determined by equation S2

Ct
ln (C—O) - kObS Xt

(82)
where €t and €0 are the pollutant concentration at reaction time (t) and initial moment,
respectively.

The modified rate constant (k) is calculated as equation S3

obs

N k,,. X [P]
m- [cat] X [PMS] (S3)

Where ks = pseudo-first-order kinetic constant, [P] = Concentration of pollutants,

[cat] = catalyst dosage, and [PMS] = PMS concentration.



Text S4. Details of the DMPO- and TEMP-trapping EPR analysis.

The reaction was performed in a beaker with stirring via a magnetic stirrer. The first
and second sampling times were set at 15 seconds and 45 seconds after the initiation of
the reaction, respectively. At each time point, 1.0 mL of the reaction mixture was taken,
and 20 pL of DMPO/TEMP (5.0 M) was added thereto. The resulting suspension was
then transferred into a micropipette and loaded into an EPR quartz tube for the detection
of SO, *OH, O,", and '0,. The reaction conditions were as follows: catalyst dosage

=0.06 g L', [PMS], = 0.50 mM, [2,4-DCP], = 50 uM, and temperature = 25 °C.



Text S5. Details of the in situ Raman analysis.

The activation reaction of PMS was conducted in a beaker under magnetic stirring.
At predetermined time intervals, 50 pL of the suspension mixture was sampled. The
conversion of HSO’~ to SO4>~ was measured utilizing a 532 nm laser. The reaction
parameters were as follows: catalyst dosage = 0.2 g L-!, initial PMS concentration
[PMS]o=0.50 M, initial 2,4-DCP concentration [2,4-DCP], = 500 uM, and temperature

=25°C.



Text S6. Details of electrochemical test.

The electrochemical properties of catalysts were evaluated using a Zahner
electrochemical workstation (Zahner Zennium Pro) in a standard three-electrode
configuration. In this setup, an Ag/AgCl electrode served as the reference electrode, a
platinum sheet functioned as the counter electrode, and 50 mL of 0.1 M Na,SO,
solution was used as the electrolyte. A 500 puL mixture of catalyst solution (10 g L)
and Nafion solution (20 wt%) was deposited onto a 1x1 c¢cm? indium-tin-oxide (ITO)
conductive glass electrode, which acted as the working electrode. Using the
chronoamperometry technique, PMS and 2,4-DCP were sequentially introduced into
the reaction system, with the resulting current variations recorded throughout the

process.



Text S7. Details of galvanic oxidation process (GOP) system.

A galvanic oxidation process (GOP) system was developed to separate PMS and 2,4-
DCP into two half-cells to verify the electron transfer process in PMS activation and
2,4-DCP decomposition. The same working electrode preparation method employed in
the electrochemical experiments was utilized (Text S6), except that graphite electrodes
were utilized in lieu of platinum electrodes. A KCI agar salt bridge and an ammeter
connected the two half-cells to maintain electrical neutrality and record current changes
during the reaction. The reaction solutions used were all prepared with 0.1 M Na,SO,
solution. The reaction solutions (50 mL) were placed in each of the two half-cells in
advance, and the opening of the ammeter was taken to mark the commencement of the
reaction, with the subsequent recording of the change in current in the system at

different times.



Text S8. Details of theoretical calculations

The DFT calculations were carried out using DMol® module !?. Exchange and
correlation effects were treated within the generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE) functional 3. The all-electron relativistic
(AER) function combined with the double numerical plus polarization (DNP) basis set
was adopted to describe the interactions between atomic nuclei and electrons . The
convergence criteria for electronic energy and geometric optimization were set as 2x10-
5 Ha and a maximum force of 0.004 Ha/A. To avoid spurious interactions between
periodic images, a vacuum layer of 15 A was applied. The van der Waals (vdW)
interaction were incorporated using the Grimme dispersion correction scheme °.
Solvation effects were considered via the conductor-like screening model (COSMO)
with a dielectric constant of 78.54 to simulate the water environment °. The adsorption
energy (Eyqs) was defined as E,g=Esys—Eca—Emol, Where Egy, Ecq and Eyy, represent the
total energies of the adsorption system, the catalyst, and the adsorbate molecule,

respectively.
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Fig. S1. FTIR spectrum of nZVCo@NCssp.
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Fig. S2. Raman spectra of nZVCo@NC75y and nZVCo@NCgsy.
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Fig. S3. Statistical analysis of the particle size distribution of nZVCo@NC
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Fig. S4. Effect of pH on adsorption capacity.
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Fig. S5 comparison of the TOC removal rate
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Fig. S7. XRD pattern of used nZVCo@NC.
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Fig. S8. Effect of D,0O on 2,4-DCP degradation in nZVCo@NC + PMS system.
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Fig. S9. EPR spectrum using DMPO as the trapping agent in methanol.
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Table S1. Molecular structures of organic compounds, along with operational
parameters of HPLC and UV-vis spectrophotometer.

Detection )
Mobile Phase
Compound Structure Wavelength VIv)
(nm)
et I P el Methanol : water (0.8%
etracycline
(T}é) O“‘ . 355 phosphoric acid): acetonitrile
e =20:60:20
HO. OH
bisphenol A (BPA) 225 Methanol : water = 70:30
Ciprofloxacin O Y 278 water (0.8% phosphoric acid):
(CIP) ;C%j\’r acetonitrile = 80:20
sulfamethoxazole \\S\/ SN
A 266 Methanol : water = 55:45
(SMZ) e
Phenol ©/ 270 Methanol : water = 60:40

2,4-dichlorophenol

(2,4-DCP)

methyl phenyl sulfoxide

(PMSO)

methyl phenyl sulfone

(PMSO,)

Rhodamine B
(RhB)

OH
& o=
ClI Cl
S
O ™ 218

\%e
A 218
(™
=
‘/’ OH
0
= R or 552
AN T ‘\N’\\

Methanol : water = 80:20

Acetonitrile : water (0.8%
phosphoric acid) = 40:60

Acetonitrile : water (0.8%
phosphoric acid) = 40:60
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Table S2. Comparison of the normalized rate constants of pollutant degradation by
PMS activation with the previously reported catalysts. The normalized rate constant
(k) model was obtained after multiplying the pseudo-first-order kinetic constants (kyps)

by the pollutant concentration and dividing by the catalyst and PMS dosage.

Catalyst PMS Pollutant Kobs km
Ref.
(gL (mM) (mg L) (min') (min'M)
nZVCo@NC(0.06) 0.50 2,4-DCP (8.15) 2.3260 631.897 This
work
BC (0.1) 1.30 TC (40) 0.00064 0.197 7
CNTs (0.04) 0.50 2,4-DCP (16.3) 0.0259 21.100 8
pCN (0.2) 0.65 TC (20) 0.0020 0.302 o
CN (0.3) 1.25 Phenol (50) 0.0052 0.687 10
B-CN (0.2) 2.00 TC (50) 0.0184 2.300 1
O-CN (0.4) 0.80 SMX (5) 0.0117 0.183 12
Co0304(0.2) 0.65 Phenol (20) 0.029 4.460 13
Co;04/BC (0.1) 1.30 TC (40) 0.2510 77.230 7
Co0304-NC/CNTs (0.04) 0.50 2,4-DCP (16.3) 0.1395 113.690 8
CM-20% (0.1) 0.98 BPA (20) 0.3984 81.310 14
CoN/O-pCN-5 (0.2) 0.65 TC (20) 0.0676 10.390 9
Co304/NC (0.05) 1.00 TCH (20) 0.0980 39.200 15
Co3;04NPs@N-PC (0.2) 0.25 SMZ (12.7) 0.7700 195.580 16
Co-HPNC (0.05) 1.00 AO7 (35.032) 0.4319 302.610 17
Co@L-PBMC (0.1) 0.50 TC (20) 0.1590 63.600 18
Co@NC-HBPC (0.2) 0.50 NTP (50) 0.1230 61.500 19
Co-NP (0.1) 2.00 CBP (20) 0.1846 18.460 20
Co-NC-850 (0.025) 0.80 RhB (80) 0.1480 592.000 21
Co@NCTs-800 (0.05) 1.30 TC (30) 0.0664 30.660 22
Conps-sas@N-C (0.12) 1.60 SDZ (20) 0.0412 4.2920 23
Cos(HITP), (20) 0.16 CBZ (5) 1.4700 2.268 24
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Table S3. Comparison of the TOC removal rate with the previously reported catalysts.

Catalyst Time (min) TOC removal (%) Ref.
Co0304-NC/CNTs 30 38.4 8
CM-20% 60 30 14
CoN/O-pCN-5 60 58.42 9
Co304/NC 50 71 15
Co-HPNC 30 25.6 17
Co@L-PBMC 100 89.94 18
Co@NC-HBPC 60 65.3 19
Co-NP 20 66.11 20
Co-NC-850 60 45.9 21
Cosa/zno-ZnO 12 47.6 26
Co-N;B; 120 68.12 11
LIC-7 30 70 27
Co3;04NPs@N-PC 15 36.8 16
Co0304-NCNF 80 57.8 28
Co@D-PBSC 60 69.34 29
Co-N@NC-90 60 21.53 30
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Table S4. Comparison of the cobalt ion leaching concentrations with the previously

reported catalysts.

Catalyst Co leaching (mg/L) Ref.
C0304-NC/CNTs 0.725 8
CM-20% 0.400 14
Co0304-NCNF 0.056 28
Co0304/NC 0.860 15
Co-HPNC 0.500 17
Co@NC-HBPC 0.231 19
Co-NP 0.241 20
Co-NC-850 0.210 21
Co@NCTs-800 0.059 22
Co-CN-V, 0.110 10
Co-N@NC-90 0.860 30
Co-N;B,; 0.600 11
LIC-7 0.440 27
Co3;04NPs@N-PC 1.000 16
Conps-sas@N-C 0.300 2
Co;0,@ZIF-67 0.260 31
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