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EXPERIMENTAL SECTION

Materials. Ti3AlC2 (purity 98%) was purchased from Forsman China. Hydrochloric acid 

(HCl, 12 M), ethanol (EtOH, 99.98%), dimethylsulfoxide (DMSO, 99.8%), polyvinylidene 

fluoride (PVDF), and lithium fluoride (LiF, 99.9%) were purchased from Shanghai 

Macklin Biochemical Co. Ltd. Carbon black (ECP-600JD, Japan) were purchased from 

Lion specialty chemicals. 1-ethly-3-methylimidazolium bis-(trifluoromethylsulfonyl)-

imide (EMITFSI, 98%) and acetonitrile (ACN) were purchased from Sigma Aldrich. Nylon 

membranes (0.2 μm pore size, German) were purchased from Whatman.

Preparation of multilayer Ti3C2Tx. Multilayer Ti3C2Tx was prepared via the in situ-

formed HF etchants using LiF–HCl solutions. Briefly, 1 g LiF was immersed and stirred for 

5 min in 20 mL of 9 M HCl aqueous solution at room temperature. Then 1.5 g Ti3AlC2 was 

slowly added to the mixture and stirred at 35oC for 24 h at 1000 rpm. After etching, the 

mixture was washed several times with DI water and centrifuged at 7000 rpm with 5 min 

per cycle until the pH reached 6 to achieve dark-green supernatants. The obtained 

Ti3C2Tx sediment was dispersed with DI water, suction-filtrated on the Nylon membrane, 

dried at room temperature, and stored under vacuum for further use.

Delamination of multilayer Ti3C2Tx nanosheets and its solvent treatment. Etched 

Ti3C2Tx products (0.2 g) were added to 15 mL DMSO by vigorously stirring for 24 h at 

room temperature. After delamination, the DMSO-delaminated mixture colloidal 

solution of Ti3C2Tx delamination was subjected to a treatment using the ethanol and DI 

water, respectively. Through sonication at room temperature for 1 h, the solution was 

centrifuged for 10 min at 10000 rpm each to separate the delaminated Ti3C2Tx sheets from 
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few-layer Ti3C2Tx suspension liquid. Finally, a transparent black EtOH-treated Ti3C2Tx 

suspension and a thick dark-green DI-treated Ti3C2Tx suspension were obtained 

separately. For experimental dispersion behaviors, the dispersions were performed by 

pipetting 1 mL of the Ti3C2Tx suspension into 20 mL vial with each solvent. The DI-treated 

and EtOH-treated Ti3C2Tx are suspended in DI and EtOH solvents, respectively.

Materials characterizations. The Ti3C2Tx morphology was observed by using SEM 

(JEOL, JSM-IT500HR) and AFM (Bruker Dimension Icon, Multimode 8). The phase 

structure of Ti3C2Tx was characterized using XRD (Bruker AXS) with a Cu Kα (λ = 1.54 Å) 

radiation at 40 kV and 40 mA and a 2θ = 5-80º at 0.175ºs‒1, of which a smooth 

polyethylene terephthalate (PET, Sigma Aldrich) substrate was used for XRD. The particle 

size distribution was collected using laser particle size analyzer (Malvern-MAZ 3000, UK). 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo 

Fisher Scientific Nicolet iS50R) measurements were conducted at a wavenumber range of 

400 to 4000 cm‒1 on an indium tin oxide (ITO) glass substrate. The peak intensity ratio of 

IC–F bond/IC–F bond and IC–O bond/IC–O bond for EtOH- and DI-treated Ti3C2Tx are 0.16 and 0.13, 

respectively. Surface terminal group was obtained by X-ray photoelectron spectroscopy 

(XPS, Thermo Kalpha) with an AlKα source (hν = 1486.6 eV). UV-visible absorbance 

spectroscopy (10 mm optical path length cell, HITACHI, UH5700) was scanned at a 

wavelength range of 200 to 1000 nm‒1. 

Electrochemical measurements. Cyclic Voltammetry (CV), Galvanostatic charge-

discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements were 

performed on a CHI 660E electrochemical workstation, where a three-electrode 



S-4

Swagelok© configuration in acetonitrile-dissolved 1 M EMITFSI ionic liquid as electrolytes 

comprised a Pt plate, Ag wire, and Ti3C2Tx as the counter, reference, and working 

electrodes, respectively. The pseudo-capacitors were assembled in argon-atmosphere 

glove box. The working electrode was fabricated by spraying and drying a homogeneous 

slurry onto a glass-carbon current collector at 80°C, where the slurry dissolves DI-treated 

and EtOH-treated Ti3C2Tx delamination solutions, PVDF, and conductive carbon black 

with a weight ratio of 80:10:10 in diluted ethanol solution. For comparison, 2 M KCl 

aqueous electrolytes in a three-electrode configuration were assembled, in which a Pt 

plate, Ag/AgCl, and Ti3C2Tx as the counter, reference, and working electrodes, 

respectively. The working electrode was fabricated by dip-coating DI- and EtOH-treated 

Ti3C2Tx delamination solutions in the high-conductivity and low-electrochemical-

interference ITO glass substrate. CV was conducted by using a scan rate ranged from 5 

mV s‒1 to 1000 mV s‒1. EIS data was collected with a 5 mV amplitude at a frequency 

ranged from 10 mHz to 100 kHZ. Mass loadings of DI- and EtOH-treated Ti3C2Tx 

electrodes were 1 mg, respectively. The gravimetric capacitance (Cg, F g‒1) was calculated 

using the formula: 

where v is the scan rate (mV s‒1), i is the current density (A g‒1), ∆V is the potential 

window (V), and m is mass loadings. 

Simulation Methods

Considering the different functional groups coexisted in Ti3C2Tx surface, we used a same 

mixture Ti3C2Tx structure as the initial structure (including –CF3, –F, –O, –OH) for two 
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MD systems (Ti3C2Tx+DI and Ti3C2Tx+EtOH). To obtain the optimized initial structure of 

Ti3C2Tx MXene system, density functional theory (DFT) calculations were performed 

using the Vienna Ab Initio Simulation Package (VASP)1 with generalized gradient 

approximation (GGA) and the projector-augmented wave (PAW) method. Lattice 

parameters are a=1.2 nm, b=1.2 nm, c=3.0 nm, α=β=90.00°, and γ=120.00°. The standard 

precision was selected. The kinetic energy cutoff was set at 400 eV. After the DFT 

optimization (Figure S11), we expanded into 33 supercell along a and b axis for further 

calculation modelling. Classical molecular dynamic (MD) simulations were performed to 

investigate the different phenomena under DMSO with water or EtOH molecules. Here, 

the simulation parameters of Ti3C2Tx was obtained using UFF force filed2 which has been 

confirmed the accuracy in literatures3. The simulation parameters of DMSO and EtOH 

were generated by Amber 184 and Gaussian 09 software5 at the B3LYP/6-31G* level. 

Additionally, the force field of water was obtained using the TIP3P parameters. During 

MD simulations, the Particle-mesh Ewald was selected for long-range electrostatics, the 

cutoff was set at 0.8 nm, and the time step was set at 1 fs. In water system, it contains 169 

DMSO molecules and 1333 water molecules at the size of a=3.7 nm, b=3.7 nm, c=5.7 nm, 

α=β=90.00°, and γ=120.00°. In EtOH system, it contains 110 DMSO molecules and 269 

EtOH molecules at the size of a=3.7 nm, b=3.7 nm, c=5.1 nm, α=β=90.00°, and γ=120.00°. 

Finally, 300 ns MD simulations were performed for each system; after equilibration 

checking, only the final 50 ns converging trajectory was used for further analysis.
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Figure S1. SEM images of DI-treated and EtOH-treated multilayered Ti3C2Tx MXene flakes 

in (a–b) high and (c–d) low concentrations, respectively. 
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Figure S2. SEM images of the delaminated Ti3C2Tx flakes before the treatments of DI and 

EtOH solvent.

Figure S3. (a) UV-visible absorbance spectra, (b) Hildebrand solubility parameters and 

dispersive associated Hansen solubility parameters with respect to solvent-treated Ti3C2Tx 

absorbance per cell path length (A/l) at 800 nm.
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Table S1 Hansen solubility parameters and Hildebrand solubility parameters of EtOH and 

DI water in this study

Figure S4. XRD patterns of EtOH-treated and DI-treated Ti3C2Tx. 

Hansen and Hildebrand solubility parametersSolvent
Polar

(MPa1/2)
Dispersive

(MPa1/2)
H-bonding

(MPa1/2)
Hildebrand

(MPa1/2)
A/l

(m‒1)
Ethanol 9 15.7 19 26 47.5
DI water 16 15.4 41 49 224
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Figure S5. (a, b) AFM images, (c, d) corresponding height profile, and (e, f) statistical 

thickness distribution of EtOH-treated and DI-treated Ti3C2Tx.
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Figure S6. Supplementary experimental-measured size distributions (a-c) of EtOH-treated 

and DI-treated Ti3C2Tx delamination suspension, and their corresponding vertical error 

bars (d) in the size data.
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Figure S7. (a, b) SEM images and corresponding (c, d) size distribution of EtOH-treated 

and DI-treated Ti3C2Tx.
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Figure S8. Contact angle of DI-treated and EtOH-treated Ti3C2Tx.
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Figure S9. XPS of EtOH-treated, DI-treated, and solvent-free treated Ti3C2Tx.
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Table S2 XPS peak fitting of EtOH-treated and DI-treated Ti3C2Tx

Element 
info.

Description Binding Energy (eV)

EtOH-treated 454.6 455.7 458.7 460.6 461.7 463.2 464.4 456.9

DI-treated 454.3 455.4 458.5 460.3 461.3 462.4 464.1 456.6

Assigned to Ti-C 
2p3/2

Ti(II) 
2p3/2

Ti-O 
2p3/2

Ti-C 
2p1/2

Ti(II) 
2p1/2

Ti-C 
2p1/2

Ti-O 
2p1/2

TixOy

Ti2p

Reference 6 7 8 9 10 10 6 11

EtOH-treated 281.3 282.3 284.4 286.0 287.3 288.6 290.5 292.0

DI-treated 281.1 282.0 283.8 285.7 287.3 288.4 - -

Assigned to C-Ti C-Ti-O C-C C-O OH-
C=O

O-
C=O, 
C-F

CF2 CF3

C 1s

Reference 11 12 13 13 14 11 15 15

EtOH-treated 529.4 530.6 531.9 533.1

DI-treated 529.1 530.2 531.5 532.7

O 1s

Assigned to O-Ti C-Ti-
Ox

C-Ti-
(OH)x

C-Ti-
(OH)x-
H2O

Reference 7 10 10 12

EtOH-treated 684.6 685.6 689.3

DI-treated 684.3 685.7 688.1

Assigned to F-Ti F-Al F-C

F 1s

Reference 16 17 15
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Figure S10. High-resolution XPS of O 1s and Ti 2p core levels for EtOH-treated and DI-

treated Ti3C2Tx.
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Figure S11. High-resolution XPS of F 1s and C 1s core levels for EtOH-treated and solvent-

free treated Ti3C2Tx.
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Table S3 XPS data of the EtOH- and DI-treated Ti3C2Tx

Figure S12. Schematic illustrations in the formation of –CF3 terminations.

Elements containingXPS content (at%)

C Ti O F Ti/C

Solvent free-treated Ti3C2Tx 33.45 20.74 23.25 22.56 0.62

EtOH-treated Ti3C2Tx 18.54 13.05 12.47 55.94 0.70

DI-treated Ti3C2Tx 40.49 26.25 23.53 9.73 0.65
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Figure S13. Electrochemical behaviors of DI- and EtOH-treated Ti3C2Tx in 2 M aqueous KCl 

electrolytes. (a) CV curves at 50 mV s−1 with a potential range of –0.8 to 0.2 V. (b) GCD 

curves at 1 A g−1. (c) Electrochemical impedance spectroscopy with the equivalent circuit 

including solution resistance (Rs), charge-transfer (Rct) resistance, and Warburg 

impedance (W).



S-17

 

-1.2 -0.8 -0.4 0.0 0.4
-9

-6

-3

0

3

6

100 mV/s
 200 mV/s

 20 mV/s 5 mV/s
 10 mV/s  50 mV/sC

ur
re

nt
 d

en
si

ty
 (A

/g
)

Potential vs. Ag/AgCl (V)

Before-treated Ti3C2Tx

0 50 100 150 200
0

50

100

150

C
ap

ac
ita

nc
e 

(F
/g

)

Scan rate (mV/s)

 Before-treated Ti3C2Tx

-1.2 -0.8 -0.4 0.0 0.4

-2

0

2

 EtOH-treated Ti3C2Tx

 DI-treated Ti3C2Tx

 Before-treated Ti3C2Tx

C
ur

re
nt

 d
en

si
ty

 (A
/g

)

Potential vs. Ag/AgCl (V)

(a) (b)

(c)

Figure S14. In 1 M EMITFSI ionic liquid electrolytes, electrochemical behaviors of solvent-

free treated, DI-treated, and EtOH-treated Ti3C2Tx. (a) CV curves at 10 mV s−1 with a 

potential range of –1.2 to 0.6 V. (b-c) CV curves and (c) rate performance of solvent-free 

treated Ti3C2Tx at 5 to 200 mV s−1.

Considerably different from the pair of redox peaks at –0.11 and –0.45 V in DI-treated 

Ti3C2Tx (Figure S14a), the solvent-free and EtOH-treated Ti3C2Tx revealed similar redox 

peaks at –0.02 V, indicating the preserved –CF3-terminations in EtOH treatment when the 

formation during solvent-free treatments. Moreover, compared with DI-treated Ti3C2Tx 

electrode (Figure S14b-c), solvent-free and EtOH-treated Ti3C2Tx electrode showed better 
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specific capacitance and rate performance owing to structural properties as demonstrated 

in our current study.

Therefore, according to Figure S13, Figure S14, and Figure 3a, we can propose that the 

redox species of EtOH-treated Ti3C2Tx might be –CF3-related redox reactions, whereas 

those of DI-treated-Ti3C2Tx might be EMI+ cation intercalation/de-tercalations. The 

proposal was mainly based on the following reasons. (1) Highly consistent with the previous 

study18 showing redox peaks at –0.2 V/–0.4 V in the EMIFTSI electrolyte, the DI-treated 

Ti3C2Tx in current study displayed those at –0.28 V/–0.49 V and –0.11 V/–0.45 V in EMITFSI 

and KCl electrolytes, respectively, indicating EMI+ cation intercalation/de-intercalation. (2) 

In the KCl electrolytes, our previous study10 demonstrated 0.14 V/–0.04 V redox peaks in 

the –OH-terminated Ti3C2Tx, similar with the 0.05 V/–0.07 V redox peaks in –CF3–

terminated EtOH-treated Ti3C2Tx owing to –CF3 replacement by aqueous KCl solution, 

implying K+ cation interaction/de-intercalation. (3) Whereas, compared with reason (1) and 

(2), the –CF3–terminated EtOH-treated Ti3C2Tx exhibits considerable differentiated redox 

peaks at –0.02 V/–0.29 V in EMITFSI electrolytes, demonstrating –CF3-related redox 

reactions in the Ti3C2Tx.
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Figure S15. In 1 M EMITFSI ionic liquid electrolytes, (a) CV and (b) GCD curves of DI-treated 

Ti3C2Tx at different scan rates of 5 to 200 mV s−1 and current density of 1 to 7 A g−1, 

respectively. 
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Figure S16. In 1 M EMITFSI ionic liquid electrolytes, CV curves of EtOH-treated Ti3C2Tx at 

different scan rates of 5 to 200 mV s−1.
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Table S4 Previously reported electrochemical performance of Ti3C2Tx under various 

potential windows in ionic liquid electrolyte

Ti3C2Tx description Electrolyte Potential 
window [V]

Specific capacitance 
[F/g] at current 
density [mV/s]

Ref.

Ti3C2Tx (–OH) 1 M EMITFSI 0~3 70 F/g (20 mV/s) 19

IL-Ti3C2Tx 1 M EMITFSI –1.5~1.5 84 F/g (20 mV/s) 20

CNT/Ti3C2Tx 1 M EMITFSI/ACN –0.8~1.0 85 F/g (2 mV/s) 18

Ti3C2Tx/TEAPW12 1 M TEABF4/ACN –2.2~0 36 F/g (1 mV/s) 21

PPy-Ti3C2Tx-IL [EMIm][NTf2] 0~3 51.85 F/g (20 mV/s) 22

Ti3C2Tx-C12 1 M EMITFSI/ACN –1.8~1 185 F/g (1 mV/s) 23

Ti3C2Tx-MnFe2O4 1 M EMIMBF4 –1.5~0.5 172 F/g (50 mV/s) 24

Ti3C2Tx-knotted 
CNT

1 M 
EMITFSI/LiTFSI/ACN

–1.5~0.3 130 F/g (10 mV/s) 25

rGO 0.5 M BMIMBF4 0~2.5 135 F/g (5 mV/s) 26

–CF3 terminated 
Ti3C2Tx

1 M EMITFSI/ACN –1.2~0.6 295.3 F/g (5 mV/s) Current 
Study
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Figure S17. DFT calculated optimized structure of Ti3C2Tx.
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