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Supplementary Data 

A resilient MXene/CNT nano-accordion framework for anode-free 

sodium-metal batteries with exceptional cyclic stability 

 

Experimental section 

Reagents 

Ti3AlC2 MAX powder (400 mesh, <38.0 m particle size, Carbon-Ukraine), lithium fluoride (> 

99.99%, Sigma-Aldrich, Korea), hydrochloric acid (35-38.0%, Daejung Chemicals & Metals, 

Korea), and single-walled carbon nanotubes (CNTs, MEIJO eDIPS) were obtained and utilized in 

their acquired state. 

Synthesis 

The synthesis of Ti3C2Tx/CNT NAFs was carried out in two steps, as described in the following 

section. 

Synthesis of the Ti3C2Tx 

The Ti3C2Tx MXene was synthesized by selectively etching of aluminum (Al) from the Ti3AlC2 

MAX phase using the modified minimally intensive layer delamination (MILD) method.[1] The 

etchant was prepared by adding 2.0 g of LiF to 10.0 mL of 6.0 M HCl in a Teflon vessel under 

stirring. Then, about 2.0 g of Ti3AlC2 MAX powder was slowly added into the etchant and 

continued the stirring at 350 rpm for 24.0 h at a temperature of 35.0 C. After completion of the 

reaction, the contents were washed with DIW via centrifugation (5,000 rpm, 10 min per cycle) 

several times until the pH reached to 7. After this process, the sediment of Ti3C2Tx MXene settled 
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at the bottom of the centrifuge tube is started swelling gradually. The swollen Ti3C2Tx MXene 

sediment was adjusted to the desired concentration by adding the DIW and then shaken for about 

90 min. Afterward, the supernatant was collected by centrifugation at 3,500 rpm for 5 min. The 

obtained supernatant was vacuum-filtered to obtain Ti3C2Tx MXene films. 

Synthesis of the Ti3C2Tx/CNT nano-accordion frameworks (NAFs) 

Initially, about 200.0 mg of CNTs were dispersed in 50.0 mL of distilled water (DIW), followed 

by 30 minutes of probe sonication to obtain uniformly dispersed CNTs in DIW. After combining 

the aqueous dispersions of premade Ti3C2Tx and CNTs in an 8:2 weight ratio, the dispersion was 

sonicated for approximately 20 minutes. After mixing the dispersion thoroughly, it was transferred 

into a silicone mold on a silicon wafer. Then, they were placed on a pre-cooled copper cold 

substrate beneath a Dewar flask holding liquid nitrogen and quenched. Finally, samples that had 

been quenched were freeze-dried to produce Ti3C2Tx/CNT NAFs. The Ti3C2Tx NAFs and CNT 

free-standing electrodes (FSEs) were prepared similarly to Ti3C2Tx/CNT NAFs. 

Characterization of the Ti3C2Tx/CNT NAFs 

The prepared samples were analyzed using XRD to determine the phase purity. All measurements 

were carried out utilizing a Rigaku high-power powder X-ray diffractometer, Japan, with a 2 

range of 10-70o and a scan rate of 2o min−1. Raman spectroscopy was carried out using a Renishaw 

inVia spectrometer equipped with a He:Ne laser (max = 633 nm) over the wavelength range of 

100-4,000 cm−1. The formation of 3D Ti3C2Tx/CNT NAFs was studied by field emission scanning 

electron microscopy (FE-SEM, Sigma 300, JEOL). To prevent the surface of the Na-plated and 

stripped samples from being oxidized by air during the IMS (Ion Milling System, ArBlade 5000) 

process and FE-SEM (Regulus 8230, Hitachi) measurements, we employed the IMS in an inert 
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atmosphere to cut the sample cross-sections and then transferred them to the FE-SEM in the same 

atmosphere. Energy dispersive X-ray analysis (EDS) connected to an FE-SEM device was used to 

determine the elemental composition. The surface oxidation states of the Ti3C2Tx/CNT NAFs and 

Na-plated/stripped Ti3C2Tx/CNT NAF samples were studied using an X-ray photoelectron 

spectrometer (Thermo Scientific Inc.). 

Electrochemical study of the Ti3C2Tx/CNT NAFs 

All the electrochemical studies of the samples were carried out using CR2032 coin-type cells. The 

Ti3C2Tx/CNT NAF were pressed on a Cu foil and used as an anode host. The mass loading was 

fixed at 1.0 mg cm−2 for all the electrodes. All the cells were fabricated under an argon-filled glove 

box with below 0.1 ppm oxygen and moisture levels. All the asymmetric cells were fabricated 

using metallic Na-foil (Na-cubes, Sigma-Aldrich) as a counter electrode and 1.0 M sodium 

hexafluorophosphate (NaPF6, ≥ 98.0%, Sigma-Aldrich) in diglyme (anhydrous, ≥ 99.5%, Sigma-

Aldrich) as an electrolyte (50.0 L). The symmetrical cells were assembled with two similar 

electrodes and each time 20.0% excess Na was deposited more than the required capacity on each 

electrode (For example, 1.2 mAh cm− for 1.0 mAh cm− symmetrical cell). Here, celgard 2400 

was used as a separator. Both the asymmetric and symmetric cells were tested at different 

capacities at different currents. All the electrochemical measurements including plating/stripping 

and symmetrical cell cyclic stability studies were performed on a multichannel battery tester 

(WMPG1000S, WonA Tech). Electrochemical impedance spectroscopy (EIS, Metrohm Autolab) 

was employed to study the electrode kinetics of symmetric cells in the frequency range of 0.1 Hz 

to 100 kHz. The Na3V2(PO4)3@C was purchased from AME Energy Co. Ltd., China, and used as 

received. For assembling a full cell, Na3V2(PO4)3@C and CNTs (200.0 mg in 50.0 mL of N-
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Methyl-2-pyrrolidone (NMP)) were mixed in a weight ratio of 9:1 and blade-coated on an Al foil; 

the cathode mass was kept at 11.0 mg cm−. The electrolyte used for full cell testing was 0.75 M 

NaPF6 & 0.25 M sodium tetrafluoroborate (NaBF4, ≥ 98.0%, Sigma-Aldrich) in dimethoxyethane 

(DME). Here, Whatman®  glass microfiber filter (Grade GF/F) was employed as a separator. The 

galvanostatic charge-discharge (GCD) curves and cyclic stability studies of full cells were carried 

out in a potential window of 2.5-3.8 V vs. Na/Na+ using the same battery tester. 

Computational method 

First-principles density functional theory (DFT) calculations were carried out using the Vienna ab 

initio simulation package (VASP).[2] The interaction between electrons and ions was described 

by the projector augmented wave (PAW) method, setting the plane-wave energy cutoff at 400 eV. 

The van der Waals interactions were accurately described using the vdW-DF exchange-correlation 

functional.[3] The MXene surface models for Na binding calculations were constructed based on 

2 × 2 supercells of previously reported hexagonal unit cells of Ti3C2Tx.[4] The CNT (5×5) 

structures were generated using the Atomic Simulation Environment (ASE) Python toolkit.[5] The 

Monkhorst-Pack grid of 5 × 5 × 1 and 3 × 1 × 1 were utilized for integration in k-space for MXene 

and CNT models, respectively. A vacuum region of 15 Å  along the surface normal direction was 

incorporated into all surface models, with a dipole correction scheme included. The Gaussian 

smearing method was employed to determine the electron occupation, with a smearing energy of 

0.1 eV. Geometry optimizations were conducted until the atomic forces were less than 0.01 eV/Å  

and total energy convergence was below 10-5 eV. Bader partial charge analysis was carried out 

using the code from the Henkelman group.[6] 
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Fig. S1. Digital images of the (a) as-prepared Ti3C2Tx/CNT NAFs and (b and c) top-view and side-

view of pressed Ti3C2Tx/CNT NAFs on a Cu foil, (d & e) as prepared Ti3C2Tx NAFs and (f) CNT 

FSEs. Digital images of the measured thickness of the (g) pristine Cu foil, (h) pressed 

Ti3C2Tx/CNT NAFs on a Cu foil, (i) pristine Al coil, and (j) Na3V2(PO4)3@C coated on an Al foil. 
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Fig. S2. (a) XRD spectrum of Ti3C2Tx/CNT NAF sample (Inset shows the XRD spectrum of pure 

Ti3C2Tx and Ti3C2Tx film). (b) FT-IR spectrum of Ti3C2Tx/CNT NAF sample. FE-SEM images of 

(c) pure Ti3C2Tx, (d) Ti3C2Tx NAFs, (e) Ti3C2Tx film, and (f) CNT FSEs. 
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Fig. S3. The tensile stress-strain curves using a universal testing machine and their SEM image at 

the torn area of (a) Ti3C2Tx/CNT composite network and (b) Ti3C2Tx MXene-only network. 

The mechanical properties of the uncompressed cellular network of only the Ti3C2Tx MXene 2D 

material and the cellular network containing Ti3C2Tx MXene and CNT in a 5:5 ratio were tested 

for mechanical stability through a tensile test using UTM equipment. The Ti3C2Tx/CNT 2D/1D 

network showed much higher toughness compared to the 2D Ti3C2Tx material-only network (Fig. 

S3). The subsequent SEM observation of the torn area also showed that the 2D Ti3C2Tx material 

showed a clean boundary, but in the Ti3C2Tx/CNT 2D/1D composite material, the CNTs were still 

connected at the torn boundary and showed high mechanical toughness. In addition, in the 

compression process for use as an electrode, as shown in (b-e) of Fig. S1, the Ti3C2Tx/CNT 2D/1D 

system is capable of stable compression, but the structure of only 2D Ti3C2Tx materials showed 

low mechanical stability when compressed, making it difficult to use as an electrode. This shows 

that the Ti3C2Tx/CNT 2D/1D composite network in this study has more stable properties even 

under mechanical deformation. 
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Fig. S4. (a) precycling of Ti3C2Tx/CNT NAF (8:2) sample. (b) Nucleation overpotential, (c) Na 

plating and stripping, and (d) CE plots of Ti3C2Tx/CNT NAFs with a capacity of 1.0 mAh cm− at 

1.0 mA cm− (Ti3C2Tx:CNT = 7:3, 8:2 & 9:1). (e) Voltage vs. time plot of  Ti3C2Tx/CNT NAFs/Na 

asymmetric cells. 

To understand the better electrochemical performance of Ti3C2Tx/CNT NAFs, we have chosen 

three compositions with Ti3C2Tx:CNT = 7:3, 8:2 & 9:1 and examined their electrochemical 

performance (Figs. S4b-d). The Ti3C2Tx/CNT NAF samples with Ti3C2Tx:CNT ratios of 7:3, 8:2 

& 9:1 show nucleation overpotential of 14.0, 9.0, and 9.6 mV, respectively (Fig. S4b). The 

Ti3C2Tx/CNT NAF sample with a Ti3C2Tx:CNT ratio of 8:2 shows better plating and stripping as 

compared to that of 7:3 and 9:1 (Fig. S4c). The Ti3C2Tx/CNT NAF samples with Ti3C2Tx:CNT 

ratios of 7:3 & 9:1 show large fluctuation in their CEs as compared to that of the sample with 8:2 

(Fig. S4d). Among the three samples, the Ti3C2Tx/CNT NAF sample with a Ti3C2Tx:CNT ratio of 

8:2 shows better electrochemical performance and we have utilized this composition for further 

experiments in our electrochemical analysis. 
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Fig. S5. Top-view FE-SEM images of (a) pristine Cu, (b) Ti3C2Tx film, (c) CNT FSEs, and (d) 

Ti3C2Tx/CNT NAFs in the first cycle of plating, and (e) pristine Cu, (f) Ti3C2Tx film, (g) CNT 

FSEs, and (h) Ti3C2Tx/CNT NAFs in the fiftieth cycle of plating with a capacity of 3.0 mAh cm− 

at 3.0 mA cm−. 
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Fig. S6. (a) XPS survey spectrum and high-resolution XPS spectrums of the (b) Ti 2p, (c) C 1s, 

(d) O1s, (e) F1s, and (f) Na 1s of the Ti3C2Tx/CNT NAF sample after fifty plating and stripping 

cycles. 
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Fig. S7. Top-view FE-SEM images of Ti3C2Tx/CNT NAFs at low and high magnifications. (a and 

b) plating at 1.0 mAh cm−, (d and e) plating at 3.0 mAh cm−, (g and h) plating at 5.0 mAh cm−, 

(j and k) stripping to 3.0 mAh cm−, and (m and n) stripping to 1.0 V vs. Na/Na+. (c, f, i. l, and o) 

Top-view EDS color mapping of Ti, C, O, F, Na, and P during plating and stripping states of 

Ti3C2Tx/CNT NAFs. 
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Fig. S8. Cross-sectional-view FE-SEM and EDS color mapping of Ti, C, O, F, and P elements 

during plating and stripping states of Ti3C2Tx/CNT NAFs. (a-a4) plating at 1.0 mAh cm−, (b-b4) 

plating at 3.0 mAh cm−, (c-c4) plating at 5.0 mAh cm−, (d-d4) stripping to 3.0 mAh cm−, and 

(e-e4) stripping to 1.0 V vs. Na/Na+. 
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Fig. S9. Cycling performance of CNT FSEs//CNT FSEs, Ti3C2Tx film//Ti3C2Tx film, and Na//Na 

symmetric cells at (a) capacity of 3.0 mAh cm− at 3.0 mA cm−. Cycling performance of Ti3C2Tx 

film//Ti3C2Tx film and Na//Na symmetric cells at (b) capacity of 5.0 mAh cm− at 10.0 mA cm− 

and (c) capacity of 20.0 mAh cm− at 5.0 mA cm−. (d) rate performance of CNT FSEs//CNT FSEs, 

Ti3C2Tx film//Ti3C2Tx film, and Na//Na symmetric cells at a current of 1-20 mA cm−. 
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Fig. S10. EIS spectra of Ti3C2Tx film//Ti3C2Tx film and Ti3C2Tx/CNT NAFs //Ti3C2Tx/CNT NAFs 

symmetric cells at first and fiftieth cycles. 

The electrochemical impedance spectroscopy (EIS) is used to examine the electrode 

kinetics of the Ti3C2Tx/CNT NAFs and Ti3C2Tx film symmetric cells before and after the fiftieth 

cycle, and these results are depicted in Figure S9. After the fiftieth cycle, the ohmic resistance (Rs) 

of Ti3C2Tx/CNT NAFs decreased from 15.5  to 12.6 , whereas that of Ti3C2Tx film decreased 

from 20.7  to 12.1 . The Rs of CNT FSEs slightly increased to 6.5  from 1.4 . However, 

after the fiftieth cycle, the charge transfer resistance (Rct) in a Ti3C2Tx film symmetric cell increases 

abruptly from 102.7  to 469.7 ; this may be due to the growth of mossy-type dendrites on its 
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surface. On the other side, the decrease in Rct of Ti3C2Tx/CNT NAFs (from 78.2  to 32.1 ) and 

CNT FSEs (from 76.7  to 44.5 ) implies the formation of stable SEI over the surface,[7] which 

can greatly reduce the Na nucleation energy barrier during cycling and hence quickens the 

Na+/electron transfer at the interface of the electrode and the electrolyte. To check the better 

conductivity of Ti3C2Tx/CNT NAFs, we have calculated the conductivity using EIS before and 

after the 50th cycle. The conductivity of Ti3C2Tx/CNT NAFs before and after the 50th cycle was 

calculated to be 4.61 × 10−4 and 4.13 × 10−4 −1cm−1, respectively, suggesting better conductivity 

during cycling. Our results indicate that Ti3C2Tx/CNT NAFs are suitable hosts for Na deposition 

at high currents and capacities. The Ti3C2Tx/CNT NAFs are advantageous for inhibiting the 

formation of mossy-type dendrites during cycling and efficiently sustaining the volume changes 

compensated by nanometer-sized CNTs. 
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Fig. S11. (a) XRD spectra of Na3V2(PO4)3@C sample. (b) FE-SEM image of Na3V2(PO4)3@C 

sample. (c) EDS color mapping of Na3V2(PO4)3@C sample. 
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Fig. S12. (a) GCD plot of the Na//Na3V2(PO4)3@C cell. (b) Rate capability plot of the 

Na//Na3V2(PO4)3@C cell. (c and d) Cyclic stability plots of Na//Na3V2(PO4)3@C cells at 2.0 and 

5.0 C, respectively. 
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Fig. S13. (a) Preconditioning process of anode-free Ti3C2Tx/CNT NAFs/Al. (b) Cyclic stability 

plot of Ti3C2Tx/CNT NAFs/Al//Na3V2(PO4)3@C cell at 10.0 C.
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Table S1. Comparison of the asymmetric cell performance of Ti3C2Tx/CNT NAFs/Na with previously reported Ti3C2Tx-based materials. 

Material Electrolyte 
Current  

(mA cm−) 

Areal capacity 

(mAh cm−) 

Cycle numbers 

(hours) 

Coulombic 

efficiency 
Reference 

Ti3C2@g-C3N4 
1.0 M NaPF6 in 

diglyme 

0.5 1.0 400 (1600) 99.9% 

[7] 
1.0 1.0 300 (600) 99.7% 

3.0 3.0 200 (400) 99.7% 

CT-Sn(II)@Ti3C2 
1.0 M NaPF6 in 

diglyme 

1.0 1.0 300 (600) 99.7% 

[8] 
3.0 3.0 200 (400) 99.7% 

5.0 5.0 200 (400) 98.8% 

10.0 3.0 100 (60) 98.5% 

1D/2D Na3Ti5O12- Ti3C2 

1.0 M NaPF6 in 

diglyme 
3.0 3.0 300 (600) 99.4% 

[9] 
10.0 5.0 200 (200) 98.8% 

h-Ti3C2/CNTs 
1.0 M NaCF3SO3 in 

diglyme 
1.0 1.0 1000 (2000) 99.2% [10] 

Ti3C2Tx-CC 
1.0 M NaPF6 in 

diglyme 
1.0 8.0 56 (900) 98.5% [11] 

Ti3C2Tx-melamine foam 
1.0 M NaPF6 in 

diglyme 
8.0 8.0 540 (270) 99.0% [12] 

10.0 10.0 300 (150) 99.0% 

Mg(II)@Ti3C2 

1.0 M NaPF6 in 

EC/DEC with 5.0% 

FEC 

1.0 1.0 90 (180) - [13] 

rGO/Ti3C2 

1.0 M NaPF6 in 

diglyme 

0.5 1.0 700 (2800) 99.5% 

[14] 

Ti3C2Tx/CNT NAFs 
1.0 M NaPF6 in 

diglyme 

1.0 1.0 450 (900) 99.7% 

Present work 3.0 3.0 250 (500) 99.5% 

2.5 5.0 300 (1200) 99.0% 
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Table S2. Comparison of the symmetric cell performance of Ti3C2Tx/CNT NAFs/Na with previously reported Ti3C2Tx-based materials. 

Material Electrolyte 
Predeposited Na  

(mAh cm−) 

Current  

(mA cm−) 

Areal capacity 

(mAh cm−) 

Hours 

(Overpotential, 

mV) 

Reference 

Ti3C2@g-C3N4 
1.0 M NaPF6 in 

diglyme 
3.0 1.0 1.0 700 (11) [7] 

CT-Sn(II)@Ti3C2 
1.0 M NaPF6 in 

diglyme 

3.0 3.0 1.0 134 (20) 

[8] 
5.0 

3.0 3.0 600 (35) 

5.0 3.0 240 (54) 

1D/2D Na3Ti5O12- Ti3C2 
1.0 M NaPF6 in 

diglyme 
- 

3.0 3.0 800 (60) 
[9] 

5.0 20.0 320 (77.5) 

h-Ti3C2/CNTs 
1.0 M NaCF3SO3 in 

diglyme 
- 

1.0 1.0 4000 (110) 

[10] 3.0 3.0 1200 (80) 

5.0 5.0 460 (100) 

10.0 1.0 80 (130) 

Ti3C2Tx-CC 
1.0 M NaPF6 in 

diglyme 
- 5.0 1.0 370 (20) [11] 

Ti3C2Tx-melamine foam 
1.0 M NaPF6 in 

diglyme 
12.0 10.0 10.0 720 (-) [12] 

Mg(II)@Ti3C2 

1.0 M NaPF6 in 

EC/DEC with 5.0% 

FEC 

8.0 0.5 0.5 200 (-) [13] 

rGO/Ti3C2 
1.0 M NaPF6 in 

diglyme 
- 

1.0 1.0 1700 (34) 

[14] 
3.0 1.0 1700 (200) 

Ti3C2Tx/CNT NAFs 
1.0 M NaPF6 in 

diglyme 

3.6 3.0 3.0 1500 (12) Present 

work 
6.0 10.0 5.0 1500 (58) 

24.0 5.0 20.0 1200 (130) 
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Table S3. Comparison of the full cell performance of anode-free Ti3C2Tx/CNT NAFs-Na-SEI//Na3V2(PO4)3@C with previously 

reported Na3V2(PO4)3-based cathode anode-free/anode-less SMBs. 

Material Electrolyte 
Predeposited Na  

(mAh cm−) 

Capacity mAh g−  

(C-rate) 

Cycle 

number 

Capacity 

retention 
Reference 

Ti3C2@g-C3N4 
1.0 M NaPF6 in 

diglyme 
3.0 95.0 (2.0) 800 91.4% [7] 

CT-Sn(II)@Ti3C2 
1.0 M NaClO4 in 

EC/DEC 
3.0 95.0 (1.0) 200 91.8% [8] 

1D/2D Na3Ti5O12- Ti3C2 
1.0 M NaClO4 in 

EC/PC 
3.0 102.0 (1.0) 140 78.5% [9] 

Ti3C2Tx-melamine foam 
1.0 M NaClO4 in PC 

with 5.0% FEC 
- 98.0 (1.0) 500 75.5% [12] 

Mg(II)@Ti3C2 

1.0 M NaPF6 in 

EC/DEC with 5.0% 

FEC 

8.0 96.0 (2.0) 280 98.8% [13] 

rGO/Ti3C2 
1.0 M NaPF6 in 

diglyme 
2.4 98.3 (0.5) 280 88.3% [14] 

OCF 

1.0 M NaPF6 in 

diglyme 1.0 98.0 (1.0) 200 90.9% [15] 

C@Sb@Cu 

1.0 M NaClO4 in PC 

with 5.0% FEC 6.0 94.5 (1.0) 500 95.0% [16] 

Sn 

1.0 M NaPF6 in 

diglyme - 83.0 (1.0) 50 90.0% [17] 

Anode-free carbon 

black@Bi 

1.0 M NaPF6 in 

diglyme - 96.0 (0.33) 100 82.5% [18] 

Anode-free PC-CFe 

1.0 M NaPF6 in 

diglyme - 106.0 (0.55) 100 97.0% [19] 
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Anode-free O-CCF 

1.0 M NaPF6 in 

diglyme - 107.6 (0.4) 100 96.0% [20] 

Anode-free Al-Cu@C 
1.0 M NaPF6 in 

diglyme 
- 102.0 (1.0) 50 76.5% [21] 

Anode-free Ti3C2Tx/CNT 

NAFs/Cu 

0.75 M NaPF6 and 

0.25 M NaBF4 in 

dimethoxyethane 

- 96.9 (2.0) 

100 

2,500 

94.1% 

53.8% 

Present 

work 

- 90.8 (5.0) 

100 

2,500 

5,000 

90.9% 

55.2% 

43.4% 

Anode-free Ti3C2Tx/CNT 

NAFs/Al 

0.75 M NaPF6 and 

0.25 M NaBF4 in 

dimethoxyethane 

- 60.0 (10.0) 

100 

2,500 

5,000 

92.0% 

67.2% 

52.3% 
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