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Supplementary Figures 

 

Figure. S1 TEM image of PCNF. 

 

 

Figure. S2 (a) Digital photos of the fabrication process of MXene nanosheets. A dark 

green and uniform suspension can be achieved when MAX is treated by acid etching 

method. Characterization of chemical structure: (b) FT-IR, (c) XRD, (d) C1s and (e) O1s 

spectra. 



 

 

Figure. S3 SEM image and corresponding element mapping of MXene nanosheets. 

 

 

Figure. S4 Digital photographs of PCNF/CS-M film, the excellent mechanical strength 

and flexibility can make it withstand (i) folding and (ii) twisting, and no cracks or 

damages are observed. 

 

 



 

 

Figure. S5 (a) C1s and (b) O1s XPS spectra of PCNF and (c) O1s XPS spectrum of 

PCNF/CS15-M5.0. 

 

 

Figure. S6 SEM images of PCNF film after simple stretching. 

 

 



 

 

Figure. S7 FT-IR spectra of PCNF and PCNF/CS15-M5.0 films before and after burning. 

 

 

 

Figure. S8 Flame burning tests for various PU composites: (i) pure PU foam and (ii) 

PCM-PU foam. Scale bars are 1cm. 
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Figure. S9 SEM images of (a) PCNF and (b) PCNF/CS15-M5.0 films; (c) Thickness 

change of PCNF and PCNF/CS15-M5.0 paper after combustion. 

 

 

 

Figure. S10 Digital photographs of the PCNF film before/after being exposed to the 

butane flame. 

 



 

 

Figure. S11 (a) Full-scan XPS spectra of PCNF and PCNF/CS15-M5.0 before and after 

burning; C1s XPS spectrum of PCNF before (b) and after (c) burning; O1s XPS spectrum 

of PCNF before (d) and after (e) burning; P2p XPS spectrum of PCNF before (f) and after 

(g) burning; (h) C1s, (i) O1s, (j) P2p and (k) Ti2p XPS spectra of PCNF/ CS15-M5.0 before 

burning. 

 

 

Figure. S12 TGA curves of CS, MXene, PCNF and PCNF/CS15-M5.0 film. 
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Figure. S13 (a) Total absorptions spectra of the gaseous products for PCNF and 

PCNF/CS15-M5.0; The pyrolysis products of the PCNF and PCNF/CS15-M5.0 at the 

maximum decomposition rate: (b) hydrocarbons and (c) carbonyl compounds. 

 

Supplementary Tables 

Table S1. Recipes of precursor solutions for the synthesis of PCNF/CS-M paper. 

Sample PCNF (g) CS (wt%) MXene (wt%) H2O (mL) 

PCNF 0.2 0 0 50 

PCNF/CS5 0.2 5 0 50 

PCNF/CS10 0.2 10 0 50 

PCNF/CS15 0.2 15 0 50 

PCNF/CS20 0.2 20 0 50 

PCNF/M2.5 0.2 0 2.5 50 

PCNF/CS5-M2.5 0.2 5 2.5 50 



 

PCNF/CS15-M2.5 0.2 15 2.5 50 

PCNF/CS15-M5.0 0.2 15 5.0 50 

PCNF/CS15-M7.5 0.2 15 7.5 50 

PCNF/CS15-M10.0 0.2 15 10.0 50 

 

Table S2. Tensile properties of various nanocomposite films. 

Sample 
Tensile strength 

(MPa) 

Tensile strain 

(%) 

Toughness 

(MJ·m-3) 

Young’s modulus 

(GPa) 

PCNF 61.6 ± 4.1 30.5 ± 2.9 12.7 ± 1.1 0.82 ± 0.04 

PCNF/CS5 72.1 ± 4.9 27.1 ± 2.5 14.8 ± 0.8 1.11 ± 0.05 

PCNF/M2.5 93.6 ± 8.2 15.0 ± 1.1 8.6 ± 0.5 1.16 ± 0.05 

PCNF/CS5-M2.5 135.3 ± 9.3 22.0 ± 0.9 18.9 ± 0.6 1.21 ± 0.06 

 

Table S3. Tensile properties of PCNF films with variational CS content. 

Sample 
Tensile strength 

(MPa) 

Tensile strain 

(%) 

Toughness 

(MJ·m-3) 

Young’s modulus 

(GPa) 

PCNF 61.6 ± 4.1 30.5 ± 2.9 12.7 ± 1.1 0.82 ± 0.04 

PCNF/CS5 72.1 ± 4.9 27.1 ± 2.5 14.8 ± 0.8 1.11 ± 0.05 

PCNF/CS10 82.4 ± 4.4 17.1 ± 1.0 10.3 ± 0.4 1.40 ± 0.11 

PCNF/CS15 134.4 ± 8.1 11.2 ± 0.7 8.4 ± 0.5 1.80 ± 0.12 

PCNF/CS20 111.0 ± 6.7 4.7 ± 0.3 3.2 ± 0.2 3.00 ± 0.22 

 

Table S4. Tensile properties of PCNF/CS15-M films with different MXene content. 

Sample 
Tensile strength 

(MPa) 

Tensile strain 

(%) 

Toughness 

(MJ·m-3) 

Young’s modulus 

(GPa) 

PCNF/CS15 134.4 ± 8.1 11.2 ± 0.7 8.4 ± 0.5 1.8 ± 0.1 



 

PCNF/CS15-M2.5 150.1 ± 8.3 9.1 ± 0.5 8.2 ± 0.5 2.7 ± 0.2 

PCNF/CS15-M5.0 172.1 ± 9.6 8.0 ± 0.5 8.5 ± 0.5 4.4 ± 0.2 

PCNF/CS15-M7.5 134.3 ± 7.5 4.5 ± 0.3 4.2 ± 0.2 7.4 ± 0.4 

PCNF/CS15-M10.0 113.8 ± 6.3 1.6 ± 0.1 1.3 ± 0.1 15.4 ± 0.9 

 

 

Table S5. Comparisons of mechanical properties of flame-retardant films 

Composition 
Tensile strength 

(MPa) 

Tensile strain 

(%) 

Toughness

（MJ.m-3） 
Reference

AX-BG 14.4 5.7 ~0.5 [1]

PEG-MMT-GONR 14.8 3.1 ~0.2 [2]

PEI-GO 52.7 4.0 ~1.3 [3]

BPI-COOAl 63.7 11.0 ~4.2 [4]

PBI-(PWA-IL) 75.5 13.2 ~7.9 [5]

HCPA-GO 94.7 2.2 1.4 [6]

f-SiO2-GO 122.4 6.9 4.7 [7]

WH-MMT-GO 124.0 4.7 ~3.6 [8]

PCNF-TA-GO 132.2 1.2 ~0.9 [9]

PhC 150.0 7.5 8.2 [10]

GM-BNT-GO 231.1 3.3 4.5 [11]

HCCP-GO 240.0 4.4 ~6.1 [12]

PCNF/CS-M 172.1 8.0 8.5 This work

AX: Arabinoxylans; BG: β-glucan; PEG: polyethylene glycol; MMT: montmorillonite; GONR: graphene

oxide nanoribbon; PEI: Polyetherimide; GO: graphene oxide; BPI-COOAl: biopolyimide salt with

aluminum; PBI: polybenzimidazole; PWA-IL: 1-butyl-3-methyl imidazolium phosphotungstate; HCPA:

amino-modified hexachlorophosphazene; f-SiO2: functionalized silica; WH: Wood auto-hydrolysates;

PCNF: phosphorylated-cellulose nanofibrils; TA: tannic acid PhC: phosphorylated cellulose; GM:

galactomannan; BNT: bentonite; HCCP: hexachlorocyclotriphosphazene; CS: chitosan; M: MXene

 

  



 

Table S6. TGA data of raw materials and composite films in air atmosphere. 

Sample T5% (oC) T10% (oC) Tmax (
oC) Ash800oC (wt%) 

CS 89.3 256.4 294.2 1.7 

MXene 144.4 341.4 437.8 79.2 

PCNF 129.9 242.9 314.8 8.5 

PCNF/CS15-M5.0 109.4 201.5 317.4 9.2 

 

 

Table S7. Characteristic parameters of PCNF and PCNF/CS15-M5.0 from MCC. 

Sample HRC (J/g⸱K) PHRR (W/g) THR (kJ/g) TPHRR (
oC) 

PCNF 93.0 95.2 6.7 325.8 

PCNF/CS15-M5.0 70.0 70.8 5.3 329.2 
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