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HIGHLIGHTS

o Ti3C,Tx-ionogel film was prepared by vacuum filtration and ionic liquid immersion.
e Capacitance of 70 F g~! in a voltage window of 3 V was achieved in EMI-TFSI.
e High power performance was obtained as shown by the rectangular CVs shape.

ABSTRACT

Ti3CoTx MXene, a two-dimensional (2D) early transition metal carbide, has shown an extremely high
volumetric capacitance in aqueous electrolytes, but in a narrow voltage window (less than 1.23 V). The
utilization of MXene materials in ionic liquid electrolytes with a large voltage window has never been
addressed. Here, we report the preparation of the Ti3C;Tx MXene ionogel film by vacuum filtration for
use as supercapacitor electrodes operating in 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (EMI-TFSI) neat ionic liquid electrolyte. Due to the disordered structure of the Ti3C,Tx hydrogel film
and a stable spacing after vacuum drying, achieved through ionic liquid electrolyte immersion of the

ls(fljp/)g)cre:j;.acitors Ti3C,Tx hydrogel film, the Ti3CoTy surface became accessible to EMI™ and TFSI™ ions. A capacitance of
MXene 70 F g~ ! together with a large voltage window of 3 V was obtained at a scan rate of 20 mV s~ in neat
Ti3C,Tx EMI-TFSI electrolyte. The electrochemical signature indicates a capacitive behavior even at a high scan
lonogel rate (500 mV s~!) and a high power performance. This work opens up the possibilities of using MXene
lonic liquid materials with various ionic liquid electrolytes.

1. Introduction

MXenes are a novel family of two-dimensional (2D) early
transition metal carbides and carbonitrides which are produced by
selective etching of the A element from MAX phases. MXenes are
usually referred to as My, 1XTx, where M is an early transition
metal, X is carbon and/or nitrogen, T represents surface termina-
tions (=0, —OH, and/or —F), n = 1, 2, or 3, and x is the number of
terminating groups per formula unit [1—4]. MXenes have shown
great potential as electrode materials for both Li-ion batteries
[5—-10] and supercapacitors [1,11—13] where high volumetric
capacitance up to 900 F cm > was reported in aqueous electrolyte
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for the latter [1]. However, when a colloidal solution of MXene
flakes is filtered for MXene paper electrode preparation, they
restack and once the film was completely dried, the c-lattice
parameter dropped dramatically. In other words, their interlayer
spacing becomes smaller and this process was irreversible [14].
MXene flakes' restacking during filtration and their small interlayer
spacing limit the accessibility to electrolyte ions, especially the
large ions of ionic liquids, hindering the full utilization of the sur-
face area thus leading to poor electrochemical behavior [15].
Improvement has been made by adding carbon nanotubes or gra-
phene materials to MXene [15,16] and making composite materials,
which also enhanced the capacitance of MXene-based super-
capacitors in organic electrolytes [17]. However, the use of pure
MZXenes in ionic liquid electrolytes has not been reported yet. Ionic
liquids (ILs) are solvent-free salts that are liquid at room temper-
ature. They are promising for energy storage devices due to their



low vapor pressure, electrochemical stability, and nonflammability.
They can also operate at very high voltages compared to other
electrolytes for energy storage devices (>4 V in some cases) [18].
Nevertheless, one drawback is the low ion mobility and high vis-
cosity, making such electrolytes less suitable for highly porous
electrode materials or layered materials with a small interlayer
distance.

In this paper, we propose a facile route for making a Ti3CTx
hydrogel film by vacuum filtration, to prevent restacking of the
flakes. The prepared Ti3C,Ty hydrogel film was further immersed in
the ionic liquid electrolyte; after vacuum drying, ionic liquid (low
vapor pressure and thermally stable) remained in the Ti3C,Tx film,
which increased the MXene interflake spacing and prevented
restacking. Hence, the surface of Ti3C,Tx flakes became accessible to
the large size cations and anions of the ionic liquid electrolyte.
Using this Ti3C,Tx ionogel film as electrode material for super-
capacitors in EMI-TFSI electrolyte, a capacitance of 70 F g~ ! within a
large voltage window of 3 V is reported, as well as a high power
performance.

2. Experimental
2.1. Material preparation

Multilayer Ti3C,Tx particles were prepared by selective etching
of Al from Ti3AIC, by a mixture solution of hydrochloric acid (HCI)
and lithium fluoride (LiF) [ 1]. Briefly, 2 g LiF was added to 40 mL9 M
HCI solution, followed by the slow addition of 2 g of Ti3AIC,. After
etching for 24 h at 35 °C, the obtained Ti3C,Tx flakes were washed
until a pH value of ~6 was achieved. The delaminated Ti3C,Tx
colloidal solution was prepared by 1-h sonication, followed by 1-
h centrifugation at 3500 rpm to eliminate the sediment.

2.2. Film preparation

Ti3C,Tx dried film and hydrogel film were both prepared by
vacuum filtration of delaminated Ti3C;Tx colloidal solution as
shown in Fig. 1. The dried film was prepared by vacuum filtration to
completely expel water from inside. To make the hydrogel film
(Fig.1), the vacuum was disconnected immediately once there were
no free Ti3C,Tx colloidal flakes on the wet filtrate cake. After vac-
uum filtration, both films were immersed in acetone and carefully
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peeled off from the filter membrane. Compared to dried TizCyTx
film, the hydrogel Ti3C,Ty film is assumed to contain huge amounts
of water and acetone between Ti3C,Tx flakes. Afterward, the Ti3CoTx
dried film was transferred to a vacuum oven for drying at 80 °C for
48 h and we henceforth will refer to it as dried film. The hydrogel
film was immersed in EMI-TFSI electrolyte to exchange with water
and acetone for more than 72 h, followed by 48 h of vacuum drying
at 80 °C to remove the residual water and acetone and will
henceforth be referred to as ionogel film.

2.3. Electrochemical tests

Ti3C,Tx disc films were punched (with a diameter of 10 mm)
after vacuum drying from both samples and used as electrodes
directly without any binders. 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)-imide (EMI-TFSI) neat ionic liquid was
used as the electrolyte. Two layers of separator (Celgard® 3501)
were used together with platinum discs as current collectors. Two-
electrode Swagelok symmetric cells were assembled and tested at
room temperature by using a VMP3 potentiostat (Biologic, USA.).
All supercapacitors were assembled in a glove box under argon
atmosphere with water and oxygen contents less than 1 ppm.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out at open circuit voltage (OCV) with an amplitude of
10 mV at the frequency range from 200 kHz to 0.01 Hz. Capaci-
tances were calculated from cyclic voltammograms (CVs) by
measuring the slope of the integrated discharge charge Q versus
cell voltage (V) plot. Since all the tests were performed using a
symmetric cell, the gravimetric electrode capacitance was calcu-
lated using Equation (1):

2AQ

~AVm ™

where C is the specific capacitance (F g 1); AQ/AV is the slope of
the integrated discharge charge Q versus cell voltage plot; m is the
mass of Ti3C,Ty of one electrode (g). 3-electrode experiments (not

shown) have confirmed that both positive and negative electrode
exhibit similar gravimetric capacitance.

2.4. Characterization

X-ray diffraction (XRD) patterns of Ti3C,Tx films were recorded
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Fig. 1. Schematic of producing Ti;C;Tx EMI-TFSI ionogel film.
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Fig. 2. a) XRD patterns of Ti3C,Tx dried film, hydrogel film and ionogel film; b, ¢) SEM
images of Ti3C,Ty inogel film: b) top view; c) cross-sectional view.

by a Bruker D4 (Bruker, Germany) diffractometer using a Cu Ko
radiation (A = 0.154 nm) in the range 20 = 5—50° at a step rate of

0.06° s~ 1.
Scanning electron microscope (SEM) observations of the Ti3C,Ty
films were made using a FEG-SEM (EOL JSM 6700F, Japan).

3. Results and discussion

Fig. 2a presents the XRD diffraction patterns of the Ti3C,Tx dried,
hydrogel and ionogel films. For comparison, all tested films were
cut with the same size and the same weight of MXene material. The
(002) peak around 6.5° (corresponding to a c-lattice parameter of
~27 A) in the dried film's XRD pattern evidences the existence of
water between Ti3C,Ty flakes [1]. It has been shown previously that
vacuum drying at above 100 °C is needed to remove the water
between MXene flakes [19]. The high intensity of the (002) peak
and the presence of all (00]) peaks in the dried film can be ascribed
to restacking of TizCTx flakes. However, (00l) peak intensities,
especially (002), decrease in the hydrogel and ionogel XRD pat-
terns, which is due to the interruption of Ti3C,Tx flakes restacking
[20]. The nonperiodic (disordered) structure of the ionogel film vs.
the dried film is believed to enhance the accessibility of cations and
anions of ionic liquid electrolyte into the MXene layers.

SEM observations of the Ti3C;Tx ionogel film are shown in
Fig. 2b and c. The top view, Fig. 2b, presents many wrinkles on the
Ti3C,Tx flakes, which reveals a more disordered structure compared
to the flat dried MXene paper shown in the previous studies [2,21].
From the cross-sectional view of the film in Fig. 2¢, a less compact
layered structure can be observed. The observed disordered
structure is well consistent with the XRD results.

For comparison, the electrochemical performance of the dried
TizC,Tx film was first explored. The Nyquist plot (Fig. 3a) reveals a
low contact resistance at high frequencies due to the compact
structure of the film, but the resistance drastically increases when
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Fig. 3. a) Nyquist plot and b) CV of Ti3C,Ty dried film tested in EMI-TFSI ionic liquid electrolyte. Electrochemical characterizations of Ti3C,Tx ionogel film with mass loading of
0.76 mg cm~2 (mass of TizC,Ty only): ¢) Nyquist plot of a 2-electrode Swagelok cell; d), CVs of a 2-electrode Swagelok cell at scan rate from 20 to 500 mV s~' within a voltage
window of 3 V.
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Fig. 4. a) Change of the specific capacitance with scan rate; b) Capacitance retention test of TisC,Tx film at 1 A g~' and coulombic efficiency of 2-electrode Swagelok cell.

the frequency is decreased, evidencing a slow ion dynamics in the
electrode (Warburg region). Cyclic voltammograms (CVs) in a 2-
electrode cell assembled with two identical electrodes are pre-
sented in Fig. 3b. The narrow CVs suggest an extremely low
capacitance of less than 1 F g~ ! at a scan rate of 20 mV s,
Electrochemical performance of the Ti3C;Ty ionogel films is
presented in Fig. 3c and d. The Nyquist plot (Fig. 3c), shows a low
high-frequency series resistance of 1.3 Q cm?; the resistance at the
knee frequency is 20 Q cm? corresponding to a resistance of the
electrolyte in the MXene electrode of about 19 Q cm? which is in the
same range as that reported for graphene electrodes [22,23]. The
fast increase of the imaginary part of the impedance at low fre-
quency evidences a capacitive storage mechanism. Fig. 3d shows
the CVs of a 2-electrode Swagelok cell assembled with two identical
MXene electrodes, at scan rates from 20 mV s~ to 500 mV s~ .. An
average specific electrode capacitance of 70 F g~ ! was obtained at a
scan rate of 20 mV s~ within a voltage window of 3 V. From our
knowledge, this is the first report of MXene materials operating in
an ionic liquid electrolyte with such a capacitance within a voltage
window of 3 V. CVs of Fig. 3d show a set of peaks at about 0.5 V and
1.2 V. Differently from MXene in aqueous electrolytes, such features
are not assumed to come from pseudocapacitive contributions of
surface functional groups since O- or F- surface groups are not
supposed to be electrochemically active in the aprotic ionic liquids
[24]. The presence of these current peaks could be assigned to EMI™*
and/or TFSI™ insertion between the Ti3C,Tx layers such as those
observed in layered MnO, [25,26] or for Ti3CyTyx in organic
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electrolyte [17]; further in-situ XRD studies (in progress) will be
needed to get a better insight of the capacitive charge storage
mechanism. The capacitance change with the scan rate is shown in
Fig. 4a; 75% of the capacitance is preserved when the scan rate is
increased from 20 mV s~! to 500 mV s~!, which demonstrates the
high power capability of the electrodes [27]. Fig. 4b shows the cell
voltage variation with time during galvanostatic charge/discharge
cycling tests (inset) as well as the related coulombic efficiency and
capacitance retention (in %). As observed, after 1000 cycles,
capacitance retention is still more than 80% of the initial capaci-
tance while coulombic efficiency remains above 95%.

In addition, a thicker Ti3C,Tx ionogel film (400 pm), with a mass
loading of 4 mg cm~2 (mass of TisC,Ty only) was investigated and
found to perform similarly to the thin films. The Nyquist plot
(Fig. 5a) shows the change of the imaginary vs. real part of the
impedance. The high frequency series resistance is in the same
range as that of thinner films (1.1 Q cm?). As expected, the ionic
resistance of the Ti3C,Tx electrode, calculated from the difference
between the knee frequency resistance and the high frequency
series resistance, was found to be slightly larger than that of the
thinner film (22 Q cm?), which attributed to the larger thickness of
the film [28]. A capacitive behavior can be observed from the CV
plots in Fig. 5b. A capacitance of 70 F g~ ! was achieved at a scan rate
of 1 mV s~! within a 3 V voltage window; the electrode was still
delivering 90% (62 F g~1) of the initial capacitance at 20 mV s,
thus showing decent power performance for this thick film in neat
ionic liquid electrolyte.
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Fig. 5. Electrochemical characterization of thick Ti3C,T, ionogel film with mass loading of 4 mg cm~2 (mass of TisC,Ty only): a) Nyquist plot of 2-electrode Swagelok cell; b) CVs of

2-electrode Swagelok cell with voltage window of 3 V.



4. Conclusions

A Ti3C,Tx MXene hydrogel was prepared by vacuum filtration.
The hydrogel film was further immersed in EMI-TFSI ionic liquid
electrolyte to prevent restacking of the MXene flakes after vacuum
drying at 80 °C. Electrochemical performance of the Ti3C,Ty ionogel
film in EMI-TFSI ionic liquid electrolyte was compared to a vacuum-
dried Ti3C, Ty film. In contrast to the Ti3C,Ty dried film exhibiting an
extremely low capacitance of 1 Fg~! and a highly resistive behavior,
the TizC,Ty ionogel film shows a capacitance up to 70 Fg~! at a scan
rate of 20 mV s~! and a large voltage window of 3 V thanks to the
disordered structure and larger Ti3C,Tx interflake spacing. The
capacitive signature is preserved at high scan rates (500 mV s 1),
suggesting high power performance as well. A thick Ti3C,Ty ionogel
film with high mass loading of 4 mg cm~2 shows a lower gravi-
metric capacitance of 62 F g~ at a scan rate of 20 mV s~ . To our
knowledge, this is the first report on MXene hydrogel and also
using MXene materials in an ionic liquid electrolyte, in which su-
perior performance was achieved. Considering the rich chemistry
of many other MXene materials, we can envisage further
improvement by using MXenes in various ionic liquid electrolytes
for supercapacitors.
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