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The supporting information included 18 Figures and 5 Tables.

Fig. S1. SEM images of CNCS obtained through hydrothermal reaction at different H₂SO₄ 

concentrations: (a) 0.5 M, (b) 1 M, and (c) 2 M. Under the catalytic influence of sulfuric acid, 

cellulose nanocrystals (CNC) undergo hydrolysis during the hydrothermal reaction, leading to the 

fragmentation of their molecular chains into smaller molecular-weight sugar units. These units 

subsequently undergo dehydration and condensation, reaggregating to form nuclei that eventually 

develop into spherical carbon materials. As depicted in Fig. S1, the concentration of sulfuric acid 

significantly affects the morphology of the resulting CNC carbon spheres. Carbon derived from a 

1 M sulfuric acid solvent system (Fig. S1b) exhibits superior morphological homogeneity 

compared to that obtained from 0.5 M (Fig. S1a) and 2 M (Fig. S1c) sulfuric acid solutions. This 

phenomenon can be attributed to the fact that, within a certain concentration range, an increase in 

H+ concentration accelerates the hydrolysis of CNC, resulting in a higher yield of small-molecule 

structures. These low-molecular-weight substances are more prone to palletization during the 

hydrothermal process than their high-molecular-weight polymer counterparts 1,2. Conversely, 

when the pH of the reaction system is significantly lowered, the spherical carbon nuclei undergo 

further fusion under the influence of excess acid, culminating in an uneven particle size distribution 

among the carbon spheres3.



Fig. S2. SEM images of CNCS obtained by hydrothermal reaction time (a) 12 h, (b) 24 h and (c) 

36 h. Under acidic conditions, the hydrolytic cleavage and dehydration nucleation of CNC require 

sufficient reaction times. Insufficient reaction durations lead to incomplete transformation of 

hydrolysis-derived small molecule products, which subsequently adhere to the surfaces of 

incipient carbon nuclei, yielding a rough and irregular morphology (Fig.S2a). At a reaction time 

of approximately 24 hours, the nucleation and coalescence of carbon spheres are nearly complete, 

producing optimally spherical shapes and uniform dispersion (Fig.S2b). However, extending the 

reaction time further initiates fusion among partially formed carbon spheres under acidic 

conditions, resulting in increased diameters and reduced dispersion (Fig.S2c).



Fig. S3. SEM images of AgNPs@CNCS with different Ag content: (a) 0.1 M, (b) 0.2 M, (c) 0.5 

M and (c) 1 M. Insufficient silver content results in inadequate coverage of the carbon spheres' 

surfaces with silver nanoparticles (Fig. S3a). The optimal structural morphology, characterized by 

a hemp doughnut-like structure, is achieved at a silver concentration of 0.2 M (Fig. S3b). However, 

increasing the silver concentration further leads to aggregation of silver nanoparticles on the 

carbon spheres' surfaces (Fig. S3c-d), which may adversely affect electrical conductivity and limit 

practical applications.



Fig. S4 Elemental content and corresponding distribution of AgNPs@CNCS-2. 



Fig. S5. Zeta potential value CNC, CNCS and AgNPs@CNCS.



Fig. S6. (a) Full XPS spectra of CNCS and AgNPs@CNCS and (b) the C 1s high-resolution 

spectra of CNCS and AgNPs@CNCS.



Fig. S7. SEM images of (a) MAX phase and (b) MXene nanosheets.



Fig. S8. (a) Optical photograph and (b) TEM images of CNF.



Fig. S9. (a) XRD of MAX phase and MXene; (b) The Tyndall effect in MXene solution.



Fig. S10. SEM top-section images and corresponding element (Ti, O, S, Ag) mapping of 

AgNPs@CNCS/MXene/CNF (ACMN) composite films.



Fig. S11. SEM top-section images and corresponding element (Ti, O, S) mapping of 

CNCS/MXene/CNF (CMN) composite films.



Fig. S12. Element (Ti, O, C, Ag) mappings of the side-section of AgNPs@CNCS/MXene/CNF 

(ACMF) composite films.



Fig. S13. Optical image of AgNPs@CNCS/MXene film.



Fig. S14. (a) Natural fluctuation of the ACMF sensor under no pressure.



 
Fig. S15. The real-time current changing curve of the sensor with pressure increasing.



Fig. S16. Current response of CMF sensor.



Fig. S17. Different speed response of ACMF sensor under 10 kPa.



Fig. S18. Pulse test for current response.



Table S1 Elemental analysis of CNC, CNCS and AgNPs@CNCS.

Sample CNC CNCS AgNPs@CNCS

Atomic compositions 

(%)

O 37.25 22.06 21.75

C 62.75 75.71 69.68

S - 2.24 1.64

Ag - - 5.93



Table S2 Surface chemical properties of CNCS and AgNPs@CNCS.

Sample CNCS AgNPs@CNCS

C 1s compositions (%)

C─C 26.00 29.74

C─OH 26.46 17.44

C─O─C 23.52 15.51

C═O 24.02 25.26

C─Ag - 12.05

O 1s compositions (%)

C─OH 16.82 17.32

C─O─C 19.27 20.67

C─O─O 29.56 27.01

C═O 34.35 35.00

S 2p compositions (%)

C-S

S-H - 11.94

S-O - 31.43

S-Ag - 56.63



Table S3 Elemental analysis of AgNPs@CNCS with different AgNPs: CNCS ratios.

Sample C (wt%) O (wt%) S (wt%) Ag (wt%)

AgNPs@CNCS1 71.21 23.02 3.91 1.86

AgNPs@CNCS2 69.16 24.59 3.71 2.54

AgNPs@CNCS3 70.02 21.95 3.29 4.74



Table S4 Comparison of ACMF composite films with reported EMI shielding materials.

Materials Thickness (μm) SET 

(dB)

R Ref.

NFC/Fe3O4-5&CNT/PEO-4 / 29.7 0.9 [4]

FA&MXene/CNF 120 63.8 0.67 [5]

MXene/FeCo/CNF 340 58.0 0.61 [6]

MXene/ANF 225 40.6 0.97 [7]

Graphene/CNF 40 34.9 0.9 [8]

MXene/CNF 35 39.6 0.967 [9]

TRGO@Ni/CNF / 32.2 0.94 [10]

MXene/PVDF 17 42.9 0.9 [11]

CNT&RGF/PC 200 43.5 0.63 [12]

CNT/PP 200 32.0 0.75 [13]

CF@TiO2/C 234 74.38 0.8 [14]

CNT/MXene/CoNi 450 49.3 0.78 [15]

ACMF 54.73 74.53 0.42 This work



Table S5 Detailed comparison of performance parameters between the fabricated sensor and other 

recently reported multilayered or microstructure-based pressure sensors.

Sensor
Sensitivity 

(kPa-1)

Detection 

limit (Pa)

Detection 

range 

(kPa)

Response 

time/ 

Recovery 

time (ms)

Cycle 

number

Ref

CF@TiO2/C 7.41 / 40 / 100 [14]

rGO/PVDF 47.7 1.3 0-353 40/20 5 000 [16]

CNT/Ni-fabrics 26.13 200 0.2–982 83/88 1 000 [17]

MXene/rGO 22.56 100 1-3.5 245/212 10000 [18]

MXene/NMC 24.63 20 2-20 14/16 5000 [19]

MXene/Silk fibroin 25.56 20 0.1-50 40/35 10000 [20]

MXene/ANF 16.73 80 0.08-100 100/160 5000 [21]

ACMF 106 15 0-120 50/60 10 000
This 

work
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