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1. Characteristics
1.1 Calculation of lignin and cellulose yields
After the isolated lignin and cellulose are thoroughly dried, they are weighed and calculated according to Equations (2-1) and (2-2):
                               (2-1)
                               (2-2)
where Mwood, Mlignin, and Mcellulose denote the mass of wood powder, the mass of DES‑extracted lignin, and the dry weight of cellulose residue, respectively, and 0.29 is the lignin content of wood powder determined following the NREL standard.
1.2 Relative purity of lignin
The relative purity of lignin is calculated by comparing the ratio of DES‑extracted lignin to Klason lignin determined by the Klason method. The detailed method is as follows: a concentration‑absorbance standard curve for Klason lignin (KL) is established by measuring the absorbance of Klason lignin samples at various concentrations. The equivalent Klason lignin concentration corresponding to the DES‑extracted lignin sample is then obtained from the standard curve based on its absorbance. The relative purity of lignin is calculated according to Equation (2‑3).
                                     (2-3)
where A0 represents the absorbance of lignin measured at 225 nm, and c0 denotes the lignin concentration in mg/L.
1.3 Phenolic hydroxyl content of lignin
The determination of phenolic hydroxyl (Ph‑OH) content in lignin was carried out using a UV‑Vis spectrophotometer (U‑3900). A mixed solvent system of 1,4‑dioxane/water (9:1, v/v) was prepared, and lignin was dissolved in the above solvent at a concentration of 1 mg/mL with magnetic stirring to ensure complete dissolution, followed by filtration through a microporous membrane filter to remove insoluble impurities. Equal volumes of the lignin solution were mixed with 48 mL of 0.2 M NaOH solution (pH ≈ 13) and 48 mL of 0.1 M phosphate buffer (pH ≈ 6.0), respectively. After thorough mixing, the spectra were scanned in the wavelength range of 250–400 nm, and the absorbance values at 300 nm and 360 nm were recorded.
      (2-4)
                                                     (2-5)
where ∆α denotes the extinction coefficient, A represents the absorbance, C is the lignin solution concentration (g/L), and L is the thickness of the cuvette (cm).
1.4 2D‑HSQC NMR spectra analysis of lignin
To gain deeper insight into the chemical structure of lignin, two‑dimensional heteronuclear single‑quantum coherence nuclear magnetic resonance (2D‑HSQC NMR) spectroscopy was employed. Approximately 50–100 mg of lignin sample was dissolved in 0.6 mL of deuterated dimethyl sulfoxide (DMSO‑d₆) with thorough stirring to ensure complete dissolution. Subsequently, 2D‑HSQC NMR spectra were recorded on an NMR spectrometer using the hsqcedetgpsisp pulse sequence, with the spectral width in the F1 dimension set to 190 ppm and the number of scans set to 16 to ensure adequate signal‑to‑noise ratio and resolution. The 2D‑HSQC NMR spectra were then subjected to relative quantitative analysis using MestReNova software. By integrating the signal intensities of each structural unit, the relative proportions of different structural units and their linkage patterns could be quantitatively evaluated.
     (2-6)
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1.5 Crystalinity of cellulose residues
To investigate the change in crystallinity of the cellulose residue, the samples were analyzed using an X‑ray diffractometer (D8 Discover). The experiment was conducted with Cu Kα radiation (wavelength λ = 0.154 nm) at a voltage of 40 kV and a current of 40 mA. Diffraction intensity data were collected over a diffraction angle (2θ) range of 10° to 40° at a scanning speed of 4 °/min. According to the Segal method, the crystallinity index of the samples was calculated by Equation (2‑13).
                      (2-13)
where I200 represents the diffraction peak intensity of the crystalline region at approximately 22.5° (2θ), and Iam denotes the diffraction peak intensity of the amorphous region at approximately 18° (2θ).
1.6 Quantum chemical calculations: 
First, the single components were pre‑optimized. Subsequently, the four designed DES systems were further optimized using Gaussian 16 software with dispersion correction at the B3LYP/6‑31+G(d) level. Based on the optimized geometries, the electrostatic potential distributions were calculated to analyse the charge distribution on the molecular surfaces and in space, and the corresponding electrostatic potential colour‑filled maps were plotted using Gauss View 6.0. Furthermore, to investigate the molecular orbital transitions of the four systems in more detail, the optimized structure files were imported into Gauss View 6.0 for orbital analysis. By means of the visualisation function of Gauss View 6.0, the molecular orbital distributions and energy levels of the four DES systems could be directly observed and analysed, including the spatial distributions of the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO), as well as their energy gap.
1.7 Other characterization tests
The morphology of the samples was observed by Field emission scanning electron microscopy (SEM) (ZEISS/Sigma 500, Germany). Nicilets20 FT-IR spectrometer (PerkinElmer, USA) combined with attenuated total reflection (ATR) was used to characterize chemical structure of samples with the range of 500-4000 cm-1. Gel chromatography (GPC) (PL-GPC50, USA) was used to determine the average relative molecular weights of lignin. Transmission electron microscopy (TEM) (Tecnai 12, USA) was employed to characterize the morphology of LCNF at an accelerating voltage of 80 kV. Using a UV‑Vis spectrophotometer, the solutions formulated with Nile Red (NR), 4‑nitroaniline (NH₂), and 4‑nitroanisole (OMe) as solvatochromic probes were subjected to scanning analysis in the wavelength region of 300–700 nm.


Table S1 2D HSQC NMR signal peaks of different DES-extracted lignin
	[bookmark: _Hlk192599588]Label
	ΔC/δH
	Assignments

	
	FDL
	ADL
	LDL
	ODL
	

	Bβ
	53.5/3.06
	53.5/3.07
	53.2/3.08
	53.3/3.03
	Cβ−Hβ in β–β (resinol)
substructures (B)

	OMe
	56.2/3.71
	55.7/3.66
	55.5/3.71
	55.7/3.76
	C−H in methoxyls

	Aγ
	59.5/3.66
	59.5/3.64
	59.6/3.60
	59.6/3.63
	Cγ−Hγ in β-O-4 substructures (A)

	A'γ
	63.1/4.31
	63.7/4.23
	63.7/4.28
	63.3/4.26
	Cγ–Hγ in γ-acylated β–O–4 (A')

	Cγ
	62.3/3.70
	62.4/3.71
	62.3/3.71
	62.2/3.71
	Cγ−Hγ in phenylcoumaran substructures (C)

	Iγ
	62.1/4.21
	62.2/4.22
	60.6/4.01
	61.2/4.19
	Cγ–Hγ in cinnamyl alcohol end-groups (I)

	Bγ
	71.4/3.77
-4.13
	71.3/3.78
-4.11
	71.2/3.73
-4.18
	-
	Cγ−Hγ in β-β resinol substructures (B)

	Aα
	72.1/4.83
	72.1/4.81
	71.6/4.86
	72.8/4.89
	Cα−Hα in β-O-4 linked to a S units (A)

	A'β(G)
	81.1/4.63
	81.1/4.60
	80.9/4.67
	81.6/4.67
	Cβ–Hβ in β-O-4 linked to G (A')

	Aβ(G)
	84.1/4.30
	83.6/4.27
	83.7/4.26
	-
	Cβ−Hβ in β-O-4 linked to G units (A)

	A'β(S)
	84.1/4.30
	83.6/4.27
	83.7/4.26
	-
	Cβ−Hβ in β-O-4 linked to S units (A')

	Bα
	85.1/4.60
	85.0/4.76
	84.1-4.64
	85.9/4.68
	Cα−Hα in β-β resinol substructures (B)

	Aβ(S)
	86.5/4.11
	85.5/4.18
	86.3/4.11
	86.1/4.03
	Cβ−Hβ in β-O-4 linked to a S units (A)

	Cα
	87.5/5.46
	87.2/5.42
	87.9/5.54
	87.9/5.47
	Cα−Hα in phenylcoumaran substructures (C)

	S2,6
	104.2/6.64
	104.1/6.65
	103.7/6.71
	104.1/6.62
	C2,6−H2,6 in syringyl units (S)

	S′2,6
	107.5/7.21
	105.9/7.22
	105.5/7.20
	106.8/7.22
	C2,6−H2,6 in oxidized S units (S′)

	G2
	111.1/6.91
	111.1/6.89
	111.2/7.01
	110.2/6.97
	C2−H2 in guaiacyl units (G)

	G5
	114.7/6.68
	114.7/6.66
	114.8/6.70
	114.8/6.50
	C5−H5 in guaiacyl units (G)

	G6
	119.9/6.75
	119.7/6.77
	119.1/6.74
	120.5/6.74
	C6−H6 in guaiacyl units (G)

	H2,6
	124.5/7.12
	128.5/7.14
	128.9/7.19
	127.9/7.39
	C2-H2 in p-hydroxyphenyl units (H)

	PCE2,6
	131.9/7.63
	131.6/7.59
	131.3/7.63
	131.5/7.73
	C2,6-H2,6 in p-coumarate





Table S2 Electron density, Laplace electron density, and eigenvalues at the critical point of the bonds between FD, AD, LD, and OD
	Components
	BCP
	Internactions
	ρ
	△2ρ
	λ1
	λ2
	λ3

	ChCl ••• FA

	38
	29O•••18H-17C
	0.0128
	0.0421
	-0.0137
	-0.0131
	0.0689

	
	45
	22Cl•••21H-20O
	0.0237
	0.0696
	-0.0276
	-0.0267
	0.1239

	
	51
	29O•••6H-5C
	0.0085
	0.0325
	-0.0070
	-0.0048
	0.0443

	
	54
	22Cl•••32H-30O
	0.0341
	0.0834
	-0.0451
	-0.0448
	0.1733

	
	57
	22Cl•••6H-5C
	0.0128
	0.0421
	-0.0114
	-0.0112
	0.0647

	
	62
	22Cl•••3H-1C
	0.0119
	0.0399
	-0.0102
	-0.0099
	0.0600

	
	73
	22Cl•••27H-25O
	0.0330
	0.0816
	-0.0432
	-0.0430
	0.1678

	
	75
	24O•••8H-5C
	0.0113
	0.0416
	-0.0112
	-0.0098
	0.0626

	
	76
	24O•••4H-1C
	0.0111
	0.0414
	-0.0111
	-0.0095
	0.0620

	ChCl ••• AA

	46
	22Cl•••26H-25O
	0.0327
	0.0815
	-0.0427
	-0.0424
	0.1666

	
	49
	22Cl•••34H-33O
	0.0310
	0.0789
	-0.0399
	-0.0397
	0.1585

	
	56
	22Cl•••6H-5C
	0.0128
	0.0423
	-0.0114
	-0.0112
	0.0649

	
	57
	22Cl•••21H-20O
	0.0242
	0.0703
	-0.0284
	-0.0275
	0.1262

	
	59
	24O•••6H-5C
	0.0089
	0.0343
	-0.0076
	-0.0054
	0.0473

	
	62
	24O•••18H-17C
	0.0134
	0.0443
	-0.0146
	-0.0138
	0.0727

	
	63
	22Cl•••3H-1C
	0.0126
	0.0421
	-0.0111
	-0.0108
	0.0639

	
	68
	32O•••8H-5C
	0.0121
	0.0443
	-0.0123
	-0.0107
	0.0673

	
	72
	32O•••4H-1C
	0.0117
	0.0435
	-0.0118
	-0.0103
	0.0656

	ChCl ••• LA

	69
	22Cl•••26H-25O
	0.0328
	0.0812
	-0.0430
	-0.0427
	0.1669

	
	70
	22Cl•••34H-33O
	0.0335
	0.0824
	-0.0440
	-0.0437
	0.1701

	
	71
	24O•••8H-5C
	0.0120
	0.0431
	-0.0123
	-0.0105
	0.0659

	
	73
	36O•••6H-5C
	0.0097
	0.0372
	-0.0086
	-0.0065
	0.0523

	
	77
	22Cl•••6H-5C
	0.0120
	0.0397
	-0.0104
	-0.0102
	0.0603

	
	83
	24O•••4H-1C
	0.0111
	0.0421
	-0.0109
	-0.0097
	0.0627

	
	84
	36O•••18H-17C
	0.0128
	0.0422
	-0.0137
	-0.0130
	0.0689

	
	87
	22Cl•••3H-1C
	0.0130
	0.0433
	-0.0116
	-0.0113
	0.0662

	
	89
	22Cl•••21H-20O
	0.0241
	0.0702
	-0.0282
	-0.0273
	0.1257

	ChCl ••• OA
	35
	24O•••12H-9C
	0.0033
	0.0131
	-0.0015
	-0.0005
	0.0151

	
	41
	24O•••8H-5C
	0.0087
	0.0303
	-0.0084
	-0.0080
	0.0467

	
	45
	24O•••4H-1C
	0.0068
	0.0254
	-0.0060
	-0.0057
	0.0371

	
	62
	29O•••4H-1C
	0.0105
	0.0412
	-0.0092
	-0.0052
	0.0556

	
	72
	22Cl•••6H-5C
	0.0143
	0.0447
	-0.0131
	0.0130
	0.0708

	
	77
	22Cl•••3H-1C
	0.0077
	0.0249
	-0.0053
	-0.0043
	0.0345

	
	81
	22Cl•••21H-20O
	0.0283
	0.0753
	-0.0344
	-0.0337
	0.1434

	
	82
	22Cl•••30H-29O
	0.0490
	0.0955
	-0.0720
	-0.0711
	0.2386






Table S3 Cost and economic accounting
	Materials
	Price
	Unit
	Sources
	Dosage
	Cost share

	Poplar wood powder
	0.82
	CNY/kg
	Guangxi Guilin Qianzhufang Bamboo Industry Co., Ltd.
	100 kg
	0.8%

	Oxalic acid
	2.5
	CNY/kg
	Shanghai Macklin Biochemical Co.,Ltd.
	196 kg
	4.9%

	Choline chloride
	25
	CNY/kg
	Shanghai Macklin Biochemical Co.,Ltd.
	304 kg
	76.8%

	Ethanol
	7.2
	CNY/L
	Shandong Jincheng Chemical
	160 L
	11.7%

	Electricity
	1.038
	CNY/kWh
	STATE GRID 
	524.8 kWh
	5.5%

	Water
	5
	CNY/t
	Local Standard a 
	5 t
	[bookmark: _GoBack]0.3%


a: The price was obtained from the local authorities (SHAOXING KEQIAO WATER GROUP CO., Ltd., Zhejiang, China
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Figure S1. The UV-visible absorption spectra of FD, AD, LD, and OD in (a) NR, (b) OMe, and (c) NH₂.
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Figure S2. Molecular weight distribution of (a) FDL, (b) ADL, (c) LDL, and (d) ODL.
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Figure S3. SEM images of untreated poplar wood powder.
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Figure S4 XRD spectrum of LCNF
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Figure S5. Infrared spectrum of LCNF


[image: ]
Figure S6 XPS spectrum (a) and C1s high‑resolution spectrum (b) of LCNF.
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Figure S7 High concentration and low concentration of LCNF.
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Figure S8 Average cost for the first time and five cycles.
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