[bookmark: _Hlk103355894][bookmark: _Hlk151279412][bookmark: _Hlk138866580]Supplementary Material

Biochar-Regulated LDH-Derived Co-Mn Spinel for Non-Radical Peroxymonosulfate Activation: High-Efficiency Imidacloprid Degradation Dominated by High-Valent Metal−Oxo Species and Singlet Oxygen














2

Text Legends
Text S1 Reagents and materials
Text S2 Analytical method
Text S3 Electrochemical measurement
Text S4 Theoretical calculations based on DFT
Text S5 Toxicity assessment

Table Legends
Table S1 The HPLC methods and conditions for organic contaminants
Table S2 Pore structure parameters of BC, CoMn0.5/BC, CoMn0.75/BC, and CoMn1/BC
Table S3 The contents of functional groups and metal valence states in CoMn2O4 and CoMn0.75/BC fresh and used the reaction
Table S4 Comparison of removal of IMI by activated PS with different catalysts
Table S5 The proposed products of IMI degradation in the CoMn0.75/BC/PMS system

Figure Legends
Fig. S1 SEM images of BC
Fig. S2 SEM images of (a) CoMn0.5/BC and (b) CoMn1/BC
Fig. S3 XRD of CoMn-LDH and CoMn-LDH/BC
Fig. S4 BET of CoMnBC
Fig. S5 XPS C 1s spectra of (a) CoMn0.75/BC, (b) CoMn0.5/BC, (c) CoMn1/BC; (d) Analysis of the correlation between C=O groups and the conversion efficiency of PMSO to PMSO2
Fig. S6 Adsorption of IMI in various systems
Fig. S7 (a) Effects of catalyst dosage on the removal efficiency in the CoMn0.75/BC/PMS system; Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with different (b) catalyst dosage, (c) PMS concentration, and (d) pH
Fig. S8 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with (a, b) Cl− and (c, d) SO42−
Fig. S9 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with HCO3−
Fig. S10 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with HA
Fig. S11 TOC removal in CoMn0.75/BC/PMS system
Fig. S12 Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with different NNIs and water matrices
Fig. S13. The UV-vis absorption spectrum of DPBF consumption (a) CoMn2O4 and (b) CoMn2O4/BC.
Fig. S14 CV curves of different catalysts
Fig. S15 CoMn0.75/BC XPS spectra (a) C 1s, (b) O 1s, (c) Mn 2p and (d) Co 2p fresh and used catalytic degradation
Fig. S16 The MS spectra of IMI degradation products in the CoMn0.75/BC/PMS system
Fig. S17 bioaccumulation of IMI and its intermediate degradation
Fig. S18 (a-d) TEM and HR-TEM of used CoMn0.75/BC; (e) The mapping spectrum of used CoMn0.75/BC


References

Text S1 Reagents and materials
(Co(NO3)2·6H2O), Mn(NO3)2·4H2O, dimethyl sulfoxide (DMSO), methyl phenyl sulfoxide (PMSO), methyl phenyl sulfone (PMSO2) and tert-butanol (TBA, C4H9OH) were purchased from Aladdin (Shanghai, China). Sodium hydroxide (NaOH) was purchased from Tianjin Cameo Chemical Reagent Co. Ltd. in China. L-histidine (L-his, C6H9N3O2), p-benzoquinone (p-BQ, C6H4O2), methanol (MeOH), peroxymonosulfate (PMS), dimethylpyridine nitrogen oxide (DMPO, C6H11NO), 2,2,6,6-tetramethylpiperidine (TEMP, C9H19ON), and potassium iodide (KI) were obtained from Maclean's (Shanghai, China). The five NNIs including Imidacloprid (IMI), Thiamethoxam (THM), Clothianidin (CLO), Dinotefuran (DIN), Nitenpyram (NIT) were procured from Alta Technology (Tianjin, China)


[bookmark: _Hlk137109728]Text S2 Analytical method
[bookmark: _Hlk171439974][bookmark: _Hlk214956908]The concentration in IMI solution was determined by HPLC system (Agilent 1260 Infinity). The mobile phase consisted of 50% Acetonitrile and 50% ultrapure water at a flow rate of 0.4 mL/min, and the injection volume of the solution to be measured was 20 μL. The temperature of the column chamber was maintained at 35 °C and the detection wavelength was 270 nm.

PMS concentration measurement: PMS concentration determination: based on Liu et al. (2024) research to improve. Firstly, a 0.5 mL liquid sample was added into a 10 mL mixed solution of KHCO3 and KI (1.25 g KHCO3 + 10 g KI dissolved in 250 mL deionized water). The subsequent solution was initially hand shaken and then analyzed by a UV-visible spectrometer (Evolution TM 201) at 352 nm.

The quantitative of 1O2
based on Chu et al. (2024) research to improve. Because the 1, 3-diphenylisobenzofuran (DPBF, 0.01 mM) can react with 1O2 in a molar ratio of 1: 1, it is employed to quantitatively reflect the production amount of 1O2. The DPBF concentrations were measured with a UV-vis at 411 nm (scanning range 300 to 500 nm).

The rate of degradation of IMI and the rate constant (kobs) were calculated by eqs. 1 and 2, respectively.
	
	(1)

	
	(2)


where ω represents the degradation rate of IMI; Ct is the concentration of IMI in solution at t min (mg L−1); C0 is the initial concentration of IMI in solution (mg/L).

HPLC-MS operation: The degradation intermediates of IMI were detected by HPLC-MS (Waters XEVO G2-XS QToF). A BEH C18 column (50 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, USA) was used. The isocratic mobile phase was prepared by using 0.1% acetic acid and acetonitrile with the ratio of 50:50 (v/v) at a flow rate of 0.2 mL/min and a column temperature of 40 ℃. The injection volume was 10 μL, and the scan range was 50-1500 m/z.
DMPO/TEMP-EPR: Spin-trapping EPR signals were detected in different air-saturated methanol/aqueous dispersions of the corresponding samples at room temperature. Firstly, 1 mL catalyst methanol suspension (0.05 g/L) was added to 50 mL DMPO (100 mM) solution. After mixing, 5 mM PMS solution was added to above dispersion. The suspension shocked for 5 min and then drawn into a capillary for ·O2− detection. The 1O2 detection using the same procedure by replacing DMPO with TEMP.




Text S3 Electrochemical measurement
All electrochemical properties were measured in the electrochemical workstation (CHI 760E, CH Instruments, Inc.) using a normal three-electrode system with 50 mM Na2SO4 as electrolyte (Dong et al. 2025). A standard three-electrode electrochemical system was employed with Ag/AgCl (saturated KCl) as the reference electrode, platinum wire as the counter electrode, and a catalyst-modified glassy carbon (GC) electrode as the working electrode.

[bookmark: _Hlk177145106][bookmark: _Hlk205362958]Preparation of the working electrode: A 50 mM Na2SO4 electrolyte was utilized. Initially, a homogeneous catalyst suspension was prepared through ultrasonication with catalyst powder, 0.1 mL of Nafion solution (5%, Sigma-Aldrich), and 1 mL of anhydrous ethanol. The resulting catalyst suspension was then deposited onto the surface of the GC electrode and air-dried at room temperature. This process was repeated twice to ensure uniformity. chronoamperometry (CA), linear sweep voltammetry (LSV), and cyclic voltammetry (CV) curves were acquired from the workstation.


Text S4 Theoretical calculations based on DFT
Theoretical Calculations: To analyze the adsorption energy, the density functional theory (DFT) calculations have been performed using the Vienna ab initio simulation package (VASP 6.1) and the visualization of VESTA software (Kresse and Furthmuller 1996). The electron exchange-correlation function was treated using a generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof (PBE) (Perdew et al. 1996). The energy cutoff of the plane waves was set to 500 eV. All presented geometry optimizations are obtained until the maximum displacement below 0.005 Å, energy tolerance below 1×10−5 Ha, and the maximum forces lower than 0.01 eV Å−1. The lattice constants larger than 15 Å along the x- and y-directions and vacuum region of about 20 Å along the z-direction was adopted. The k-point grid of 3 × 3 × 1 was selected for geometry optimizations. The force convergence criterion in geometric optimization was set to 0.01 eV/Å. For the electron self-consistent field calculations, the convergence criterion was set to 1×10−5 Ha. The adsorption energy (Eads) between substrate and adsorbed molecule was defined by the following formula: 
Eads=Etot–ECoMo2O4-BC–EPMS
Where Etot, ECoMo2O4-BC, and EPMS are the total energy of the CoMo2O4-BC and adsorbed PMS molecule, CoMo2O4-BC, and PMSmolecule, respectively. The isosurface values for the charge density difference is 0.005 eV Å−3. The green and yellow regions correspond to electron accumulation and depletion, respectively. The quantized charge transfer using Bader charge analysis.


[bookmark: _Hlk100959937]Text S5 Toxicity assessment
The Toxicity Estimation Software Tool (T·E·S·T) was utilized to evaluate the comprehension toxicities of IMI and its reaction intermediates. Five essential parameters, Fathead minnow LC50 (96 h), daphnia magna LC50 (48 h), bioaccumulation factor, developmental toxicity and mutagenicity of IMI and the corresponding intermediates, were evaluated.

[bookmark: _Hlk150802378]Table S1 The HPLC analysis conditions for different organic pollutants
	Compound
	Detector wavelength
	Mobile phase
	Flow rate
	Injection
volume

	IMI
	270 nm
	[bookmark: _Hlk210726139]Acetonitrile:Water =50:50 (v : v)
	0.4
mL min−1
	20 μL

	THM
	270 nm
	Acetonitrile:Water =50:50 (v : v)
	0.4
mL min−1
	20 μL

	CLO
	254 nm
	Acetonitrile:Water =50:50 (v : v)
	0.4
mL min−1
	20 μL

	DIN
	254 nm
	Acetonitrile:Water =70:30 (v : v)
	0.4
mL min−1
	20 μL

	NIT
	270 nm
	Acetonitrile:Water =70:30 (v : v)
	0.4
mL min−1
	20 μL

	PMSO
	230 nm 
	Acetonitrile:Water =60:40 (v : v)
	1.0 mL min−1
	20 μL

	PMSO2
	215 nm
	Acetonitrile:Water =60:40 (v : v)
	1.0 mL min−1
	20 μL




Table S2 Pore structure parameters of BC, CoMn0.5/BC, CoMn0.75/BC, and CoMn1/BC
	[bookmark: _Hlk150802481]
	SBET (m2 g−1)
	Average pore size (nm)
	Pore volume (cm3/g)

	BC
CoMn0.5/BC
CoMn0.75/BC
	24.5
104.2
128.8
	3.27
9.39
8.22
	0.06
0.21
0.28

	CoMn1/BC
	91.6
	7.10
	0.13




[bookmark: _Hlk197368812][bookmark: _Hlk197368855]Table S3 The contents of functional groups and metal valence states in CoMn2O4 and CoMn0.75/BC fresh and used the reaction
	Functional groups or metal valence states
	CoMn2O4
	CoMn0.75/BC

	
	
	Fresh
	Used

	C 1s
	C=O
	/
	16.5%
	14.7%

	
	C−O
	/
	41.9%
	49.1%

	
	C−C
	/
	41.6%
	36.2%

	O 1s
	OA
	35.6%
	4.1%
	7.2%

	
	OV
	11.3%
	22.3%
	19.8%

	
	OL
	53.1%
	73.6%
	73.0%

	Mn 2p
	Mn4+
	/
	25.5%
	29.5%

	
	Mn3+
	55.5%
	26.7%
	44.1%

	
	Mn2+
	44.5%
	47.8%
	26.4%

	Co 2p
	Co3+
	51.1%
	52.4%
	54.4%

	
	Co2+
	48.9%
	47.6%
	45.6%





[bookmark: _Hlk197373935]Table S4 Comparison of removal of NNIs by activated PS with different catalysts
(specific rate constant (Kvalue) = Kobs/(CPMS))
	Catalysts
	NNIs
concentration
(mg L−1)
	Catalyst dosage (g L−1)
	PS
dosage (mM)
	Removal
efficiency
	Kobs
(min-1)
	Kvalue (min −1 M−1)
	Refs.

	FeS2-NP
	2.56 (IMI)
	0.15
	1 mM/PDS
	80.3% (60 min)
	0.054
	0.054
	(Liu et al. 2023)

	CuFeS2
	10 (IMI)
	0.9
	0.6 mM/PDS
	45.5% (80 min)
	0.027
	0.045
	(Chen et al. 2023)

	AP0.5BWLDH0.3
	50 (NIT)
	0.8
	0.4 mM/PMS
	100% (90 min)
	0.075
	0.188
	(Zheng et al. 2022a)

	FeS/ZVI
	38.35 (IMI)
	0.1
	2.5 mM/PDS
	99.8% (60 min)
	0.051
	0.020
	(Du et al. 2021)

	nAgFeO2
	2.5 (IMI)
	0.001
	1.2 mM/PMS
	44% (300 min)
	0.039
	0.032
	(Kan et al. 2020) 

	CuO/BC
	30 (IMI)
	1
	5 mM/PDS
	38% (300 min)
	0.045
	0.009
	(Hayat et al. 2020)

	FeS2
	
	
	
	82.7% (300 min)
	0.032
	0.064
	

	Fe@BC
	10 (IMI)
	0.67
	5 mM/PDS
	90% (360 min)
	0.036
	0.007
	(Wang et al. 2022)

	Mn@BC
	
	
	
	38% (360 min)
	0.014
	0.003
	

	FeMn-BC
	10 (THM)
	0.1
	6 mM/PDS 
	99.0% (90 min)
	0.064
	0.010
	(Yang et al. 2023)

	Fe@RTCOF-1Acb
	6.2 (THM)
	0.2
	0.3 mM/PMS
	93.09% (40 min)
	0.0402
	0.081
	(Hu et al. 2025)

	nZVI
	2 (DIN)
	1
	10 mM/PMS
	69% (15 min)
	0.07
	0.007
	(Zou et al. 2022)

	E/BASBC
	0.5 (CLO)
	0.1
	1 mM/PMS
	82.6% (60 min)
	0.136
	0.136
	(Ma et al. 2023)

	MCN-PTFE
	1 (NIT)
	0.05
	1 mM/PMS
	100% (30 min)
	0.199
	0.199
	(Guo et al. 2023)

	AACMO3.4
	40 (NIT)
	0.8
	2.4 mM/PMS
	100% (45 min)
	0.31
	0.129
	(Zheng et al. 2022b)

	CoMn0.75/BC
	5 (IMI)
	0.05
	0.8 mM/PMS
	96.9% (40 min)
	0.209
	0.261
	In this study

	
	5 (THM)
	
	
	98.7% (40 min)
	0.233
	0.291
	

	
	5 (CLO)
	
	
	98.3% (40 min)
	0.278
	0.348
	

	
	5 (DIN)
	
	
	83.5% (40 min)
	0.135
	0.169
	

	
	5 (NIT)
	
	
	81.9% (40 min)
	0.149
	0.186
	



[bookmark: _Hlk219717783]Table S5 The maximum leaching of Co in different catalyst systems
	
	Co (mg/L)
	Refs.

	P-Fe-N-C/PMS
Co-VOH/PMS
KNbO3/ZIF-67(Co)/PMS
Co2(V4O12)(bpy)2/PMS
Co0.5Fe1.5/PMS
10%Co/CNH/PMS
B5S5C8F2/PMS
	2.30
0.38
1.50
0.25
1.30
0.46
4.90
	(Yu et al. 2024)
(Zhang et al. 2026)
(Chen et al. 2025)
(Lan et al. 2024)
(Lin et al. 2025)
(Mao et al. 2023)
(Li et al. 2025)

	CoMn0.75/BC
	0.16
	In this study





Table S6 The proposed products of IMI degradation in the CoMn0.75/BC/PMS system
	Sample
	Formula
	Molecular
	Mass-to-charge ratio

	IMI
	C9H10ClN5O2
	

	256

	P1
	C9H13ClN4
	

	213

	P2
	C9H12ClN3O
	

	214

	P3
	C9H11ClN3O2
	

	230

	P4
	C9H10ClN3O2
	

	228

	P5
	C9H11ClN4
	

	211

	P6
	C6H5ClN2O
	

	157

	P7
	C6H4ClNO2
	

	158

	P8
	C5H4ClNO
	

	129

	P9
	C9H8ClN5O2
	

	254

	P10
	C7H8ClN5O2
	

	231

	P11
	C5H4ClN
	

	114



[bookmark: _Hlk197369059][image: ]
Fig. S1 SEM images of BC
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Fig. S2 SEM images of (a) CoMn0.5/BC and (b) CoMn1/BC 
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[bookmark: _Hlk197369011]Fig. S3 XRD of CoMn-LDH and CoMn-LDH/BC
X-Ray Diffraction (XRD) analysis confirmed the successful synthesis of the CoMn-LDH/BC precursor, as evidenced by the characteristic diffraction peaks of LDH located at 11.6° (003), 23.4° (006), 31.3° (009), 34.2° (012), 38.7° (015), 45.3° (018), 59.6° (110), and 60.4° (113). The (003) diffraction peak corresponds to an interlayer spacing of approximately 0.71 nm, which is consistent with the intercalation of CO32− anions during LDH synthesis. After calcination, the characteristic peaks of LDH completely disappeared, and new diffraction peaks emerged at 18.5° (101), 28.9° (112), 34.1° (103), and 36.3° (211). These peaks match the standard pattern for CoMn2O4 spinel (PDF#77-0471), confirming that the CoMn-LDH underwent a topological transformation via thermal decomposition, whereby the layered structure collapsed and reorganized into a spinel lattice.
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Fig. S4 BET of CoMnBC
Preparation of CoMnBC 
Specifically, an aqueous ammonia solution (NH3·H2O) was added as an effective precipitant to a deionized water dispersion containing manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, 2 mmol), followed by magnetic stirring for 1 h to facilitate the growth of the metal framework. After complete precipitation, an ethanol-deionized water solution of cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 1 mmol) was added to induce coordination precipitation. The resulting precursor was subsequently annealed at 500 °C for 2 h under a nitrogen atmosphere to obtain the CoMn2O4 spinel. This material was then milled with 0.3 g BC for 20 min and designated as CoMnBC.
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[bookmark: _Hlk215733878]Fig. S5 XPS C 1s spectra of (a) CoMn0.75/BC, (b) CoMn0.5/BC, (c) CoMn1/BC; (d) Analysis of the correlation between C=O groups and the conversion efficiency of PMSO to PMSO2. 
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Fig. S6 Adsorption of IMI in various systems
[image: 图表, 直方图
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Fig. S7 (a) Effects of catalyst dosage on the removal efficiency in the CoMn0.75/BC/PMS system; Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with different (b) catalyst dosage, (c) PMS concentration and (d) pH 
[image: 图形用户界面, 直方图
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Fig. S8 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with (a, b) Cl− and (c, d) SO42− 
[image: 图表, 条形图
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[bookmark: _Hlk194931201]Fig. S9 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with HCO3−
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[bookmark: _Hlk167441846]Fig. S10 Removal ability and Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with HA
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[bookmark: _Hlk209624672]Fig S11 TOC removal in CoMn0.75/BC/PMS system.
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[bookmark: _Hlk178674633]Fig. S12 Kobs of IMI degradation efficiency in CoMn0.75/BC/PMS system with different NNIs
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Fig. S13 The UV-vis absorption spectrum of DPBF consumption (a) CoMn2O4 and (b) CoMn0.75/BC.

[image: 图表

AI 生成的内容可能不正确。]
[bookmark: _Hlk178674712]Fig. S14 CV curves of different catalysts
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[bookmark: _Hlk209623426]Fig. S15 CoMn0.75/BC XPS spectra (a) C 1s, (b) O 1s, (c) Mn 2p and (d) Co 2p fresh and used catalytic degradation 
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Fig. S16 The MS spectra of IMI degradation products in the CoMn0.75/BC/PMS system
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Fig. S17 bioaccumulation of IMI and its intermediate degradation
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Fig. S18 (a-d) TEM and HR-TEM of used CoMn0.75/BC; (e) The mapping spectrum of used CoMn0.75/BC
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