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Note S1. Molecular Simulation Methodology

All simulations were done with the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) software package.1 The molecular structure of graphene 

was generated using the Make-Graphitics program developed by Sinclair et al.2,3 The 

size of the graphene used in the simulation is 60*60 Å2, the C/O ratio is 8.47, the ratio 

of carboxyl groups to hydroxyl groups in the edge region is 4:1, and the number of 

hydroxyl groups in the middle region is 3. Since the size of the graphene used in the 

simulation is much smaller than the graphene in the experiment, in order to balance the 

C/O ratio and the density of oxygen-containing functional groups at the edge of the 

graphene, it is reasonable to use a slightly lower C/O ratio. Considering that the size of 

graphene in the experiment is larger than the length of the cellulose molecular chain, 

the cellulose molecular chain used in the simulation contains 10 monomers and the 

length is about 48 Å. Moreover, the effect of LiOH-urea which has been removed from 

the wet-state fibers has been ignored. First, a simulation box with a size of 90*90*208 

Å3 was built using the Packmol program package, containing 2 graphene nanosheets 

arranged in parallel up and down and 144 cellulose molecular chains distributed 

between the graphene nanosheets. The cellulose chains in the initial configuration are 

placed along the x-direction, and the opposite pulling force of 2 Kcal/Å2 is applied at 

both ends to maintain its orientation, while the movement of the carbon atoms of 

graphene in the x- and y-directions are limited by a spring potential and only allows 

movement in the z-direction. Then, the Nose-Hoover algorithm is used to maintain the 

temperature at 500K, and after several cycles of "decrease-rise-decrease the dielectric 
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constant", run 4 million steps to slowly reduce the dielectric constant to 1.0. Then, run 

another 500,000 steps to gradually reduce the temperature to 298K, and then continue 

to run 500,000 steps to make the system closer to equilibrium. In the final 500,000 

steps simulation, the tensile force acting on both ends of the cellulose molecular chain 

and the spring potential limiting the movement of graphene were canceled to relax the 

stress generated by the tensile force and spring potential. In equilibrium molecular 

dynamics, the total simulation time is 100 ns. In the stretching non-equilibrium 

molecular dynamics simulation, the time step is 0.25 fs, the stretching direction is the 

x-direction, the engineering tensile strain rate is 1010/s, and the y- and z-directions 

maintain a pressure of 1.0 atm. To facilitate the analysis of the hydrogen bond energy, 

all the energy of the system was evaluated by the ReaxFF force field.4 The visualization 

of the simulation system was done with VMD 1.9.2 and Ovito 3.0.5,6
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Figure S1. (a) Schematic illustration of the preparation of graphene nanosheets. SEM 

images of (b) flake graphite, (c, d) graphite intercalation compounds (GIC) and (e) 

freeze-dried graphene slurry. (f) XRD patterns of flake graphite, graphite intercalation 

compounds and dry graphene powder. (g) Raman spectra of graphene, showing a low 

ID/IG ratio.
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Figure S2. XRD patterns of the freeze-dried PC solution, urea powder and LiOH 

powder. The disappearance of cellulose crystallization peak indicated that cellulose 

was dissolved in LiOH-urea solution.7
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Figure S3. Ionization curve of phenolic hydroxyl groups and carboxyl groups on 

graphene nanosheets. Degree of ionization (α) = Ka / (Ka + 10-pH). The ionization 

equilibrium constants (Ka) of benzoic acid and phenol are 6.27*10^-5 and 1.05*10^-10 

at 25 ℃ respectively.8,9 It is generally believed that the only functional groups that can 

ionize on the surface of graphene are -COOH and -OH.10 By calculating the degree of 

ionization (α) of benzoic acid and phenol, the ionization of groups on the surface of 

graphene can be indirectly reflected. The ionization curve shows that the -COOH 

groups on the graphene surface were almost completely ionized at pH=7, and the 

ionization degree of -OH increases from 1% to 99% at the pH range of 8.0~12.0. 

Therefore, the ionization of graphene surface groups depends on -OH in alkaline 
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environment, which is consistent with the fact that the graphene prepared at room 

temperature and low water content is mainly -OH and epoxy groups.11

Figure S4. Schematic diagram of electric double layer model of graphene nanosheets 

in alkaline aqueous solution.10,12 The phenolic hydroxyl groups ionized under the action 

of hydroxide ions on the graphene surface carried a negative charge and adsorbed Li-

ions in the solution through electrostatic action. The inner region where Li-ions and 

ionized -OH groups are tightly combined is called the stern layer, and the outer 

diffusion region where Li-ions are not so tightly absorbed. A boundary abstracted from 

the diffusion zone is called the slipping plane. In this plane is a stable entity composed 

of Li-ions and ionized -OH groups, and the formed Li-ions layer will move with the 

movement of the graphene nanosheets. The zeta potential is the potential from the 

slipping plane to the bulk solution. When the pH continues to increase, the -OH group 

has been completely ionized, and the ion concentration in the bulk solution increases, 
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repelling each other, and more Li-ions will be squeezed into the sliding plane, 

neutralizing the negative charge, making the absolute value of the zeta potential change 

small.

Figure S5. SEM images of graphene with (a) close π-π stacking structure in water (pH 

= 7), (b) uniformly dispersed structure in LiOH solution (pH = 12) and (c) loosely 

stacking structure in LiOH-urea solution (pH = 14). (d) Digital images of graphene in 

urea aqueous solution with different pH. 
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Figure S6. (a) Digital images of cellulose/RGO (left) and CG (right) inks both 

containing 10 wt% graphene in LiOH-urea aqueous solution. (b) Raman spectra of 

RGO, showing a high ID/IG ratio.
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Figure S7. Digital images of assembled wet-spinning device.
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Figure S8. SEM images of the CG fibers with apparent diameters from 36 μm to 72 

μm.

Figure S9. SEM images of the knotted (a) and twisted (b) CG fibers.
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Figure S10. SEM images of the PC fibers with (a, b) smooth surface and (c, d) cross 

sections.
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Table S1. Strength comparison of the present work and the results reported in 

literature.

Nano-fillers  Cellulose Solvent involved Preparation Fiber type Tensile strength Ref. 

Graphene Cotton linter Alkaline-urea aqueous solution Wet-spinning Cellulose/graphene 227.9 ± 6.7 MPa Our work 

MWCNTs/rGO Cotton pulp Ionic liquid Wet-spinning MWCNTs/rGO/cellulose 2.1 - 5.4 MPa 13 

BNNS Cotton linter Alkaline-urea aqueous solution Wet-spinning RCF/BNNS ~ 140 MPa 14 

MXenes TOCNFs TEMPO, water Wet-spinning TOCNFs/Ti3C2 136.5 ± 21.5 MPa 15 

GO NFC TEMPO, water Wet-spinning GO-NFC 274.6 ± 22.4 MPa 16 

CNTs NFC TEMPO, water Wet-spinning CNT-NFC 247 ± 5 MPa 17 

CNTs TCNF TEMPO, water Wet-spinning TCNF/CNT ~ 240 MPa 18 

MWCNT Cellulose Ionic liquid Wet-spinning MWCNT/cellulose 257 ± 9 MPa 19 

SWNT CNF TEMPO, water Wet-spinning CNF/SWNT ~ 472.17 MPa 20 

— —  Cotton pulp CS2/NaOH Wet-spinning Viscose 18.1 cN/tex 

(~272 MPa) 

21 

— —  Cotton pulp CS2/NaOH Wet-spinning Modal 31 cN/tex 

(~469 MPa) 

21 

— —  Cotton pulp NMMO/water Wet-spinning Lyocell 31.7 cN/tex 

(~482 MPa) 

21 

— —  CNF (BC) Wet‐drawn CNF fiber 826 MPa 22 

 

Abbreviations: MWCNTs, multi-walled carbon nanotubes; rGO, reduced graphene oxide; RCF, 
regenerated cellulose fiber; BNNS, boron nitride nanosheets; TOCNFs, TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxylradi-cal)-mediated oxidized cellulose nanofibrils; GO, graphene oxide; 
NFC, nanofibrillated cellulose; TCNF, Nanocellulose extracted from tunicate; CS2, carbon disulfide; 
CNF, cellulose nanofibers; NMMO, 4-Methylmorpholine N-oxide; BC; bacterial cellulose 
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(synthesized by microorganisms, neutralized by NaOH and washed with a large amount of deionized 
water)

Figure S11. Optical image of a weight weighing 100 g suspended by a 70 μm 

composite fiber.

Note S2. Calculation of composite fibers density as follows:

𝑉𝐺=
𝑊𝐺

𝑊𝐺+ (𝜌𝐺/𝜌𝐶)(1 ‒𝑊𝐺)

𝜌𝐶𝐺= 𝜌𝐺𝑉𝐺+ 𝜌𝐶𝑉𝐶

where  and  are the volume and weight fraction of graphene,  and  is the 𝑉𝐺 𝑊𝐺 𝑉𝐶 𝜌𝐶

volume fraction and density of the PC matrix, is the density of CG composites,  𝜌𝐶𝐺 𝜌𝐺

is the density of graphene (~1.06 g/cm3).23 
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Table S2. Specific tensile strengths of the CG fibers with di‐erent graphene contents.
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Figure S12. Specific tensile strengths of the CG fibers with di‐erent graphene 

contents.
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Figure S13. SEM images of the cross-section of a broken composite fiber with ductile 

fracture characteristics. 
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Figure S14. Snapshots of fracture failure of CG system during the simulated stretching 

process. (green: C; red: O; white: H; blue: carbon atoms of graphene)
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Figure S15. Preparation of the CG and PC films in wet-state.
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Figure S16. Tensile stress-strain curves of the PC and CG5 films.
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Table S3. Comparison of the performance of the samples used to test the 

electromagnetic shielding performance.

Figure S17. SEM images of the fracture cross-section of PC (a, b) and CG5 films (c, 

d) in dry-state. 
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Table S4. Comparison of conductivity of composites with the literature.

Material Nano-filler Solvent Cotent Conductivity 

(S/m) 

Ref. 

Cellulose/Graphene fiber 

GO–NFC hybrid microfiber 

TOCNFs/Ti3C2 fiber 

Hyperbranched 

polyglycerol/rGO fiber 

Cellulose/Graphene films 

Graphene/Silk fibroin film 

Graphene/PS composites 

Graphene/PVDF film 

SWNTS/PNP/PVA fiber 

 

CNF/SWNT filaments 

Graphene 

GO 

MXenes 

rGO 

 

Graphene 

Graphene 

Graphene 

Graphene 

SWNTS/PNP 

 

SWNT 

Alkaline-urea aqueous solution 

Water 

Water 

DMF 

 

DMAC/LiCl solution 

Hexafluoroisopropanol 

C2H5OH/CH2Cl2 

DMF 

SDS aqueous solution 

 

Water 

15 wt% 

50 wt% 

30 wt% 

66 wt% 

 

1.6 wt% 

25 wt% 

30 wt% 

15 wt% 

SWNTS: 12 wt% 

PNP: 38 wt% 

10 wt% 

5.11 

~ 0 

4.8 

~ 4.88 

 

0.00037 

0.032 

1.25 

0.665 

96.7 

 

498 

Our work 

16 

15 

24 

 

25 

26 

27 

28 

29 

 

20 

 

Abbreviations: SDS, sodium dodecyl sulfate; PNP, permalloy nanoparticle
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Figure S18. Tensile stress-strain curves of PC and CG10 fibers at 50% and 75% RH.

Table S5. Impact of humidity on mechanical properties of PC and CG10 fibers.
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Figure S19. A respiratory monitoring sensor based on CG10 fiber; transparent 

insulating tape was pasted on the copper glue to avoid the interference of human body 

to the electrical signal.
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Table S6. Comparison of EMI between our work with the reported results.

Materials Fillers Content Solvent Processing EMI (dB) Ref. 

Cellulose Graphene 5 wt% water Directly mixing 
14.6-19.6 

@6.5-18 GHz 

This 
work 

CNF RGO 5-30 wt% water 
TEMPO-modified 
CNF, HI-reduced 
GO 

3-18 

@8.2-12.4 GHz 
30 

CNF Graphene 12.5-45 wt% water 
Repeated alternated 
assembly via 
vacuum filtration 

11.5-27.4 

@8.2-12.4 GHz 
31 

Cotton linter RGO+Fe3O4 
RGO: 8 wt% 

Fe3O4: 15 wt% 
water 

Multi-step washing, 
reduction etc. 

32.4-40.1 

@8.2-12.4 GHz 
32 

CNF TRGO 50 wt% water Multi-step process 
10-14 

@8.2-12.4 
33 

 

Abbreviations: TRGO, thermally reduced graphene oxide
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