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2.1. Chemicals and reagents

Waste Li(NiCoMn)O2 was purchased from Ningbo Rongbai New Energy Science and Technology Co., Ltd., China. Urea (CH4N2O, AR grade), hydrochloric acid (HCl, 36~38%, AR grade), and sodium hydroxide (NaOH, ≥96%, AR grade) were purchased from Shanghai Xilong Chemical Co., Ltd., China. Sodium alginate ((C6H7O6Na)n, AR grade, abbreviated SA) was purchased from Shanghai Rhawn Chemical Co., Ltd., China. Potassium peroxymonosulfate (KHSO5, AR grade), rhodamine B (C28H31ClN2O3, AR grade, abbreviated RhB), and leucomalachite green (C23H26N2, 98%, abbreviated LMG) were purchased from Shanghai Macklin Biochemical Co., Ltd., China. Chlortetracycline hydrochloride (C22H22Cl2N2O7, 98%, abbreviated CTC) was purchased from Hubei Weishi Reagent Group Co., Ltd., China. Waste Camellia oleifera shells (abbreviated WCOSs) were collected from Jiangxi Green Sea Oil Co., Ltd., China. Vanillin reference substance (C8H8O3, ≥99.5%) was purchased from National Medicine Group Chemical Reagent Co., Ltd., China. All chemicals were used without further purification. Double distilled water was used in the preparation and subsequent performance tests.

2.2. Preparation

2.2.1. Preparation of Li(NiCoMn)-x/CNOCl powder photocatalysts
In a typical synthesis, a certain amount of waste Li(NiCoMn)O2 powder (5, 10, 15, 20, or 25 mg) was dissolved in 15 mL of 1 mol/L hot dilute HCl, and then the solvent was evaporated. The obtained Li(NiCoMn)Cl4 solid was dissolved with 30 mL of H2O, then 10 g of urea was added and the mixture was vigorously stirred for 30 min. After evaporating solvent, the obtained solid was transferred to a 50 mL crucible and calcined at 550 oC for 2 h to finally obtain a series of Li(NiCoMn)-x/CNOCl powder photocatalysts, where x was the dosage of Li(NiCoMn)O2 in preparation. For comparison, pure CNO sample was prepared by the same method directly using urea as raw material. Before the performance tests, all the as-prepared powder photocatalysts need to be washed repeatedly with water and ethanol, and then dried for later use.

2.2.2. Preparation of Li(NiCoMn)-10/CNOCl@PSA modular photocatalyst
In a typical synthesis, dissolve a certain amount of waste Li(NiCoMn)O2 powder (50, 100, 150, or 200 mg) in 50 mL of hot dilute HCl with a concentration of 1 mol/L, and then the solvent was evaporated. The obtained Li(NiCoMn)Cl4 solid was dissolved in 50 mL of H2O and the solution was marked as Li(NiCoMn)Cl4/H2O. A certain amount of Li(NiCoMn)-10/CNOCl powder photocatalyst (10, 20, 30, or 40 mg) was dispersed in 10 mL of H2O, and then a certain amount of SA (100, 150, 200, or 250 mg) was added. After vigorous stirring for 2 h, Li(NiCoMn)-10/CNOCl@SA hydrosol was formed. Li(NiCoMn)-10/CNOCl@SA hydrosol was slowly dropped into Li(NiCoMn)Cl4/H2O solution by syringe, and spherical Li(NiCoMn)-10/CNOCl@PSA hydrogel was immediately formed, because SA polymerized to form PSA by the cross-linking effect of Li(NiCoMn) metal ion clusters (Scheme 1b). The spherical solid materials were left for 12 h, then taken out and rinsed with water and ethanol. After air drying at room temperature for 12 h, the Li(NiCoMn)-10/CNOCl@PSA modular photocatalyst was finally prepared. Pure PSA carrier was prepared by the same method without powder photocatalyst by using 100 mg Li(NiCoMn)O2 and 150 mg SA.
2.3. Characterizations

Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), and selected area electron diffraction (SAED) images were recorded on a FEI TalosF200X field emission transmission electron microscope (FETEM). The elemental mappings of the samples were determined by the energy-dispersive X-ray (EDX) spectrometer equipped on FETEM. Field emission scanning electron microscopy (FESEM) images were recorded using a Nova NanoSEM450 field emission scanning electron microscope. X-ray photoelectron spectra (XPS) was performed using an Axis Ultra DLD instrument with a monochromated Al-Kα source at a residual gas pressure of less than 10–8 Pa. All the binding energies were referenced to the C 1s peak at 284.8 eV of the surface adventitious carbon. Nitrogen gas porosimetry measurements were performed on a Quantachrome NOVA 2000e surface area and porosity analyzer after the samples were outgassed under a vacuum at 80 °C for 30 min and 120 °C for 6 h. X-ray diffraction (XRD) patterns were obtained using a D8ADVANCE diffractometer via Cu-Kα radiation with the 2θ angle scanning range of 5–90°. Fourier transform infrared (FTIR) spectra were recorded on a Nicolet iS5 FTIR apparatus. Steady-state photoluminescence (PL) and time-resolved photoluminescence (TR-PL) measurements were carried out on an Edinburgh FS5 spectrofluorometer. The electrochemical impendence spectra (EIS), transient photocurrents, and Mott-Schottky plots were tested by a BioLogic VSP electrochemical workstation (Claix, France). UV-vis/diffuse reflectance spectroscopy (UV-vis/DRS) was conducted using a Lambda 750S UV/VIS/NIR spectrometer.
2.4. Performance tests

2.4.1. Degradation of typical OPs in water through photocatalytic oxidation, activated KHSO5 oxidation, and synergistic advanced oxidation processes
A PLS-SXE 300 Xe lamp (300 W, Beijing PerfectLight Co., Ltd., China) equipping with an UV420 cut filter was served as light source for visible-light output. 50 mL aqueous solution of OPs with a concentration of 10 mg/L was put into a 150 mL beaker, and then 10 mg of powder photocatalyst was added. The above dispersion was vigorous stirred in dark to allow the adsorption-desorption equilibrium between OPs and powder photocatalyst. The Xe lamp light source was turned on, and 2 mL of reaction solution was taken out every 5 min. The changes of RhB, CTC, or LMG concentration was detected by a Lambda 750S UV/VIS/NIR spectrometer at 554, 365, or 618 nm, respectively. The performance test of modular photocatalyst by replacing 10 mg powder photocatalyst with one copy of modular photocatalyst prepared through one time. For the synergistic advanced oxidation reaction, 1 mL of KHSO5 (with a concentration of 1, 2.5, 5, or 10 mmol/L) was added to the reaction system before illumination. Carrying out the above synergistic advanced oxidation test in the dark is the activated KHSO5 oxidation test through low-valence transition metal ions.
2.4.2. Production of vanillin by depolymerizing natural lignin from WCOSs through photocatalytic oxidation, activated KHSO5 oxidation, and synergistic advanced oxidation processes

The experimental operation of depolymerizing natural lignin from WCOSs to produce vanillin is consistent with the above experimental operation of degrading OPs in water. The concentration of natural lignin is 50 mg/L and the dosage of powder photocatalyst is 20 mg. Natural lignin was extracted from WCOSs according to our previous method [C. Ku, H. Guo, K. Li, Q. Wu, L. Yan, One-step fabrication of mesoporous sulfur-doped carbon nitride for highly selective photocatalytic transformation of native lignin to monophenolic compounds, Chin. Chem. Lett. 34 (2022) 107298], and then the extracted lignin was dissolved with 0.1 mol/L NaOH. A series of standard solutions with known concentrations (0.4, 0.6, 0.8, and 1 mg/L) were prepared with vanillin reference substance and water, and then the standard curve was drawn. The relative yield YR (%) of vanillin was calculated by (Ya/Y0)×100, where Ya is the absolute yield of vanillin through advanced oxidation process, and Y0 is the absolute yield of vanillin through alkaline nitrobenzene oxidation. Ya and Y0 were analyzed using an Agilent 1100 series high-performance liquid chromatography (HPLC). The specific HPLC detection conditions are as follows: the injection volume was 10 µL. The mobile phase consisted of a linear gradient of aqueous acetic acid solution (acetic acid:water = 10:490 v/v) and acetonitrile, with a volume ratio changing from 95:5 to 83:17 (0–15 min) and from 83:17 to 60:40 (15–30 min). The flow rate of the mobile phase was maintained at 1.0 mL/min. The chromatographic separation was performed on a Welch Ultimate XB-C18 column (4.6 mm×250 mm, Welch Materials, Inc., Shanghai, China) at a column temperature of 25 oC. Detection was carried out using a DAD detector set at a wavelength of 286 nm. For the alkaline nitrobenzene oxidation test, the above 50 mL NaOH solution of lignin was added into a 100 mL reaction kettle and 0.2 mL nitrobenzene was added, and then solvothermal reaction was carried out at 170 oC for 3 h. The Y0 value obtained by alkaline nitrobenzene oxidation is 11.2 mg/g. The performance test of modular photocatalyst by replacing 20 mg powder photocatalyst with two copies of modular photocatalyst prepared through two times. For the synergistic advanced oxidation reaction, 1 mL of 2.5 mmol/L KHSO5 was added to the reaction system before illumination. Carrying out the above synergistic advanced oxidation test in the dark is the activated KHSO5 oxidation test through low-valence transition metal ions.

Fig. S1 TEM and HRTEM images of Li(NiCoMn)-10/CNOCl (a–d) and CNO (e–h).
[image: image1]

Fig. S2 Nitrogen gas adsorption-desorption isotherms (a) and pore-size distribution curves (b) of as-prepared CNO and Li(NiCoMn)-x/CNOCl.
[image: image2]

Fig. S3 Eeffect of the dosage of Li(NiCoMn)-10/CNOCl (a), SA (b), and Li(NiCoMn)O2 (c) on the activity of Li(NiCoMn)-10/CNOCl@PSA modular [image: image3]photocatalyst in the photocatalytic oxidation process.

Fig. S4 Recycling experiments of RhB degradation by using Li(NiCoMn)-10/CNOCl (a) and Li(NiCoMn)-10/CNOCl@PSA (b) through photocatalytic oxidation process.
[image: image4]

Fig. S5 Production of vanillin by depolymerizing natural lignin from WCOSs through photocatalytic oxidation (a, b, and e), activated KHSO5 oxidation (c, f, and h), and [image: image5]synergistic advanced oxidation processes (d and g).

Table S1 The atomic concentration in Li(NiCoMn)O2, CNO, and Li(NiCoMn)-10/CNOCl materials.
	Materials
	Atomic concentration (%)

	
	Li
	Ni
	Co
	Mn
	C
	N
	O
	Cl

	Li(NiCoMn)O2
	17.73
	6.83
	2.21
	7.44
	-
	-
	65.79
	-

	CNO
	-
	-
	-
	-
	43.97
	54.88
	1.15
	-

	Li(NiCoMn)-10/CNOCl
	0.11
	0.11
	0.05
	0.06
	46.14
	50.77
	2.73
	0.04


Table S2 Leakage of Ni, Co, and Mn metal elements in different water environments from Li(NiCoMn)-10/CNOCl and Li(NiCoMn)-10/CNOCl@PSA.

	Materials
	Water environments

	
	Neutral

(μg/L)
	HCl

(μg/L)
	NaOH

(μg/L)
	KHSO5
(μg/L)

	
	Ni
	Co
	Mn
	Ni
	Co
	Mn
	Ni
	Co
	Mn
	Ni
	Co
	Mn

	Li(NiCoMn)-10/CNOCl
	8.9
	3.7
	4.6
	191.6
	88.7
	113.1
	4.8
	1.1
	2.6
	8.4
	4.2
	4.3

	Li(NiCoMn)-10/CNOCl@PSA
	88.7
	12.6
	20.5
	7013.9
	2793.9
	3334.6
	94.2
	40.4
	53.3
	85.2
	38.1
	57.5
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