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Instruments
The surface morphology and structural features of the synthesized nanomaterials were initially examined by field-emission scanning electron microscopy (FE-SEM, Hitachi Regulus 8100, Japan). Nitrogen adsorption–desorption measurements were performed at 77 K to evaluate the textural properties of the material, with the specific surface area calculated using the Brunauer–Emmett–Teller (BET) method. Prior to analysis, FeN@CNTs (~100 mg) was thoroughly degassed at 250 °C for 6 h to remove residual adsorbates. Adsorption data collected over a relative pressure (P/P₀) range of 10⁻⁸–1 enabled comprehensive assessment of micro- and mesoporous features, providing critical insight into the hierarchical pore structure and its relevance to catalytic performance. The generation of reactive oxygen species (ROS), particularly hydroxyl radicals (•OH), was verified by electron paramagnetic resonance (EPR) spectroscopy using a Bruker EMXplus spectrometer (Germany). 5, 5-Dimethyl-1-pyrroline-N-oxide (DMPO) was employed as a spin-trapping agent, enabling direct detection of radical intermediates and providing mechanistic evidence for the nanozyme’s catalytic activity. Powder X-ray diffraction (XRD) analysis was carried out using a Rigaku SmartLab SE diffractometer (Japan) to evaluate the crystallinity and phase purity of the material. Approximately 90 mg of the sample was analyzed over a 2θ range of 5°–50°, allowing reliable phase identification and structural verification. Ultraviolet–visible (UV–vis) absorption and photoluminescence (PL) spectra were acquired using a Shimadzu UV-1601 PC spectrophotometer and a Shimadzu RF-5301 PC spectrofluorometer, respectively, to systematically evaluate the optical absorption characteristics and emission behavior of the materials. The elemental composition and oxidation states of surface elements were investigated through X-ray photoelectron spectroscopy (XPS; PHI 5700 ESCA, Physical Electronics, USA).

[image: ]







Scheme S1 Schematic diagram for preparation of FeN@CNTs nanozyme .
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Scheme S2 Schematic diagram for preparation of multimode detection of vitamin C.
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Fig. S1 Enzymatic reaction kinetics curves of FeN@CNTs nanozyme when (A) H2O2 and (B) TMB as substrate, respectively. Lineweaver-Burk inverse equation curve of FeN@CNTs nanozyme when (C) H2O2 and (D) TMB as substrate, respectively. 
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Fig. S1 (A) Effect of EDTA concentration on UV–vis spectra of FeN@CNTs +TMB + H₂O₂.(B) Impact of various ROS scavengers on UV–vis absorbance. (C) ESR spectra confirming •OH and •O₂⁻ generation via DMPO adducts. (D) Fluorescence spectra showing •OH detection using the TA probe. (E) UV–vis spectra demonstrating SOD-induced suppression of catalytic activity.
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Fig.S2 Optimization of reaction conditions: (A) pH, (B) reaction temperature, (C) FeN@CNTs nanozyme concentration, (D) TMB concentration, (E) H₂O₂ concentration, and (F) AR concentration. All measurements were performed in triplicate.
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Fig.S3 Smartphone-based colorimetric and fluorometric methods for detection of vitamin C.
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Fig.S4 Batch-to-batch reproducibility across five independent syntheses under (A) colorimetric and (B) fluorometric assays. All measurements were performed in triplicate.
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Fig.S5 Comparative stability of FeN@CNTs nanozyme and HRP: (A, B) Catalytic activity retention after 18-day storage at room temperature in colorimetric and fluorometric modes; (C, D) Tolerance to extreme pH after 120 min incubation. All assays were conducted in triplicate.
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Fig.S6 Fig. S6 Operational stability of FeN@CNTs nanozyme over 40 days in aqueous conditions for (A) colorimetric and (B) fluorometric detection. All assays were conducted in triplicate.


 










Table S1. Comparison of Km and Vmax between Cu@NPCNSs and other nanocatalysts.




































 Table S1. Comparison of Km and Vmax between Fe/N@C-dots and other nanocatalysts.

	Enzyme
	Km (mM)
	Vmax (10−8 M s−1)
	Reference

	
	TMB
	H2O2
	TMB
	H2O2
	

	HRP
	0.434
	3.702
	10.000
	8.710
	[1]

	NH2-MIL-88(Fe)
	0.219
	0.029
	4.104
	2.519
	[2]
	Ag/Fe3O4@h-BN
	0.162
	0.494
	7.21
	10.25
	[3]
	FeOOH
	2.81
	3.85
	0.54
	0.33
	[4]
	Fe-CDs
	0.0086
	0.00672
	2.035
	2.817
	[5]
	BSA@Pt NPs
	0.17
	104
	23.0
	24.1
	[6] 

	Co3O4
	0.511
	140.56
	12.41
	3.43
	[7]

	CeO2/Co3O4 HNs
	0.495
	1.225
	27.06
	8.87
	[8]

	Au-NCs
	3.59
	16.71
	0.86
	1.3
	[9]

	AuPtCo
	0.137
	2.593
	1.79
	10.16
	[10]

	PDA@Cu-CeO2
	0.197
	0.196
	77,0000
	128,0000
	[11]

	CeO2 NSs
	8.17
	4.33
	3400
	1450
	[12]

	FeN@CNTs
	0.176
	1.87
	18.02
	20.17
	This work
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