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Experimental Section/Methods

TizCoTx MXene synthesis: In this study, TisC2Tx MXene was prepared by two different approaches: (i)
MILDY 2 and EN-MILD (Evaporated-Nitrogen MILD) methods. In both approaches, a 125 ml
polyethylene container with an outer diameter of about 40 mm and height of about 90 mm was used as
the etching container. The place of N2 inlet and outlet is shown in Figure S1. For the MILD approach,
LiF (1.6 g; >99.98% trace metals basis, Sigma-Aldrich, USA) was added to 9 M HCI (20 ml; made using
ACS reagent 37 wt%, Sigma-Aldrich, USA) and continuously stirred for 30 minutes at 40 °C. After
completely dissolving LiF in HCI solution, TizAIC, (1 g; Carbon-Ukraine, Particle size <40 um and used
as received) was added in course of 30 minutes and the reaction was run for 24 h. Then, the etching

product was washed thoroughly as will be explained later.
In EN-MILD approach, the reaction vessel was purged by dry nitrogen throughout the etching reaction.

This would lead to the partial evaporation of the etching solution, which gradually increases the acids
and salt concentrations over time. 1.6 g of LiF was added to 20 ml of 9 M HCI solution and stirred for
30 minutes at 40 °C under nitrogen (same concentration and condition as MILD approach). Then,
TisAIC2, MAX phase (1 g) was added to the etching solution in course of 30 minutes and the mixture was
stirred at 300 rpm for the duration of etching reaction. EN-MILD approach reaction was run for different
etching time of 6 h, 12 h, 18 h, 24 h, and 30 h. These time intervals were selected to investigate the effect
of the N2 purging on the synthesized MXene. The nitrogen flow rate (for this volume of etchant and the
container’s dimension) in EN-MILD approach was about 250 SCCM. This flow rate should be optimized
(based on the final volume of etchant) if another reaction container or a different volume of etchant is
being used. All the synthesis was conducted in a designed HF fume hood and handling chemicals should
be done carefully following strict safety protocols for handling HF containing solutions. The outlet of

the etching container was introduced into a condenser before being vented directly into fume hood.

S2



As shown in Figure S1, the final volume of the etching solution is critical and affecting the concentration
of HF and Li-ions in the etching solution. Using etching containers with different volume/dimension with
the same N> pressure results in different volumes for final etching solution. Industrial grade of Praxair
nitrogen with a purity level of 99.998% was used for the MXene synthesis. After completion of etching
reaction (MILD and EN-MILD), the etched material was copiously washed with Millipore water via
centrifugation. In each washing step, the acidic mixture was divided into four 50 ml centrifuge tubes,
diluted with Millipore to almost 50 ml, and centrifuged at 3500 rpm (1917 rcf) for 5 minutes. After each
cycle, the acidic supernatant was decanted, and the sediment was dispersed in almost 50 ml fresh
Millipore water. It is worth noting that washing the etched product with about 800 ml of Millipore water
was required to reach pH of about 6 (Figure S1). After discarding the supernatant, the sediment was
diluted using 20-30 ml Millipore water and sonicated in an ice-bath (with a temperature less than 4 °C)
under dry N2 atmosphere for 10 minutes. It is worth mentioning that 10 min bath sonication was replaced
with hand shaking (that has been used with others) to ensure reproducibility. The suspension was
centrifuged for an hour @ 3500 rpm (1917 rcf) to separate the single layer (few layer) MXene flakes
from un-etched MAX phase or thick multi-layer MXene sheets. The homogeneous delaminated TizCaTx
supernatant was stored in a fridge @ 4 °C to use for sample preparation. The concentration of the MXene
colloidal suspensions was calculated by vacuum filtration of a known suspension volume through a
polypropylene membrane (kindly provided by Celgard, pore size 0.064 pum) and measuring the weight
of the prepared film after 4 h drying at 60 °C under vacuum. The synthesis yield is defined as the amount
of MXene in this supernatant (which is mostly single layer flake; after washing the etched material, 10
min sonication and centrifugation for 1 h) to the initial amount of MAX phase. Typically, we obtained ~
60% synthesis yield of single layer MXene by sonication (10 min) and 30-40 % by handshaking (10 min)
when EN-MILD approach was used with 24 h etching time. The values reported in this manuscript were

obtained with 10 min sonication. Some samples were collected before the final stage of
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sonication/centrifugation to study the etching efficiency by XRD and SEM (results are shown in Figure
1 and Figure S2). Freestanding MXene papers were prepared by vacuum filtration with a Celgard
membrane (pore size 0.064 um) and the films’ thickness was tailored by controlling the concentration

and volume of the initial MXene solution.

Materials’ characterization: The scanning electron microscopy (SEM) images of MXene flakes on
alumina membrane were taken using a Hitachi S-4800 (Tokyo, Japan) SEM operated at 5 kV. To do this,
a drop of dilute colloidal solution of different MXenes was placed on porous alumina substrate (Anodisc,
0.1 pm pore size, Whatman) and then dried under vacuum. SEM imaging on MAX/MXene powder and
the cross-sections of freestanding MXene film in addition to the thickness measurement of these
freestanding films were performed by using a Thermo Scios2 Dual-Beam SEM/Focused lon Beam (FIB).
Because of the importance of freestanding film thickness on electrical conductivity values, the SEM/FIB
thickness measurements were used in calculations. High-resolution transmission electron microscopy
(HRTEM) images were captured with a Scanning/Transmission electron microscope (STEM/TEM) at
80 kV (FEI Themis Z-TEM, Thermo Fisher Scientific Company). The microscope was equipped with
energy dispersive X-ray spectroscopy (EDS) system for chemical analysis. STEM samples were prepared
by dropping of the dilute colloidal solution of different MXenes on the carbon side of a standard TEM
copper grid covered with holey carbon film, and then placed on a filter paper to quickly dry. All atomic
force microscopy (AFM) images were captured with an Asylum Research AFM operated in tapping
mode in air. For this purpose, the dilute colloidal solution of different MXenes was drop-casted onto
freshly cleaved mica (Ted Pella Inc). The elemental composition and chemical structure of different
freestanding MXene films were investigated by X-ray photon spectroscopy (XPS) using a Kratos Axis
Ultra equipped with monochromatic Al X-ray source. Binding energies were referenced to the C1s peak
of (C-C, 284.8 eV) bond and the peak fitting was carried out using CasaXPS Version 2.3.19RP 1.0ina

similar manner as Ref3 X-ray diffraction (XRD) spectra were recorded using PANALYTICAL
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PHILLIPS X’PERT MRD (used for freestanding films) and SIEMENS/BRUKER D-5000 (used for
powder samples) systems with Cu K-alpha radiation source with a counting time of 1.0°/min at 40 kV
and 44 mA. PerkinElmer (Nexion 350D) inductively coupled plasma (ICP-MS) was used to determine
the concentration of titanium and lithium in the MXene free-standing papers. The *H, “Li and *°F NMR
experiments were carried out using a Bruker Avance Il HD equipped with a 500-MHz, 5-mm, BBFO
CryoProbe. These characterizations were performed to measure the ions concentrations in the etchant
solution after 24 h at 40 °C under MILD approach condition and with dried nitrogen purging. The sheet
resistances of MXene freestanding films were measured by four-point probe measurements (Jandel 4-
Point probe). Each electrical conductivity value was calculated by an average of 10 different

measurements.

Electrochemical measurements: All electrochemical tests were conducted by three-electrode plastic
Swagelok cells using a VMP3 potentiostat/galvanostat (Biologic). In the cell, a large extra activated
carbon (Alfa Aesar) film was used as the counter electrode, MXene sheet supported by a glassy carbon
current collector was the working electrode and Ag/AgCl (in 1 M KCI) was the reference electrode.
Aqueous 3 M H2SOs electrolyte and a glass fibre filter as the separators were used in the tests. All the
electrodes were pre-cycled for 20 cycles using Cyclic Voltammetry (CV) at 20 mV s before the actual
electrochemical tests were performed. The CV tests for different MXene electrodes were performed at
scan rates of 1-1000 mV s *. Galvanostatic charge-discharge (GCD) cycling was performed at current
densities from 1 to 20 A g 1. Galvanostatic cycling was performed at 20 A g * to study the cyclability of
the prepared electrodes over 10,000 cycles. The specific capacitance of the MXene electrodes was

calculated using the GCD curve based on the following formula:

_ I X At
ST m XAV
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where Cs (F g}) is the gravimetric specific capacitance; I (mA) is the discharge current; At (s) is
the discharge time from the charge-discharge curve; AV (V) is the potential window; and m (mg) is the
electrode mass. Volumetric capacitances for different MXene electrodes were calculated using the

volume of the electrode (instead of mass) in the equation.
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Table S1 shows the details of dataset presented in Figure 1a, the electrical conductivity of
MXene synthesized with direct HF approach and in-situ HF approaches (clay, modified clay, original

MILD, and modified MILD).

Table S1. The details of data presented in Figure 1a

Synthesis time &
Sample Synthesis approach (-/ 1.0g MAX) Conductivity (Scm?) Ref.
Temperature
TisCoTx 0.66 g LiF + 10 ml 6.0M HCI 24 h at 40°C 6500 4
TisCoTx 0.66g of LiF + 10 ml 6M HCI 45hat40°C 1500 5
TizCaTx 1.0 g LiF + 20 ml 6.0M HCI 24 hat 35°C 4800 !
TisCoTx 1.0 g LiF + 20 ml 6.0M HCI 24 hat35°C 2200 6
TisCoTx 1.0 g LiF + 20 ml 6.0M HCI 24 hat35°C 6760 l
TizCaTx 1.0 g of LiF + 20 ml 6M HCI 24hat35°C 4600 8
TizCaTx 1.98 g LiF + 30 ml 6.0M HCI (1.2 MAX) 45 h at 40°C 1250 o
TisCoTx 1.0 g LiF + 10 ml 9.0M HCI 24 hat35°C 1215 10
TizCaTx 1.0 g LiF + 10 ml 9.0M HCI 24 hat 35°C 4556 1
TizCaTx 1.0 g LiF + 10 ml 9.0M HCI 24hat35°C 325 12
TisCoTx 1.0 g LiF + 25 ml 9.0M HCI 24 hat45°C 1500 13
TisCoTx 1.0 g LiF + 20 ml 9.0M HCI 24 hat35°C 9880 14
TizCaTx 1.0 g LiF + 20 ml 9.0M HCI 72 hat50°C 1000 15
TisCoTx 1.0 g LiF + 20 ml 9.0M HCI 24 hat35°C 5000 16
TisCoTx 1.0 g LiF + 20 ml 9.0M HCI 24 hat35°C 4000 o
TizCaTx 1.6g of LiF + 20 ml 9M HCI 40 hatRT 4400 18
TizCaTx 1.6 g LiF + 20 ml 9.0M HCI 24 hatRT 8000 2
TisCoTx 1.6 g LiF + 20 ml 9.0M HCI 30hat50°C 15100 19
TizCaTx 1.6 g LiF + 20 ml 9.0M HCI 30hat50°C 13200 19
TizCaTx 1.6 g LiF + 20 ml 9.0M HCI 30hat50°C 10500 19
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Synthesis time &

Sample Synthesis approach (-/ 1.0g MAX) Conductivity (S/cm)  Ref.
Temperature
1.6 g LiF + 20 ml 9.0M HCI +Proton acid
TisCoTx 36 hat RT 10400 20
treatment
TisCo Ty 10 mL of HCI + LiF solution 24hat40°C 1836 21
TisCoTx 10 ml of 40%wt HF 18 hatRT 2650 2
TizCaTx 10 ml of 50.0 wt% HF 18 hatRT 2402.4 2
TisCoTx 30 ml of 40%wt HF 24 hatRT 2230 24
TisCoTx 2 ml HF + 12 ml HCI + 6 ml DI water, LiCl 24 h atRT ~8500 %
TisCoTy 2 ml HF + 12 ml HCI + 6 ml DI water, LiCl 24 h atRT ~8500 5
3 ml 49 wt% HF + 6 ml 12 M HCI + 1 ml
TisCoTx 24 hatRT ~14000 2%
DI water, LiCl

TisCoTy Calcination MXene film@800°C Calcination @ 1hr 2410 27
TisCoTx Electrodeposition - 7400 28
V2CTy 20ml HF +TMAOCH 48 hat35°C ~ 1000 %
NbyV2.,CTx 20ml HF +TMAOCH 48 hat35°C ~19-349 %
Nb.CTx 20ml HF +TMACH 48 hat 35°C ~5 %
Mo, TiCo Ty 20ml HF +TMAOH 48 hat50 °C ~49 %
NDb4sCsTx 20ml HF +TMAOCH 168 h at 50 °C ~75 %
Mo, TioCsTy 20ml HF +TMAOH 96 hat50°C ~ 227 %
TioC 10% HF 10h 0.147 2
TioC 4 g LiF + 40 ml 11.7M HCI 24 hat35°C 5250 30
Mo,C 14M HF, TBAOH 160h at 35 °C 4.35 81
MozN Ammoniation of Mo,C 600 °C 2083 32
V2N Ammoniation of Mo,C 600 °C 4166 32
TisCN 0.66g LiF + 10ml 6.0M HCI 12hat30°C 1045 3
Mo, TiC> 10ml HF 48%+TBAOH 48 hat 55 °C 50 34
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Synthesis time &

Sample Synthesis approach (-/ 1.0g MAX) Conductivity (S/cm)  Ref.
Temperature

Mo,TiCs 10ml HF 48%+TBAOH 90 hatb5°C 100 3
Mo, TiCoTx 10 ml of 10.0 wt% HF + 10 wt% HCI 40 h at 40°C 100 !
Mo2Ti2CsTx 10 ml of 10.0 wt% HF + 10 wt% HCI 40hat40°C 250 !
V2C 10 ml 12 M HF 72 h at 50 °C 3250 %
Mo,C 40 ml of 25 wt% HF, TBAOH 160 h at 55 °C 0.8 36
V.C 14 M HF, TBAOH 24 hat35°C 384.6 87
Nb.CTx 50 wt% HF 90hat35°C 0.0164 38
TiNbC 50 wt% HF 28 h 0.192 39
TisCN 30 wt% HF 18h 0.27 3
Nb4C3 50 wt% HF 96 h 2.17 3
TasCs 50 wt% HF 72h 0.476 39
TisCNTy 2 ml HF + 12 ml HCI + 6 ml DI water, LiCl 24 h atRT ~2700 5
Ti,CTy 2 ml HF + 12 ml HCI + 6 ml DI water, LiCl 24 h atRT ~1600 5

Figure S1-a illustrates the EN-MILD synthesis procedure. In the MILD approach, HF is formed
by reaction of LiF and HCI. In our approach, purging dry nitrogen in the synthesis stage was used to
minimize the dissolved oxygen in water and evaporate the etching solution to increase the HF
concentration. The volume (Figure S1-b) of the etching solutions were measured for the MILD approach
(after 24 h) and for EN-MILD approach after 6 h, 12 h, 18 h, 24 h, and 30 h. This volume changes can
be used as an indication for the pressure of nitrogen flow. Figure S1-c shows the ions concentration of
the etching solution prepared with MILD approach and EN-MILD approach after 24 h. The measurement

shows that the acid and Li ion concentrations increased with the EN-MILD approach. Figure S1 also
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illustrates that Li ion concentration increases which can improve the intercalation/exfoliation procedure.

pH changes during washing stage; pH~ 6 was achieved after 4 cycles of washing (Figure S1-d).
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Figure S1. (a) Synthesis vial connected to the nitrogen source and a vent. This help to minimize the
oxygen in the etchant and make concentrated etching solution; (b) Comparison of volume of etching
solution in MILD method and our method for different etching times; (c) H, F, and Li ions concentration
in etching solution prepared with MILD approach and EN-MILD approach after 24 h; (d) pH variations
after the centrifuge cycles (1, 2, 3, and 4) during washing; (e) Optical images of stable aqueous solutions
of TisC,Tx prepared at 24 h with the EN-MILD approach. The concentration of the colloidal MXene can

be easily reached to 31 mg/ml.
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The amount of HF which is formed through the reaction between HCI and LIF can be estimated
using the below reaction. We calculate estimated concentration of HF in reaction of 1.6 g LiF with 20 ml

of 9M HCI as follows:

LiF (s) + HCl (aq) — LiCl (aq) + HF (aq)

Table S2. The estimated concentration of HF according to the reaction between HCI and LiF

. {0)
) Molecular Initial conc. Final conc. after Final mass Wi
Material Weight (mol) reaction (mol) (Water
g 9 included)
HF 20 0 0.06 1.20 490
HCI 36.46 0.18 0.12 4.37 17.85
LiF 25.93 0.06 0 0 0
LiCl 42.39 0 0.06 2.54 10.37

For water/HCI solution, we suppose that AV,,;,ing = 0 and stock solution of hydrochloric acid is
12.18 M based on a density of 1.2 g/mL, a molecular weight of 36.46 g/mol, and a concentration of 37%
w/w. We also assume that LiF is completely consumed during the reaction. To prepare 20 ml of 9 M
HCI, 1478 ml of HCI (37 wt%) should be mixed with 522 ml of water. So:

Myater = 14781 X 1.2 X 0.63 + 5.2 = 16.37 g

We assumed that the yield of reaction is 100%, in other words, all LiF is consumed during
reaction. However, it may not be the case in the reaction and the above values are the upper limit. In
another word, less HF is produced compared to the above calculated values. Gradual increase of acid
concentrations (HCI and HF) and consumption of HF through the reaction (MAX phase etching) results
in dissolving more LiF. To further examine the effect of gradually increasing the acids and LiF
concentrations through the etching (EN-MILD approach) on electrical conductivity, we performed an

experiment with a higher HCI concentration and more LiF to possibility create a higher concentration of

S11



HF. Table S3 summarizes the electrical conductivity of TisC.Tx MXene synthesized at different

conditions.

Table S3. The electrical conductivity of TisC,Tx MXene synthesized at different conditions

Sample Synthesis approach (-/ 1.0g MAX) Synthesis time (h) Conductivity (Scm™?) Ref.

TizCoTx 1.0 g LiF + 20 ml 6.0M HCI 24 hat 35°C 4800 L
TisCoTy 1.6 g LiF + 20 ml 9.0M HCI 24hatRT 8000 2
TisCoTy 1.0 g LiF + 20 ml 6.0M HCI 48'hat 35°C 3700

TisCoTx 1.6 g LiF + 20 ml 9.0M HCI 24 h at 40°C 5800 =
TisCoTx 2 g LiF + 20 ml 12.2M HCI 24 h at 40°C 900 ;
TisCoTx 1.6 g LiF + 20 ml 9.0M HCI (EN-MILD) 24 h at 40°C 2.4 x 10 i

The results demonstrate the advantages of using EN-MILD approach on achieving higher
electrical conductivity compared to using higher concentrations of acid from the beginning of etching
stage or longer etching time. Etching MAX phase starts with the smaller particles due to their higher
surface area (higher reactivity) and then proceeds to larger MAX particles. By employing a higher acid
concentration from the beginning, the chance of defect formation, oxidation, and over-etching increases
for smaller particles as the etched small particles will remain in contact with the highly concentrated acid
the entire time of the treatment. This will lead to lower electrical conductivity. However, by gradually
increasing the acids concentration, exposure of smaller MAX particles to high acid concentration will be
less, compared to the case where the etching reaction starts with high etchant concentration. This
decreases the chance for defect formation and excessive oxidation. EN-MILD approach is also useful for
etching the larger unreacted MAX particles when higher acid concentrations are available at later stages

of etching.
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Figure S2 shows the XRD patterns for the MAX phase and MAX/MXene powders obtained by
MILD and the EN-MILD approach after 6 h and 12 h etching. These MAX/MXene powders were
collected after last cycle of washing and dried in vacuum oven for 4 h at 60 °C. The main peak of MAX
phase about 20 =~ 39° was almost removed even after 6 h etching indicating the efficiency of the EN-
MILD approach on removing the Al layer. As clearly shown, after etching the MAX phase with HCI and
LiF, (0002) peak shifted to lower angles which confirms higher d-spacing. This can be attributed to the

substitution of H3O* with Li ions that swell the interlayer space and eventual exfoliation.*°

! i EN-MILD-12 h

EN-MILD-6 h

Intensity (a.u.)

20 (degree)

Figure S2. XRD patterns of TisAIC, MAX powder and MAX/MXene powders prepared with MILD
approach and EN-MILD approach after 6 h and 12 h etching. The main MAX peak at 20 = 39° almost
diminished for the modified approach, demonstrating the efficiency of proposed etching approach. The
(0002) peak of MAX at 20 = 9.6° was shifted to lower degrees indicating the opening of the structure

caused by etching.
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Table S4. d-spacing for (0002) peaks for different MXene synthesized in this work

Etching time (0002) peak degree Interlayer spacing (A°)
MILD 7.40 11.94
EN-MILD 12 h 7.42 11.90
EN-MILD 18 h 7.38 11.97
EN-MILD 24 h 7.17 12.34
EN-MILD 30 h 7.14 12.37
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Table S5. Synthesis (delamination) yield of single layer MXene and colloidal concentration for TizC,Tx MXene

reported in the literature and in this study

Synthesis time Colloidal

MXene Synthfs(;s ?32’;2; ch (- and conc. Delir::jlr(\; |)0n Ref.
-9 temperature (mg/ml) y
TiscoT,  O9HF ; é? mOOM  o4hatssc 3.6 18% 41
TicoT,  POLF ;é? MM oahatrT 1.0-20 . 2
Ticr,  O9LF . CZ:? meOM  o4harssc 10.0 : a2g
TiscT,  YOOLF+20mI9OM o0 i ssec 10 . &
HCI
1.0 g LiF + 10 ml 9.0M

TisCoTx HCI + 0.3 g of 72hatRT 2.01 - 4y,

AlICl3-6H20
Ticr,  SO9LF . é? MM o4harssc 05 : &
TizCoTy Electrochemical etching 5hatRT - 40 46

10 ml HF 50% + 24h at60°C for
TizCoT Hydrothermal -assisted ~ Conind + 241 15 74 )
2l yare _ at 140°C for
intercalation . .
intercalation
TisCoT, Etching and_ Microwave- i i 10-20 48
assisted

25 % aqueous

TizCoTy tetramethylammonium - 1.05 - 49
hydroxide (TMAOH)
. 1.6 g LiF +20 ml 9.0M 24 h at 40°C o .

TisCoTy Hel (EN-MILD) 31.6 60% This work

*2.0 g of MAX phase was used for the synthesis in addition to 1 h sonication which may lead to a higher colloidal

concentration.

§2.0 g of MAX phase was used for the synthesis in addition to 30 min tip sonication which may lead to a higher colloidal

concentration.

* The etched powder was dispersed on 10 mL of TMAOH (25 wt % in water) for 72 h.

I TisAIC, was firstly etched with HF and then etched material was hydrothermally intercalated. The synthesis yield was
defined based on the amount of intercalated MXene to the etched MXene powder in the intercalation procedure. The low
electrical conductivity of 405 S/cm was reported for this high synthesis yield.
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Figure S3 displays the size distribution obtained by AFM measurement. As can be seen, EN-

MILD 24 h MXene has the largest flake size. 200 individual MXene flakes were used for the statistical

analysis.
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Figure S3. Size distribution analysis from AFM of MXene samples at different synthesis conditions: MILD,

12 h, 18 h, 24 h, and 30 h. The analysis shows that MXene synthesized at 24 h using EN-MILD approach

leads to the largest flakes size.

Figure S4 demonstrates the synthesis yield and MXene flake size follow the same trends in
EN-MILD approach.
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Figure S4. Synthesis yield and flake size at different etching time using EN-MILD approach.

Figure S5 illustrates MXene flakes prepared with MILD and EN-MILD approaches at 24 h

etching time.

"‘ '

Figure S5. a and b represent dark-field STEM images of MILD and EN-MILD samples at the same

etching time, 24 h, respectively. Scale bar is 1.0 pm.
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Figure S6. XPS survey of the prepared MXene with MILD and EN-MILD approach after different etching

time intervals; 6 h, 12 h, 18 h, 24 h, and 30 h and their elemental analysis.
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The elemental analysis demonstrates that the amount of oxygen is increasing while the amount
of Ti is decreasing in EN-MILD etching. Preparing MXene at higher etching time can lead to higher

oxygen functional groups.

Table S6. Atomic percentages obtained from XPS analysis

“.._Element (at%o)

Ti C o) F Al Cl (F+CI):Ti
Samplés\\
MILD 262+03 412+04 186+0.2 10.3x0.1 05+01 3.2+0.2 0.52
6h 31.4+04 40402 13.7+03 11.1+0.2 12+03 22+0.3 0.42
12 h 283+03 412+04 182+02 98+03 0.7+01 1.8+01 0.41
18 h 264+0.2 419+03 210+03 89+02 04+£005 14+02 0.39
24 h 23.1+01 431+06 249+01 75+04 02+01 1.2+01 0.38
30h 225+04 518+05 16.7+£03 59+0.7 0 3.1+ 05 0.40
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Tables S7-S9 demonstrate the details of fitting for high-resolution peaks for Ti2p, C1s, and O1s.
The fitting shows that using EN-MILD approach in longer etching time (24 h) led to more oxygen

functional groups that can be beneficial for charge storage applications.
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Table S7. Details of peak fitting for high resolution of Ti2p

Sample BE (eV) FWHM (eV)  Fraction (%) Assigned to References
454,64 (458.92)  1.08 (1.58) 21.54 (OH, or O)-Ti-C
455.28 (460.79)  1.14 (1.66) 27.74 (OH, or O)-Ti(ll)
TisC,T,-12h  456.12(461.91)  1.62(1.66) 35.11 (OH, or O)-Ti(lI) 35054
457.37 (462.83)  1.43(1.29) 10.71 TiO,
458.30 (463.74)  1.16 (1.66) 4.9 Ti-F
454.75 (459.1) 1.07 (1.66) 21.4 (OH, or O)-Ti-C
455.38 (460.96)  1.11(1.66) 29.21 (OH, or O)-Ti(I)
TisC,T,-18h  456.22(462.01)  1.57 (1.66) 33.9 (OH, or O)-Ti(lI) 35054
457.37 (462.83)  1.29 (1.36) 10.3 TiO,
458.23 (463.74)  1.16 (1.51) 5.2 Ti-F
454.77 (459.1) 1.06 (1.66) 22.58 (OH, or O)-Ti-C
455.37 (460.91)  1.13(1.56) 28.76 (OH, or O)-Ti(ll)
TisC,T,-24h  456.20 (461.92)  1.57 (1.66) 35.68 (OH, or O)-Ti(lI) 35054
457.37 (462.83)  1.27 (1.13) 8.38 TiO,
458.29 (463.61)  1.16 (1.16) 4.6 Ti-F
454.73 (459.1) 1.08 (1.66) 21 (OH, or O)-Ti-C
455.33 (460.91)  1.14 (1.66) 323 (OH, or O)-Ti(IN)
TisC,T,-MILD 456.11(461.92)  1.62(1.47) 31.32 (OH, or O)-Ti(lI) 35054
457.29 (462.83)  1.17 (1.08) 12.81 TiO,
458.37 (463.61)  0.66 (1.66) 3.56 Ti-F
454.66 (459.1) 1.01 (1.66) 17.73 (OH, or O)-Ti-C
455.28 (460.91)  1.17 (1.66) 38.63 (OH, or O)-Ti(ll)
TisC,T,-30h  456.19(461.92)  1.48 (1.49) 28.47 (OH, or O)-Ti(lI) 35054
457.29 (462.83)  1.75(0.99) 12.34 TiO,
458.39 (463.61)  0.66 (1.66) 2.84 Ti-F
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Table S8. Details of peak fitting for high resolution of C1s

Sample BE (eV) FWHM (eV) Fraction (%) Assignedto  References
281.41 0.87 37.53 C-Ti-Tx
284.59 1.93 51.48 Cc-C
TisCoTo-12h 286.24 0.93 4.6 C-0 3,50, 54-56
286.98 11 1.92 HO-C=0
288.92 1.69 4.48 C-F
281.57 0.86 42.63 C-Ti-Tx
284.67 1.93 45.04 C-C
Ti,C,T.-18h 286.28 1.07 4.18 c-0 3.50,54-56
287.11 1.32 2.99 HO-C=0
289.26 1.93 5.15 C-F
281.5 0.93 38.21 C-Ti-Tx
284.69 1.71 43.24 Cc-C
C-TisC,T+-24h 286.09 0.93 4.88 C-O0 3,50, 54-56
286.66 0.93 3.23 HO-C=0
288.26 1.93 10.44 C-F
281.64 0.91 40.04 Ti-C
284.55 2.62 49.68 c-C
TisC,T,-MILD 286.26 0.88 2.46 C-O 3,50, 54-56
288.53 1.21 2.36 HO-C=0
289.76 1.28 5.47 C-F
281.99 0.86 30.44 C-Ti-Tx
284.68 2.1 62.88 Cc-C
TisC2T«-30h 286.64 1.22 4.43 C-0 3,50, 54-56
288.54 2.22 1.26 HO-C=0
289.09 1.22 0.98 C-F
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Table S9. Details of peak fitting for high resolution of O1s

Sample BE (eV) FWHM (eV) Fraction (%) Assignedto  References
529.91 1.08 33.22 C-Ti-O(l)x
531 1.68 32.96 C-Ti-O(I1)x
TisCoT-12h 532.16 1.25 11.36 C-Ti-(OH)x 3, 50-52
533.08 1.26 9.1 Al,03/OR?
533.8 2.18 13.37 H20uas
529.95 1.05 35.32 C-Ti-O(l)x
531 1.68 29.17 C-Ti-O(I1)x
TisC,T,-18h 532.37 1.54 18.18 C-Ti-(OH)x 3, 50-52
533.4 1.21 4.35 Al,05/OR
533.8 2.01 12.98 H2Ouds
529.9 1.14 20.2 C-Ti-O(l)x
_ 530.9 0.96 11.5 C-Ti-O(I1)x s 505
TisCzTy-24h* 532.2 2.04 58.9 C-Ti-(OH)x |
533.8 2.13 9.4 H2O0uas
529.9 1.02 29.9 C-Ti-O(l)x
531 1.62 24.9 C-Ti-O(I1)x
TisCoT-MILD 532.1 1.19 34.4 C-Ti-(OH)x 3,502
533.1 1.9 6.4 Al,05/OR
534.1 1.89 5.4 H2Ouds
529.94 1.06 32.9 C-Ti-O(l)x
_ 530.79 1.12 7.46 C-Ti-O(I1)x s 505
TisCzT-300* 532.08 2.1 50.61 C-Ti-(OH)x |
533.9 2.13 9.03 H2Ouas

*OR stands for organic compounds/surface contamination.
* Almost no Al was detected for these two samples. Al.03s% in these samples is equal to zero.
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a 9

Figure S7. (a) Photographs of free-standing films of EN-MILD 12 h, 18 h, 24 h and 30 h-TizC,Tx samples
fabricated by VAF. The image at the corner of these photographs show the flexibility of the prepared
freestanding films; (b) Cross-section of MXene films prepared at two different thicknesses cut with SEM/FIB
Dual Beam workstation to measure the thickness of the films. The top MXene film had an average thickness
of = 1.4 um and bottom MXene film had an average thickness of = 2.8 um. Dash-lines show the cross-section

of the films.
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Figure S8 shows the CV curve for different synthesized MXene at different rate from1 mv/s to
1000 mv/s. MXene prepared with EN-MILD approach after 24 h etching shows the highest capacitance

among the synthesized MXenes.
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Figure S8. CV curve for different synthesized MXene at different rate, 1 mv/s to 1000 mv/s; (a) MILD, and

EN-MILD at different etching times of (b) 12 h, (¢) 18 h, (d) 24 h, and (e) 30 h electrodes.

The kinetics of the MXene electrodes prepared by the EN-MILD 24 h etching and traditional
MILD approach are analyzed using power law (i = av?), where i is the peak current, a is a constant and
Vv is scan rate, b ranges from 0.5 to 1. A b-value of 0.5 indicates that the current is totally controlled by
semi-infinite linear diffusion (diffusion-controlled) while a b-value of lindicates that the current is
surface-controlled (capacitive process). The CV curves recorded at 1 mVs ™, 2 mVs?t 5mVs? 10

mV st and 20 mV s * are used for the analysis. The results are shown in Figure S9.
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Figure S9. (a) CV curves of the MXene electrode prepared by MILD in 3 M H;SO; electrolyte. (b) CV curves of
the MXene electrode prepared by EN-MILD 24h in 3 M H,SO; electrolyte. (c) The relationship between peak

current and scan rates from 1 to 20 mV s for the MXene electrodes.
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Figure S10 indicates the galvanostatic charge-discharge performance of different TisCoTx
MXene synthesized here at different current densities. MXene synthesized with EN-MILD approach

generally demonstrated higher specific capacitance comparing to traditionally MILD approach.
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Figure S10. Galvanostatic charge-discharge performance of different TisC,Tx MXene (a) MILD, and EN-

MILD at different etching times of (b) 12 h, (c) 18 h, (d) 24 h, and (e) 30 h electrodes, respectively.

Figure S11 shows the relation between the electrical conductivity and capacitance for different

MXene electrodes.
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Figure S11. Electrical conductivity and specific capacitance at 1 A g* for different synthesized MXenes.
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	Table S5. Synthesis (delamination) yield of single layer MXene and colloidal concentration for Ti3C2Tx MXene reported in the literature and in this study
	*2.0 g of MAX phase was used for the synthesis in addition to 1 h sonication which may lead to a higher colloidal concentration.
	§ 2.0 g of MAX phase was used for the synthesis in addition to 30 min tip sonication which may lead to a higher colloidal concentration.
	ᴥ The etched powder was dispersed on 10 mL of TMAOH (25 wt % in water) for 72 h.
	ᶘ Ti3AlC2 was firstly etched with HF and then etched material was hydrothermally intercalated. The synthesis yield was defined based on the amount of intercalated MXene to the etched MXene powder in the intercalation procedure. The low electrical cond...

