
Printed N’S-MXene@C/Cu Micro-Supercapacitors with Cryo-

Tolerant Hydrogel for Wireless Self-Powered Motion Monitoring

Guo-Tao Xianga, Rui-Dong Shia, Na Chena, Jia-Lei Xua, Anna Lipovkab, Raul D. Rodriguezb, and Jin-Ju 
Chena*

a School of Materials and Energy, University of Electronic Science and Technology of China, Chengdu 610054, 

PR China

b Tomsk Polytechnic University, Lenina Ave. 30, 634034 Tomsk, Russia

Address correspondence to Jin-Ju Chen, jinjuchen@uestc.edu.cn

1. Experimental Section

1.1 Preparation of flexible micro-supercapacitors (MSCs)

Synthesis of MXene (Ti3C2Tx): All chemicals were reagent grade and used 

without further purification. Firstly, 3 g of Ti3AlC2 and 1.98 g of LiF were added to 50 

mL of concentrated HCI and stirred vigorously at 45°C for 24 h. The resulting 

precipitates were collected by centrifugation. To further remove the Al layer, the 

precipitates were then immersed in a 45% HF solution and stirred at 55°C for 12 h. The 

bottom solid was collected after centrifugation with deionized water and alcohol rinsing 

for several times. Subsequently, the wet precipitate was resuspended in deionized 

water, treated with pulsed sonication for 1 h, and centrifuged at 2000 rpm for 30 min to 

remove large particles. Finally, a homogeneous black supernatant was obtained by 

centrifugation at 3500 rpm for 1 h.

Preparation of N'S-MXene@C ink: N’S-MXene@C was synthesized through a 

two-step process involving thiourea intercalation and annealing to incorporate sulfur 

and nitrogen into the MXene structure. Initially, 500 mg of MXene was dispersed in 50 

mL of water containing 500 mg of dissolved and stirred in an ice bath for 30 min. 
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Following freeze-drying, the thiourea-intercalated MXene was transferred to a tube 

furnace and annealed at 500 °C for 2 h under the Ar/N2 atmosphere, with a heating rate 

of 5 °C min-1. Subsequently, impurities were removed by washing with deionized water 

to yield N’S-MXene, which was then freeze-dried for 24 h before being stored. 

Dissolve 200 mg of glucose in 30 mL of ultrapure water and heat at 85 °C for 20 

minutes (until a clear solution is obtained). After cooling to ambient temperature, an 

aliquot (20 mL) of glucose solution was added to N’S-MXene (1.0 mg mL-1) and heated 

hydrothermally at 180 °C for 10 h. Finally, the product was collected by centrifugation 

for 15 min, and the final product was freeze-dried to yield N’S-MXene@C.

The resulting product was dissolved in ethanol and sonicated to create a dispersion. 

The dispersion was subjected to alternating centrifuged washing with N-

methylpyrrolidone (NMP) and ethanol (several cycles). After the final centrifugation 

with NMP at 2500 rpm for 30 min, the desired ink was collected by decanting the 

supernatant liquid.

   Inkjet printing for the preparation of MSCs electrodes: To prevent clogging of 

the printheads by large particles, the N’S-MXene@C ink should be filtered through an 

800 nm syringe filter before being loaded into the inkjet printer. Subsequently, the ink 

was deposited on pre-defined copper interdigital electrodes coated on Teslin paper for 

25 printing passes to fabricate the planar MSCs electrodes. 

1.2 Preparation of PVA/LiCl-EG hydrogels

PVA/LiCl hydrogels were prepared using a repeated freeze-thawing method. 

Briefly, 20 wt% PVA was added to a LiCl solution with a concentration gradient of 5 



M, where the solvent was a mixture of deionized water and ethylene glycol in a 4:1 

volume ratio. The mixture was heated to 95°C and kept under mechanical stirring for 2 

h. High-speed centrifugation was employed to remove air bubbles, resulting in a 

homogeneous solution. This solution was then transferred to a silica gel mold and 

subjected to three freeze-thaw cycles to yield the PVA/LiCl-EG hydrogels.

1.3 Characterization

The morphologies and microstructures of samples were characterized by scanning 

electron microscopy (SEM, FEI Quanta FEG250, USA) and transmission electron 

microscopy (TEM, FEI Tecnai F20, USA). X-ray diffraction (XRD, Bruker D8 

Advance, Germany) using Cu Ka radiation ( =0.15418 nm) was applied to study the 𝜆

phases, crystallinity, and structures of samples. The elemental species and chemical 

states of samples were assessed by X-ray photoelectron spectroscopy (XPS, Thermo 

Thermo Escalab 250Xi, USA). Fourier transform infrared spectroscopy (FTIR, Bruker 

Vertex 70, Germany) was employed to analyze the chemical bonding composition of 

hydrogels. Nitrogen adsorption–desorption isotherms were performed to investigate the 

specific surface area and porosity information for the as-prepared samples 

(Micromeritics ASAP 2020 HD88, USA). The Nano Particle Size and Zeta Potential 

Analyzer (Malvern Zetasizer Nano ZS90, USA) was used to measure the size of the 

particles as well as the zeta potential for characterizing and judging the particle size 

distribution and stability of inks. The Atomic Force Microscope (Bruker Dimension 

ICON) was used to test the morphology and roughness of material surfaces.

2. Electrochemical measurement



During the electrochemical test, MSCs were encapsulated with the Kapton tape. 

Their electrochemical performances were evaluated using cyclic voltammetry (CV) 

curves, galvanostatic charge/discharge (GCD) profiles in the voltage range of 0-0.6 V, 

and electrochemical impedance spectroscopy (EIS) from 0.01 Hz to 100 kHz with an 

AC amplitude of 5 mV on an electrochemical workstation (Chenhua CHI 660E, China).

Mechanical properties were measured with a universal material testing machine 

(CMT 6503, MTS/SANS, China). The crosshead speed was fixed at 100 mm min-1 for 

both normal and cyclic tensile tests, using a 1 kN force. The sensing characteristics of 

hydrogel sensors were tested with a computer-controlled system consisting of a digital 

multimeter (Keysight 34470A) and a tensile tester (TM2101-T5).

EIS tests of hydrogels were conducted from 100 kHz to 0.01 Hz at amplitude of 5 

mV, and the ionic conductivity was calculated as follows:

       (1)
𝜎 =

𝐿
𝑅·𝑆

where S (cm2) is the cross-sectional area of the hydrogel; L (cm)is the thickness of the 

hydrogel, and R (Ω) is the bulk resistance (determined from the x-intercept of the EIS 

plot).

Based on CV curves, the areal capacitance (CA, mF cm-2) of MSCs was calculated 

using the following equation (2):

         (2)
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∫
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where υ is the scan rate (V s-1), A is the total area of two electrodes (cm2), Vf and Vi 

represent the high and low potential of the CV curves, respectively, and I(V) is the 



discharge current (mA).

The areal energy density (Eareal, mWh cm-2) of MSCs were evaluated based on the 

following equation (3):

    (3)
𝐸𝑎𝑟𝑒𝑎𝑙 =

1
2

 × 𝐶𝐴 ×
(∆𝑉)2

3600

where ΔV is the voltage window.

The sensitivity of hydrogel sensors defined as the gauge factor (GF) was calculated 

using the equation (4):

                  (4)
𝐺𝐹 =  

∆𝑅
𝜀𝑅0

where ΔR is the resistance change with strain, R0 is the initial resistance prior to strain, 

and ε is the applied strain.

3. Calculation details 

Molecular Dynamics Simulations: Classical molecular dynamics simulations 

were performed using the Forcite [1], using Condensed Molecular Potential for 

Atomistic Simulation Studies Ⅱ (COMPASS Ⅱ) force-field variables [2]. The LiCl (5 

M) electrolyte model contains 360 H2O, 32 ED, 40 Li+, and 40 Cl− molecules. The 

simulation process was detailed as following: To obtain an equilibrium structure, 

geometry optimization was carried out in Forcite module using smart algorithm with a 

convergence level of 0.0001 kcal/mol, where the long-range coulomb interactions and 

van der Waals interactions were treated by Ewald summation and atom-based 

summation, respectively. NPT ensemble was used to pre-equilibrate the system, and 

different temperature (243.15, 273.15, 298.15, and 333.15 K) simulation conditions 



were set, maintaining the pressure at 1 atm. Then, atomic simulation was further 

performed for 50 ns, and simulation trajectories were recorded at an interval of 100 fs 

for further structural and dynamical analysis.

Density Functional Theory (DFT) Calculations: The electrostatic potential 

(ESP) configuration of the solvated shell was obtained from the Dmol3 program [3]. For 

binding energy calculation section, structural optimization was performed at the 

GGA/PBE level. The localized double-numerical quality basis set with a polarization 

p-function (DNP-4.4 file) was chosen to expand the wave functions [4,5]. Calculations 

related to the interactions between different particles were performed using the Dmol3 

program module. All calculations, including geometry optimization and electronic 

density, were performed under periodic boundary conditions, and the convergence of 

the energy, the maximum force, and the maximum displacement were set to 2 × 10−5 

Ha, 2 × 10−3 Ha/Å, and 5 × 10−3 Å, respectively. The binding/desolvation energies 

between different particles were defined by the following equation of E = Eab − Ea − 

Eb, where Eab (eV) is the total energy of the combination, and Ea and Eb (eV) represent 

the different parts of the total energy before combination.



Figure S1. Scanning electron microscopy (SEM) images of MXene nanosheets before and after 

exfoliation.



Figure S2. XPS Full spectrum of N’S-MXene@C. 



Figure S3. High-resolution XPS spectra of (a) Ti, (b)N 1s, (c) O 1s, and (d) C 1s.



Figure S4. (a)XRD patterns of MXene and N’S-MXene@C and (b) Fourier-transform infrared 

spectroscopy analysis of N’S-MXene@C



Figure S5. Scheme of organic ink preparation.



Figure S6. Optical photographs of contact angle with N’S-MXene@C ink



Figure S7. (a) Cross-sectional SEM morphology of the N’S-MXene@C/Cu electrode. (b) Optical 

and microscopic photographs of the N’S-MXene@C/Cu interdigital electrode.



Figure S8. differential scanning calorimetry (DSC) to quantify the freezing transition of the PVA 

and PVA/LiCl–EG hydrogel



Figure S9. The schematic summarizes that PVA/LiCl–EG adheres rapidly to glass, fabric, PET, PI, 

ceramic, Si, and PE



Figure S10. (a) Young’s modulus comparison, (b)the toughness and (c) maximum elongation at 

break of PVA, PVA/LiCl, and PVA/LiCl-EG hydrogels.



Figure S11. Optical images of the PVA/LiCl-EG hydrogel under different deformation states such 

as stretching, pricking, and twisting.



Figure S12. Strength of Li+ solvated structures with (a) EG, (b) H2O, (c) Cl-.



Figure S13 (a) Linear fitting curves of the CV profiles; (b)The contribution ratio of capacitive and 

diffusion-controlled processes at different scan rates.



Figure S14. Electrochemical performance of N’S-MXene@C MSCs: (a) CV and (b) GCD.



Figure S15. Reversible oxidation-reduction reaction mechanism for the N’S-MXene@C/Cu MSCs.



Figure S16. CV curves of the microsupercapacitor after 1000 stretching–releasing cycles.



Figure S17. (a) CV curves, (b) GCD curves of N’S-MXene@C MSCs tested at different 

temperatures.



Figure S18. Cycling stability assessments conducted at various temperatures of (a) 0°C and (b) 

60°C.



Figure S19. (a) The schematic diagram of the wearable sensing system. (b) Composition of PCB 

board structure design. (c) Optical images of the self-powered integrated system.



Table S1 Formulation of catalytic ink for electroless copper plating.

Chemical 

reagent
AgNO3

Deionized 

water
Ethanol Glycerol N-Propanol Glycol

Dosage 1.2 g 13 mL 7 mL 3 mL 9 mL 4 mL



Table S2 Formulation of electroless copper plating solution

Chemical reagent Dosage

NaKC₄H₄O₆ 24 g/L

CHN₂Na₂O₈ 2 g/L

CuSO₄·5H₂O 8 g/L

NiSO₄·6H₂O 2 g/L

C10H8N2 10 mg/L

NaOH 10 g/L

37% formaldehyde solution 12 mL/L

 



Table S3 Performance comparison of hydrogel sensors

Materials
Gauge
factor

(tensile)

Sensing
range
(%)

Adhesive
Anti-

freezing
Properties

Reference

PVA/EG/WP 2.36 0-531 N/A Yes [6]

PAAm/LiCl 0.84 0-40 N/A Yes [7]

PAM-BTO/NaCl 2.12 0-500 Yes No [8]

PVA/SWCNT 1.51 0-1000 N/A N/A [9]

PVA/LiCl-EG 3.01 0-600 Yes Yes This work



Table S4 Performance comparison of the MSC devices constructed in this work with those 

reported in other literature.

Materials

Areal energy 

density

 (μWh cm−2)

Power density

(mW cm−2)

Areal capacitance 

(mF cm−2)

Temperatur

e 

Tolerance 

Reference

(Ni,Co)Se₂ || 

Ti₃C₂Tₓ flexible 

MSC

8.75 0.5 63 (10 mV s-1) 25 ℃ [10]

Ti₃C₂Tₓ MXene / 

COF hybrid MSC
12.13 0.63 131.46 (50 mV s-1) 25 ℃ [11]

MXene ink / printed 

MSC
12.26 1.093 88.29 (30 mV s-1) 25 ℃ [12]

MXene/RGO 

composite
3.3 0.4 97.4 (20 mV s-1) 25 ℃ [13]

MXene/BC 8.03 0.32 111.5 (100 mV s-1) 25 ℃ [14]

MXene 3.86 0.12 77.2 (5 mV s-1) 25 ℃ [15]

Graphene-CNT 1.36 0.25 9.81(0.05 mA cm–2) 25 ℃ [16]

Ultrastretchable 

MXene MSC
7.65 0.25 185 (2 mV s-1) 25 ℃ [17]

MXene/SA-Fe 

inkjet-printed MSC 
8.4 0.0337 123.8 (5 mV s-1) 25 ℃ [18]

N’S-MXene@C/Cu 10.93 0.33 218.5 (30 mV s-1) -30－60℃ This work



Table S5. Comparison of room-temperature and low-temperature cycling retention with 

representative cryogenic/sub-ambient MSCs and related flexible supercapacitors

Materials

Room-

temperature 

cycling 

retention

Low-

temperature 

cycling retention

Refere

nce

organohydrogel electrolyte/rGO 

MSCs
80% (1000th) 

80.5% after 5000 

cycles (-20℃)
[19]

C-C-based MSCs 85.9% (3000th)
77.5% after 3000 

cycles (-20℃)
[20]

HGE-MSC /

85.7% after 15 

000 cycles (-

30℃)

[21]

Aqueous Graphene Conductive 

Ink

91.6% 

(10000th)

80.1% after 5000 

cycles (-20℃)
[22]

PEDOT: PSS / activated carbon 88.9% (3000th)
80.1% after 5000 

cycles (-30℃)
[23]

N’S-MXene@C/Cu
95.35% 

(5000th)

81.36% after 

5000 cycles (-

30℃)

This 

work
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