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1-Synthesis of 2D iodine-etched MXene

1.1-lodine-assisted etching of TisAIC;

TizAIC2 powder (100 mg, 0.5 mmol) and iodine nanocrystals (I2, 394 mg, 1.5 mmol) were added slowly
into anhydrous acetonitrile (CHsCN, 5 mL) in a glass ampoule. The ampoule was sealed under vacuum
after three times freeze-pump-thaw cycles. After warming up to room temperature, the mixture was
sonicated for 5 min, then heated up to 100 °C and kept for 4 days (Figure S1). Afterwards, the sediment
was transferred to a centrifuge tube and washed several times with fresh anhydrous acetonitrile at 5100
rpm for 5 min until the supernatant became colorless (Figure S2). The sediment was then transferred
into acetonitrile and sonicated for 5 min. Later the unreacted TisAlIC, was removed by means of
centrifuging at 100 rpm for 2 min. The supernatant was collected and deployed for further
characterization.
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Figure S1. Schematic illustration of 2D IE-MXene sheets synthesis.
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Figure S2. Washing procedure of iodine-etched TisAlC, powder with acetonitrile.
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1.2-The delamination of 2D IE-MXene sheets

The collected I,-etched TisAlIC, was delaminated in 1.0 M HCI solution by simple manual shaking (Figure
S3). The delaminated MXene flakes were rinsed with distilled water to remove the possible contamination,
and the aqueous MXene dispersion was deployed for further characterization.
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Figure S3. (a) the delamination of I,-etched TizAIC; in 1.0 M HCI by manual shaking and (b) the aqueous dispersion of 2D IE-MXene.

The etching process by iodine has been performed in different reaction temperatures. The achieved
samples after washing and delamination in HCI solution were investigated by SEM and energy-
dispersive X-ray spectroscopy (EDS) (Figure S4) to confirm which temperature is much better to remove
Al layer effectively.
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Figure S4. SEM images (a,c,e) and the corresponding element mapping (b, d, f) of the samples collected after etching at (a-b) 25 °C,
(c-d) 60 °C, and (e-f) 100 °C and washing with HCI solution.

Table S1. The Al content of the MAX powder and the etched MAX after washing with HCI.

Al content in

Al content
Etching temperature : :
in TisAIC, the etched Tx@rllcﬁglfter washing
25°C 16.7 wt% 12.11 wt%
60°C 16.7 wt% 2.5 wt%
100 °C 16.7 wt% 0.9 wt%
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2-Synthesis of HF-etched MXene

TisAIC, powder (1.0 g) was added slowly into 10 mL 30% HF. The mixture kept stirring at 40 °C for 15
h.[ After that, it was washed with distilled water for 6 cycles by centrifugation (5100 rpm, 5 min for each
cycle) until the supernatant reached a pH value of approximately 6. To delaminate the etched MAX
powders, the precipitation was stirred vigorously in 20 mL tetramethylammonium hydroxide (TMAOH)
for 5 hours. Then, the suspension was washed 3 times with distilled water to remove the excess amount
of TMAOH. The remaining precipitation was further dispersed in fresh distilled water by sonication for 30
min. The delaminated MXene flakes were collected by centrifugation for further characterization.

3-Material Characterization

X-ray diffraction (XRD) patterns were collected via a PW1820 X-ray diffractometer with Cu Ka radiation.
The morphology and structure of the samples were characterized by a ZEISS field-emission scanning
electron microscope (FESEM), a Carl Zeiss Libra 200 high-resolution transmission electron microscope
(TEM), and Bruker Multimode 8 system atomic force microscope (AFM). X-ray photoelectron
spectroscopy (XPS) was performed using a PHI Quantum 2000 ESCA system with monochromatic Al
Ka radiation. UV-vis spectra were measured in diffuse reflection mode on a BRUKER Cary 60.

4-Preparation of 2D IE-MXene electrodes

The 2D IE-MXene electrodes were prepared by mixing exfoliated MXene sheets, acetylene black, and
polytetrafluoroethylene (PTFE) in a weight ratio of 8:1:1 with the help of ethanol. The mixture was
pressed into a film and then dried at 80 °C overnight in vacuum. After drying, the film was cut into disks
and were pressed onto a carbon paper to develop working electrodes. The mass loadings of TisC,Tx
electrodes range from ~1 to 4.5 mg cm™. The electrodes were soaked in a 1.0 M H,SO4 solution for over
12 h before electrochemical measurements.

5-Electrochemical studies

All electrochemical measurements were performed using a traditional three-electrode system with 1.0 M
H.SO. solution as the electrolyte. TisC,Tx electrode, graphite rod, and Ag/AgCl were used as the working
electrode, counter electrode, and reference electrode, respectively. Cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic charge-discharge (GCD) analyses
were performed on an electrochemical workstation (CHI 660E). EIS measurements were performed in
the frequency range of 0.1-100 kHz with 5 mV ac amplitude.

The specific capacitance (C, F g) based on the CV curves were calculated according to the following
equation (1):

= ! [Yrwyav (1)

2xmxvxVe-V;) Vi




WILEY-VCH

where m is the total mass of each electrode (g), v is the scan rate (V s), Vi and V; are the integration

potential limits of CV curves and (V) is the voltammetric current (in amperes). f; T1(V)dV is the
L

integrated area of the CV curves.

The specific capacitance (C, F g*) was also calculated from the GCD curves according to the following
equation (2):

CA: X

<

1
- 2
where I/m is the current density (A g*) and t is the discharge time (s). v is the voltage.

6-Mechanistic study of etching/delamination processes

6.1-Element mapping of I>-etched TizAlIC,, delaminated IE-MXene, and HF-etched MXene

Figure S5. SEM images of |,-etched TizAlC.
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Figure S6. EDS mapping of I,-etched TizAIC..
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Figure S7. EDS mapping of 2D IE-MXene.
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Figure S8. EDS mapping of HF-etched MXene sheets.
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6.2-Evidences of All; formation during the etching process
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Figure S9. (a) The optical images of the solution before and after etching, (b) XRD pattern of the powder collected from the etching
solution, (c) UV-vis spectra of |, and Allz in acetonitrile as well as the etching solution.

6.3-XPS characterization of l>-etched TisAIC, and delaminated IE-MXene
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Figure S10. (a) XPS survey spectra and (b) high-resolution XPS spectra of Al 2p of I,-etched TizAlIC; and 2D IE-MXene flakes.

6.4-Density functional theory (DFT) calculation of etching/delamination processes

DFT-based theoretical calculations were performed with the CASTEP package within the generalized
gradient approximation (GGA) as formulated by the Perdew—Burke—Ernzerhof (PBE) functional (J. Phys.
Chem., 1990, 92, 508; Phys. Rev. B, 1994, 90, 17953; First Principles Methods Using CASTEP. Z.
Kristallogr, 2005, 220, 567). The final set of energies for all calculations was computed with an energy

cut-off of 440.0 eV. The convergence criteria for energy were set to be 10° eV, and the residual forces

on each atom became smaller than 0.01 eVA™L. The Brillouin zone integration was performed with 8x1x1

I"-centred Monkhorst-Pack k-point meshes in geometry optimization calculations.
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Figure S12. Lowest energy atomic configuration for the etching and delamination processes.

7-Morphology of 2D IE-MXene

N

Figure S13. (a, b) HR-TEM of 2D IE-MXene flakes, (c) the optical, and (d) SEM image of prepared 2D |IE-MXene film via filtration of
the dispersion.
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8-Stability of HF-etched MXene and IE-MXene in aqueous dispersion
8.1-Stability of HF-etched MXene in agqueous dispersion

HF-etched MXene stored in H,O presents a dramatic color change from dark green to colorless within
two weeks (Figure S14a-d). SEM and AFM images clearly show the oxidation process, which initiates
from edge to center of flakes owing to the highly negatively charged edge (Figure Si4e-l).?! EDS
mapping reveals that oxygen content has a dramatic increase from 10.77 to 37.49 wt% (Figure S15a).

XRD pattern shows that HF-etched MXene has been completely oxidized to TiO, after 2 weeks (Figure
S15b).

Figure S14. Long-term stability of HF-etched MXene in water. (a-d) the optical images, (e-h) SEM images, and (i-I) AFM images of the
selected sheets as a function of time.
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Figure S15. (a) EDS and (b) XRD of HF-etched MXene stored in water for 2 weeks.
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Table S2. A brief summary of the stability of MXenes in water.

Materials/Synthesis method

Stability Reference
TizCaTx/l2 2 weeks This work
TizCaTx/HF <1 week This work
TizC2T«/LiF-HCI 1 week Inorg. Chem. 2019, 58, 1958
TisC2Tx orTi2CTx/LiF-HCI <1 week Chem. Mater. 2017, 29, 4848
TizCaT«/LiF-HCI < 10 days Matter, 2019, 1,513

TisC2Tx films/LiF-HCI

< 10 days in air

npj 2D Mater Appl, 2019, 3, 8

8.2-Stability of IE-MXene in aqueous dispersion

The aqueous dispersion of IE-MXene sheets does not show any sedimentation or color change within 2
weeks (Figure S16a-c). The morphology of water-dispersed IE-MXene sheets remains unchanged and
well-defined in this timescale (Figure S16d-f). However, they still undergo slow degradation in water,
which somehow resembles HF-etched MXenes. Based on the SEM and XRD results, IE-MXene sheets
can be oxidized into nanometer-sized TiO; nanoparticles after two months (Figure S17).
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Figure S16. (a-c) The optical images and (d-f) SEM images of IE-MXene in water.
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Figure S17. (a) SEM image and (b) XRD of IE-MXene stored in water for 2 months.
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9-Electrochemical performance of 2D IE-MXene

a 15] 1 Week b 151 2 Weeks

10 . 10
< <
£ 5 £ 54
£ o0 £ n
3 :
5 -5 3 -5
© 0] 10

-15 154

06 04 02 00 02 06 04 02 00 02

c Voltage (V vs. Ag/AgCl) d Voltage (V vs. Ag/AgCl)

300 5
L = Before
I-E, 250+ 4. —e— After
8
c 200 =
= £ 34
5 =
© 150 =}
n_ S
3 & 2
o 100+ b i
= =—a—[nitial il " 0
3 50 —o—1 week 1 3 0'.
(% —a—2 weeks &

0 r T T T : 0 T T =
0 5 10 15 20 0 1 2 3 4 5

Scan rate (mV s™) Z' (ohm)

Figure S18. The stability test of the IE-MXene electrode in water for two weeks. (a-b) CV curves of at different scan rates from 1 to 20
mV s, (c) gravimetric capacitances, and (d) electrochemical impedance of the IE-MXene electrode before and after cycling test.

Table S3. A brief summary of Ti;C,Tx-based electrodes for supercapacitors.

Materials/Synthesis Electrolyte Vqltage Capacitance Capamtgance Reference
method window retention
TiaCaToll2 1MHSOs  -06-02V 293 Flgat1 95.8% after 10k This work
mV/s cycles
i . 192 F/g at 1 92% after 10k Nano Energy, 2017, 38,
TisCoTWLiIF-HCI 1 MH280s  -0.2-04V A eyclos A
0,
TisCaTu/HF 1 M H2S04 / 130 F/g at2 99% after 10k Nature, 2014, 516, 78
mV/s cycles
) . 88 F/gat2 J. Mater. Chem. A, 2019,7,
TisCaTWLIF-HCI 1 MH.SOs  -0.2-0.6 V v / 569
) . 170 F/g at 2 Proc. Natl. Acad. Sci.,
TisC2TW/LiF-HCI 1MKOH  -1.0-(-0.4)V A / 2014, 111, 16676
0,
TisCoTJLIF-HCI  1MH:S0s  -02-04v  220F/gats 92% after 25k A4 Mater. 2016, 28, 1517
mV/s cycles
TisCoTw/LIF-HCI 1 M H2SO04 -0.6-0V 280;\//%“ 2 / Nanoscale, 2020, 12, 763
0,
TiCoTJLIF-HCI  3MH:S0s  -1.1<-02)v 248 F/gatd 97.1% after 10k x4, Mater. 2019, 1902432
mV/s cycles
) 245 F/g at 1 Adv. Energy Mater. 2018,
TisCaT/HF 6 M KOH 0-0.7V A / 5 190317
0,
TiaC2Tx/HF 1MH;S0s  -0454-01)v  2>°F/9at2 90 % after 10k A5 Nano, 2019, 13, 9449
mV/s cycles
) 1M TEA 50 F/g at 2 Nat. Commun., 2017,
TisCoT/HF BE. 1.0-(-0.4) V P / 6 15717
TisCoTo/HF 1MH:S0s  -0.5-03V zgor:\//gsat 1 / Nanoscale, 2018, 10, 9642
0,
TisC2Tx clay/HF 1 M KOH -0.55-0 V 130 F/g at2 100 % after 10k gri0nce 2013, 314, 1502
mV/s cycles
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