
S1

Supporting Information

A lightweight 3D Cellular MXene Film for Superior Energy 
Storage and Electromagnetic Interference Shielding

Zhimin Fan,a,b Huaqing He,b Jianxin Yu,c Li Liu,b Yuyan Liu,b and Zhimin Xied,*

aSchool of Materials Science and Engineering, Harbin Institute of Technology, Harbin 
150001, China
bMIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and 
Storage, School of Chemistry and Chemical Engineering, Harbin Institute of Technology, 
Harbin 150001, China
cCenter of Analysis and Measurement, Harbin Institute of Technology, Harbin 150001, China
dNational Key Laboratory of Science and Technology on Advanced Composites in Special 
Environments
Harbin Institute of Technology 
Harbin 150080, P. R. China

Corresponding author
E-mail addresses: xiezhm@hit.edu.cn



S2

1. Experimental Procedures

Synthesis of Ti3C2Tx MXene dispersion. Ti3C2Tx MXene was synthesized through etching 

the parent Ti3AlC2 MAX with HCl/LiF mixture to selectively remove Al layers. Typically, 

3.2 g of LiF (Aladin) and 40 mL of 9 M HCl (Sinopharm Chemical Reagent Company) were 

mixed well under magnetic stirring in a polytetrafluoroethylene beaker. Afterward, Ti3AlC2 

powder (2 g) was slowly added to prevent overheating, and continuously stirred for 24 h at 

35℃. The obtained product was then washed and centrifuged repeatedly with deionized water 

until the pH of supernatant was close to 6. Subsequently, the precipitate was diluted to 200 

mL with deionized water and then bath sonicated in an ice bath for 10 min. Finally, the 

solution was centrifuged at 3500 rpm for 10 min to collect the Ti3C2Tx MXene dispersion (5 

mg mL−1).

Preparation of 3D cellular MXene film. The MXene microgel dispersion was prepared by 

using KCl-induced flocculation of MXene dispersion colloid, in which different degrees of 

MXene microgel were obtained by changing the amount of KCl (0.1, 0.2, 0.5, 1.0, and 2.0 g). 

Then the MXene microgel dispersion was vacuum filtered through a cellulose membrane 

(0.45 μm pore size). The vacuum was disconnected once no obvious residual dispersion on 

the filter membrane. After that, both the MXene hydrogel film and the filter membrane were 

vertically immersed into liquid nitrogen bath to fast freeze for 10 minutes. Then, this film was 

vacuum freeze-dried at −65 ℃ (25 Pa) for 24 h, and the acquired 3D cellular MXene film will 

automatically detach from the filter membrane on the way of freeze-drying. According to the 

amount of KCl added, the samples were named 3D CMX0.1, 3D CMX0.2, 3D CMX0.5, 3D 

CMX1.0 and 3D CMX2.0, respectively. The preparation process of the porous MXene film 

(PMX) is the same as that of the 3D cellular MXene film except for the direct use of MXene 

dispersion. As a comparison, the slow freezing of the sample was to freeze for 24 h in the 

freezing mode of an ordinary household refrigerator; the other steps were similar to the 
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current method of 3D cellular MXene film. Note that the mass loading of all samples used for 

the electrochemical performance testing is 1.2 mg cm−2.

Characterization methods. The morphology and microstructure of the prepared samples 

were observed using a transmission electron microscopy (Tecnai G2 F30, FEI), High-angle-

annular-dark-field scanning transmission electron microscopy (HAADF-STEM, Talos F200x, 

FEI) and scanning electron microscope (SUPRA 55 SAPPHIRE). The atomic force 

microscopy (AFM) image of MXene nanosheet was acquired in a contact and tapping modes 

using a Bruker Dimension Fastscan. X-ray diffraction (XRD) measurements were performed 

on an X-ray diffractometer (D8 Advance, Bruker) with Cu Ka radiation. The electrical 

conductivity of the prepared samples was measured using an ST2258 (Suzhou jingge 

Electronic Co., Ltd) four-prob tester. The mechanical properties of the MXene film and 3D 

celluar MXene film were measured by a conventional electronic tensile machinel using a 

loading rate of 0.2 mm/min.

Electrochemical measurements. The electrochemical performance measurements of the 

obtained samples were tested in the 3 M H2SO4 aqueous electrolyte on a CHI 760D 

workstation (Shanghai Chenhua) using a three-electrode configuration, in which the Pt foil, 

Ag/AgCl and films were used as the counter, reference and working electrodes, respectively. 

The electrochemical impedance spectroscopy (EIS) was tested at open circuit potential of 5 

mV within a frequency range from 10−2 HZ to 105 HZ. The gravimetric capacitance (Cwt, F 

g−1) was estimated by the following formulas: 

 idV
Vmv

C
Δ

1
wt                                                                                                                     (1)

Where i is the current density, v is the potential scan rate, m (g) is the mass of electrode, V is 

the potential windows. Cycling stability measurement was performed by repeating the cyclic 

voltammetry at 100 mV s−1 for 10000 cycles.
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Electromagnetic interference (EMI) measurements. EMI shielding performance was tested 

by An Agilent N5234A vector network analyzer (Keysight Technologies) in X-band 

frequency range (8.2–12.4 GHz). During the test, the film samples were sandwiched between 

the waveguide sample holders. The EMI SE was calculated from the scattering parameters 

(S11 and S21) estimated based on the equations:

                                                                                                                                    (2)2
11SR 

                                                                                                                                    (3)2
21ST 

                                                                                                                              (4)1 RAT

                                                                                                             (5)Tlog10)dB(SETotal 

                                                                                                           (6)RTotalR SESE)dB(SE 

Where R, T and A are the reflection, transmission and absorption coefficients, respectively. 

SETotal, SER and SEA are the total, reflective and absorptive EMI SE, respectively.
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2. Supplementary Results

Figure S1. Illustration of synthesis of the Ti3C2Tx MXene nanosheets.

Figure S2. a) Illustration of synthesis of the porous MXene film using MXene dispersion (Main Steps: vacuum 
filtration; slow freezing; freeze drying), and b, c) the corresponding cross-sectional SEM images.
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Figure S3. a) Illustration of synthesis of the porous MXene film using MXene dispersion (Main Steps: vacuum 
filtration; fast freezing; freeze drying), and b, c) the corresponding cross-sectional SEM images.

Figure S4. Zeta potential of MXene and MXene microgel.
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Table S1. Comparison of filtration time between MXene film and 3D celluar MXene film.

Samples Filtration time
MXene film 11160 s
3D CMX0.1 941 s
3D CMX0.2 290 s
3D CMX0.5 35 s
3D CMX1.0 26 s
3D CMX2.0 18 s 

Figure S5. a-d) Cross-sectional SEM images of 3D celluar MXene film. e, f) Internal plane images of 3D celluar 
MXene film.



S8

Figure S6. a) Illustration of synthesis of the porous MXene film using MXene microgel (Main Steps: vacuum 
filtration; slow freezing; freeze drying), and b, c) the corresponding cross-sectional SEM images.

Figure S7. a) Illustration of synthesis of the compact MXene film using MXene microgel (Main Steps: vacuum 
filtration; no processing; natural drying), and b, c) the corresponding cross-sectional SEM images.
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Figure S8. Cross-sectional SEM images of a) MXene film, b) 3D CMX0.1, c) 3D CMX0.2, d) 3D CMX0.5, e) 3D 
CMX1.0 and f) 3D CMX2.0. 

Figure S9. Digital photograph of MXene film.
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Figure S10. a-c) Cross-sectional SEM images of 3D CMX0.5, and d) the corresponding EDX elemental mapping 
of Ti, C, O, F, K and Cl.

Figure S11. EDS result of 3D CMX0.5.
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Figure S12. (a) The densities of the MXene film and 3D CMX. (b) N2 adsorption−desorption isotherms of the 
MXene film, PMX film and 3D CMX0.5.

Figure S13. CV curves of a) 3D CMX0.1, b) 3D CMX0.2, c) 3D CMX1.0 and d) 3D CMX2.0 at the different 
scan rates ranging from 2 to 500 mV s−1.
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Table S2. Summary of capacitance of some electrodes

Electrode materials  Scan rate Cg (F g−1) Scan rate Cg (F g−1) Refs
Nanoporous MXene film 0.5 A g−1 346 20 A g−1 250.8  [1]

MXene/RGO 1 A g−1 154.3 5 A g−1 141.6  [2]
MXene/rGO 1 A g−1 405 10 A g−1 224.4  [3]

Multi-scaled MXene 1 A g−1 372 20 A g−1 193.4  [4]
Macroporous MXene 10 mV s−1 310 － －  [5]

MXene/ZnO  5 mV s−1 120 100 mV s−1 90  [6]
MXene/MnO2  5 mV s−1 130 200 mV s−1 108  [7]

MXene  5 mV s−1 118 200 mV s−1 102.7  [8]
MXene/PPy  5 mV s−1 416 100 mV s−1 200  [9]

3D porous MXene/CNTs 
film

5 mV s−1 375 1000 mV s−1 251.2   [10]

Ultracompact MXene  2 mV s−1 191.5 200 mV s−1 96.7   [11]
MXene  2 mV s−1 130 100 mV s−1 80   [12]
MXene  2 mV s−1 325 100 mV s−1 137.5   [13]

MXene clay  2 mV s−1 245 100 mV s−1 204   [14]
MXene hydrogel  2 mV s−1 380 － －   [15]

3D MXene hydrogel 2 mV s−1 272 1000 mV s−1 226   [16]
MXene/rGO 2 mV s−1 256 100 mV s−1 193   [17]
MXene/rGO  2 mV s−1 335.4 1000 mV s−1 204   [18]

MXene/rHGO 2 mV s−1 438 500 mV s−1 302   [19]
3D Cellular MXene film 2 mV s−1 460 500 mV s−1 324 This work

Figure S14. EMI SE values of the as-prepard samples with a mass of 15 mg at 8.2 GHz.
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Figure S15. SSE values of the as-prepard samples with a mass of 15 mg at 8.2 GHz.

Figure S16. SSE/t values of the 3D CMX0.5 with different thickness.
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Table S3. Comparison of electromagnetic interference shielding performance for typical materials.

Materials Thickness 
(mm)

EMI SE
 (dB)

SSE 
(dB cm3 g−1)

SSE/t 
(dB cm2 g−1)

Refs

Al foil 0.008 66 24.4 30555  [20]
Cu foil 0.01 70 7.8 7812  [20]

Carbon foam 2 40 241 1250  [21]
CNT-sponge 2.4 22 1100 4621  [22]
CNT-G foam 1.6 47 5280 33005  [23]
MWCNT-PS 2 30 57 285  [24]
MWCNT-PC 2.1 39 34.5 164         [25]

rGO 2.5 45.1 173 692  [26]
rGO-Fe3O4 0.3 24 31 1033  [27]

rGO-PEDOT 0.8 70 67.3 841         [28]
Graphene aerogel 3 37 529 1763  [29]
Graphene-PDMS 1 19.98 333 3330         [30]
Graphene foam 0.3 25.2 417 13889  [31]
MXene/CNFs 0.047 24 12 2647  [32]
MXene film 0.011 68 28.4 25863  [20]
MXene foam 0.018 50 125 69444  [33]

3D Cellular MXene film 0.024 55 305 127083 This work
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