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Cage-like biochar confined synthesis of Fe₃O₄/ZnO heterojunction nanoparticles for synergistic adsorption and photocatalytic degradation of PFOA
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1. Experimental Methods
1.1 Materials and Reagents
The ulva were collected purchased from the Aquatic product market and the S. alterniflora leaves were collected from the tidal flats of Zhoushan, Zhejiang Province, China. All chemical reagents, including potassium hydroxide (KOH), zinc acetate dihydrate (C4H6O4Zn2H2O), ferric chloride hexahydrate (FeCl3·6H2O), Ferrous sulfate heptahydrate (FeSO4·7H2O), polyvinylpyrrolidone ((C6H9NaOH) n, K30), trisodium citrate, dihydrate (Na3C6H5O7·2H2O), perfluorooctanoic acid (PFOA), sodium hydroxide (NaOH), p-benzoquinone (p-BQ), isopropyl alcohol (IPA), L-histidine (L-His) and ethylenediaminetetraacetic acid (EDTA) were obtained from Sinopharm Chemical Reagent Co., Ltd. All chemicals were of analytical grade and used without further purification.
1.2 Synthesis of porous biochar and FZS@ UBC-2
The pristine biochar was synthesized by pyrolyzing 20 g of Ulva powder in a tube furnace under nitrogen atmosphere. The temperature was ramped at 5 °C min−1 to 600 °C and maintained for 2 h. For the preparation of porous biochar with uniform pore size distribution, a novel "nesting doll" type crucible configuration was employed, where the outer layer was filled with carbon to create an oxygen-free environment. The ulva biochar was mixed with KOH at a 1:3 mass ratio using a wall-breaking mill. The mixture was then subjected to pyrolysis at 800 °C for 2 h in a muffle furnace with a heating rate of 10 °C/min, yielding UBC-X samples (where X represents pyrolysis temperatures of 700 °C, 800 °C, or 900 °C).
For the synthesis of F@UBC-2, a homogeneous solution was prepared by dissolving 20 mmol FeCl3·6H2O and 15 mmol FeSO4·7H2O in 250 mL deionized water under magnetic stirring. Subsequently, 100 mmol UBC-800 was dispersed in the solution via ultrasonication. The pH was adjusted to 9-11 using NaOH solution, followed by hydrothermal treatment at 180 °C for 5 h in a 200 mL reaction kettle. The resulting black precipitate (F@UBC-2) was centrifuged, washed to neutral pH, and dried overnight. Variants F@UBC-1 and F@UBC-3 were prepared using different precursor ratios (2:1.5:20 and 4:3:10, respectively).
The FZS@UBC-2 composite was synthesized by first preparing a 400 mL S. alterniflora leaf extract through water bath extraction at 80 °C for 2 h. The F@UBC-2 precursor (350 mL) was then mixed with 17 mmol C4H6O4Zn2H2O and 0.015 g PVP, followed by pH adjustment to 11 using NaOH solution. After hydrothermal treatment at 180 °C for 5 h, the product was washed, dried, and annealed at 600 °C for 2 h under N2 atmosphere. Variants FZ0.85S@UBC-2, FZ3.4S@UBC-2 were prepared using different zinc precursor concentrations. Nanorod (FZR@UBC-2) and nanoflower (FZF@UBC-2) structures were obtained by modifying the reaction conditions.
1.3 Analysis Methods
[bookmark: OLE_LINK58]The prepared photo catalysis was characterized by using X-ray diffraction (XRD; Rigaku D/max2500, Japan), scanning electron microscopy (SEM; Regulus 8100, Japan), transmission electron microscopy (TEM; Regulus 8100, Japan), Fourier-transform infrared spectroscopy (FTIR; Thermo Fisher Scientific Nicolet 6700, America), X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific EscaLab 250Xi, Japan) and UV-vis near-infrared spectroscopy (UV-vis; Shimadzu UV3600, china). The specific surface areas of samples were determined by using the Brunauer–Emmett–Teller (BET) method (American Micromeritics Instrument Corporation, America). Raman spectroscopy was performed at 532 nm wavelength (Thermo Scientific Fisher DXR 2xi, Japan). The optical sensitivity and structural flaws were measured using Photoluminescence (PL; England Edinburgh Instruments FLS1000, Japan) spectroscopy at an excitation wavelength of 325 nm. Detection of oxygen vacancies on material surfaces using electron paramagnetic resonance (EPR) spectroscopy. The generation of reactive oxygen species (ROS) upon light irradiation and ultrasonic vibration of the sample were detected by the electron spin-resonance spectroscopy (ESR) signal of the TEMPO and DMPO, respectively. 
[bookmark: _Hlk201653595][bookmark: _Hlk201653395]Photoelectrochemical measurements were carried out by using a CHI 660E electrochemical workstation. The photocurrent signals of the sample were collected by the ultrasonic vibration rod on-off process with a pulse of 20 s on-off cycle by chronoamperometry. The electrochemical impedance spectroscopy (EIS) was collected with the frequency ranging from 1 to 105 Hz with a bias potential of 2.0 V. The linear sweep voltammetry (LSV) measurements were performed with a VersaSTAT 3 electrochemical workstation using a three-electrode system, in which FZS@UBC-2 (1×1 cm2) worked as working electrode, Ag/AgCl (saturated KCl aqueous solution) electrode served as reference electrode and Pt foil (1×1 cm2) acted as a counter electrode. For preparing the working electrode, disperse 5.0 mg of the catalytic material thoroughly in a mixed solution containing 710 μL of anhydrous ethanol, 240 μL of deionized water, and 50 μL of Nafion solution. Then, uniformly drop-coat 50 μL of the mixture onto ITO conductive glass. After drying, test it in a 0.7 M Na2SO4 aqueous solution at a scan rate of 5 mV/s.
1.4 degradation experiments
[bookmark: _Hlk190270688]The photocatalytic performance of FZS@UBC-2 was evaluated using a 500 W xenon lamp as the light source. The degradation experiments were conducted in 100 mL of PFOA solution (10 mg/L) containing 0.02 g/L catalyst. After establishing adsorption equilibrium in the dark, photocatalytic degradation was initiated under Xe lamp irradiation. Samples were collected hourly, filtered through 0.22 μm membranes, and analyzed using liquid chromatography-mass spectrometry (LC-MS). The stability of FZS@UBC-2 was assessed through five consecutive recycling experiments, with XRD analysis performed after each cycle. The effects of pH and common anions (phosphate, chloride, nitrate, bicarbonate, and sulfate) on degradation efficiency were systematically investigated.
1.5 Quenching experiments
Quenching experiments were conducted to identify the primary reactive species involved in PFOA degradation. Specific scavengers were employed: p-benzoquinone (p-BQ) for superoxide radicals (·O2-), isopropyl alcohol (IPA) for hydroxyl radicals (·OH), L-histidine (L-His) for singlet oxygen (1O2), and ethylenediaminetetraacetic acid (EDTA) for holes (h⁺).
1.6 Quantitative analysis of PFOA
The concentration of PFOA during the degradation process was determined using liquid chromatography-mass spectrometry (LC-MS, Agilent 1290II-6460). The PFOA concentration and intermediates were analyzed under ESI negative ion mode. The liquid chromatography column oven was set to 40 °C. The chromatographic separation was achieved using a C18 column with a mobile phase consisting of 5 mM ammonium acetate (0.1% formic acid) and methanol. The gradient program initiated at 30% methanol, increased to 70% at 4 min, returned to 30% at 7 min, and maintained for 3 min. The flow rate was 0.25 mL/min with a 10 μL injection volume. The defluorination was evaluated using an ion chromatograph (IC, Dionex ICS-5000, USA).
 （1）
where C0 is the initial concentration of PFOA, and Ct denotes the concentration of PFOA at a specific time during catalytic degradation.
 （2）
where CF− is the mass concentration of F− at time t. Co is the initial concentration of PFOA. MPFOA is the molar mass of PFOA, n is the number of fluoride atoms in a PFOA molecule, and MF is the molar mass of fluoride.
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Fig. S1. a SEM images of BC (Calcination without activator), b UBC-600 (600 degrees modified calcination), c UBC-800 (80000 degrees modified calcination) and d UBC-1000 (900 degrees modified calcination).
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Fig. S2. SEM images of a FZS@UBC-2, b TEM image and corresponding Fe3O4/ZnO heterojunction size distribution chart of Fe/ZnO@S-UBC-2, SEM images of c FZF@UBC-2, SEM images of d FZR@UBC-2.
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Fig. S3. a SEM of F@UBC-2, b-d EDS images of F@UBC-2.
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Fig. S4. XRD pattern
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Fig. S5. FTIR spectra
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Fig. S6. N2 adsorption–desorption isotherms of a activation, b confined loading, pore size distribution of c activation, d Confined Loading of Fe3O4 and Fe3O4/ZnO, pore size distributions of e activation, f Confined Loading of Fe3O4 and Fe3O4/ZnO.
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Fig. S7.  UV–vis DRS spectra of S-ZnO and FZS@UBC-2.
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Fig. S8. XPS survey spectra of FZS@UBC-2.
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Fig. S9. Mass spectra of intermediate products identified by LC-MS.
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[bookmark: OLE_LINK28]Fig. S10. a Free-energy diagrams, b Charge density isosurface map, The calculated work function of c Fe₃O₄ and d ZnO

























Table S1. Photocatalytic activity comparison of FZS@UBC-2 with that of previously reported photocatalysts.
	catalyst
	PFOA Concentration (mg/L)
	Amount of catalyst(g/L)
	Light, RH
	Reaction time
	The Degradation rate (%)
	Reusability

	Ref

	Sm-ferrite
	0.5 mmol/L
	2
	185 nm
UV
	2 h
	48.6%
	4
	[1]

	Ga/TNTs@AC
	0.1
	3
	UV lamp
	within 4 h
	75%
	/
	[2]

	Pb–BiFeO3
	50
	0.1
	254 nm
UV lamp
	8 h
	69.6%
	/
	[3]

	Samarium Doped Ferrite

	0.5
	2
	185 nm UV
	3 h
	48.61%
	4
	[4]

	BN
	0.12
	0.5
	254 nm
UV lamp
	12h
	~100%
	/
	[5]

	Fe-zeolite

	0.1
	1
	254 nm UV lamp
	7h
	100%
	/
	[6]

	BiOI1-x-440
	0.2
	1
	254 nm
UV lamp (0.1 mW·cm−2)
	5h
	51.9 %
	4
	[7]

	ZIF67/MIL-100(Fe) modified C3N4

	20
	1
	300 W iodine-tungsten lamp
	12
	79.2%
	/
	[8]

	FZS@UBC-2
	10
	0.02
	
	4h
	96.53%
	10
	This work
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