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Abstract

Pseudocapacitive materials that store charges by fast redox reactions are promising candidates
for designing high energy density electrochemical capacitors. MXenes - recently discovered two-
dimensional carbides, have shown excellent capacitance in aqueous electrolytes, but in a narrow
potential window, which limits both the energy and power density. Here, we investigated the
electrochemical behavior of Ti;C, MXene in 1M solution of 1-ethly-3-methylimidazolium bis-
(trifluoromethylsulfonyl)-imide (EMITFSI) in acetonitrile and two other common organic
electrolytes. This paper describes the use of clay, delaminated and composite Ti3;C, electrodes
with carbon nanotubes in order to understand the effect of the electrode architecture and
composition on the electrochemical performance. Capacitance values of 85 F ¢! and 245 F cm™
were obtained at 2 mV s, with a high rate capability and good cyclability. In situ X-ray
diffraction study reveals the intercalation of large EMI" cations into MXene, which leads to
increased capacitance, but may also be the rate limiting factor that determines the device

performance.
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1. Introduction

Electrochemical capacitors (ECs) are commercial devices used for high power delivery
applications [1, 2]. They typically utilize either porous carbon materials or pseudocapacitive
materials for electrostatic or redox energy storage, respectively [3, 4]. In the latter, the charge is
stored by fast redox reactions at the surface of materials such as MnO,, RuO;, Nb,Os or MoOs
[5-8]. Recently, energy storage based on ion intercalation into two-dimensional (2D) materials
has attracted much attention because of promising results with up to 375 F g in KOH or 200 F
g in organic electrolyte for functionalized graphene [9, 10].

A new family of two-dimensional materials called MXenes has emerged as promising
electrodes for energy storage devices such as batteries [11-15], metal ion (Li', Na") capacitors
[16-18] and ECs [19-22]. MXenes are synthetized by selective etching of the A layer from the
conductive ternary carbide family of MAX phases [23]. Of the MXene family, Ti;C, was the
first discovered and is the most studied to date. First studies of TisC, as electrode material in
supercapacitors showed capacities up to 100 F g™ for intercalation of cations such as Li", Mg*"
or A’ in aqueous electrolytes [19]. Aside, MXene performance can be greatly improved by
tuning the surface functional groups, delamination or addition of carbon nanoparticles [14, 21,
22]. Delaminated Ti;C, electrodes containing carbon nanotubes have also shown noteworthy
performance in lithium ion batteries, as well as in aqueous supercapacitors with capacity up to
430 mAh g' and capacitance of 140 F g, respectively [14, 22]. The modification of the
chemistry of the surface groups through a new “clay” synthesis route led to a 2-fold increase in
volumetric capacitance (up to 900 F cm™) in sulfuric acid electrolyte due to dense packing of 2D

MXene sheets combined with their accessibility due to pre-intercalation of ions during the
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synthesis [20]. The role of pseudocapacitance in these high values was confirmed by showing a
reversible change in the oxidation state of titanium atoms in MXene [24].

However, MXene has been investigated as electrode material for ECs mainly in aqueous
electrolytes, which show a limited potential window due to water electrolysis. Moreover,
oxidation of Ti3C, under high anodic potentials in aqueous electrolytes further limits its use to
cathodes of asymmetric devices. As both the energy and the power density increase with the
square of the potential window, its expansion is one of the key challenges for designing SCs with
improved performance and organic electrolyte may expand the voltage window beyond 2-2.5 V.

In this work, we report on the electrochemical performance of Ti;C, in organic supercapacitor
electrolytes for supercapacitor applications. The energy storage mechanism was studied by in

situ X-ray diffraction (XRD).

2. Experimental
2.1 Electrode preparation

Ti;3C, was synthesized by selectively etching the aluminum layer out of the Ti;AlC, MAX
phase in a 6M HCI/LiF solution at 35°C for 24h [20]. The obtained material was then washed
with distilled water. MXene samples after synthesis were terminated with OH, O and F and we
add Ty to the Ti3C, formula to show those surface terminations. Full delamination of Ti;C,Ty
was obtained by ultrasonication for 1h in distilled water. A composite material was prepared by
mixing the colloidal solution of delaminated Ti;C, with 20 wt. % of multiwalled carbon
nanotubes (MWCNT C100, Graphistrength) which have specific surface area of 175 m? g'. The
as-synthetized Ti3C,Ty, the delaminated Ti;C,Tx and the CNT/Ti;C,Tx composite were filtered

on polypropylene membranes then rolled into film electrodes on Teflon membranes using a glass
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tube. Once dried, the films were easily removed from the membrane to obtain the freestanding
Ti3C, Ty, d-Ti3C,Tx and CNT-Ti3C, Ty films without binder. The electrodes were prepared by
cutting the films into ~25 mm? rectangles with a razor blade. The thicknesses were measured
from scanning electron microscope observations and Ti;C, Ty, d-Ti3C,Tx and CNT-Ti3C, Ty film
densities were calculated to be 2.3 g cm™, 3.0 g cm™ and 2.9 g cm™, respectively.
2.2 Electrochemical testing

Three-electrode Swagelok© cells were used with Ti;C, as working electrode, an Ag wire as a
pseudo-reference electrode and a commercial activated carbon (YP17 Kuraray, Japan)
overcapacitive counter electrode prepared by mixing 5 wt.% polytetrafluoroethylene binder (60
wt.% in H,O, Aldrich) to 95 wt.% of YP17. A polypropylene membrane (GH Polypro, Pall) was
used as a separator. The electrolyte was a 1 M solution of EMITFSI (1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide, Solvionic) in acetonitrile (Acros
Organics). For comparison purposes, 1 M EMIBF; (1-ethyl-3-methylimidazolium
tetrafluoroborate, Fluka) and 1 M TEABF,; (tetracthylammonium tetrafluoroborate, Acros
Organics) in acetonitrile were tested. The cells were assembled in an argon-filled glovebox. A
VMP3 potentiostat (Biologic SA, France) was used for electrochemical testing. Cyclic
voltammetry (CV) was performed at scan rate from 2 to 100 mV s™'; capacitance values were
calculated by integrating the reduction current. Galvanostatic charge-discharge measurements
were performed at 1 A g and corresponding capacitances were calculated from the slopes of the
curves. Gravimetric capacitances were calculated from the total mass of the composite electrode;
associated volumetric capacitances were obtained using the density of the respective electrodes.
Electrochemical impedance spectroscopy (EIS) was performed between 100 mHz and 200 kHz

in two-electrode configuration after polarization at 0.5 V vs. Ag using a three-electrode setup.
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2.3 Material characterization

A scanning electron microscope (SEM, JSM-6700F, JEOL) was used to investigate the
electrodes’ morphology and structure. X-ray diffraction (XRD) patterns of the CNT-Ti;C;
electrodes were collected by a Brucker D8 diffractometer using a Cu K, radiation (A=1.5406 A)
in the range 206=5-50° with a step of 0.016°. The samples were polarized at different potentials
using a 2-electrode cell (LRCS, University de Picardie Jules Verne, Amiens, France) covered
with a beryllium window served as the current collector, avoiding electrolyte evaporation and
allowing in situ electrochemical XRD. Nitrogen sorption analysis at 77 K using Micromeritics
ASAP 2020 apparatus was carried out for calculating the specific surface area (SSA) using the

Brunauer—-Emmet-Teller (BET) equation after outgassing under vacuum at 300 °C for 12 h.”

3. Results and discussion

Figure 1 shows cross-section SEM images of electrode materials. The as-prepared MXene clay,
denoted as Ti;C,Tx, is shown in Figure 1a. MXene layers can be rolled and sheared, forming a
freestanding flexible electrode [20, 21]. Fully delaminated MXene electrodes, denoted as d-
Ti3C,Tx (Figure 1b), were prepared for improving the electrochemical performance by taking
advantage of a higher specific surface area (SSA) resulting from delamination. The SSA values
were 23 m? g'1 for multilayered Ti;C, and 98 m? g'l for delaminated Ti3C, measured elsewhere
by nitrogen gas sorption analysis [12]. However, previous studies demonstrated that restacking
of delaminated MXene layers forming a dense MXene “paper” with in-plane alignment of
MXene sheets limits the accessibility of electrolyte ions. Such restacking issue can be prevented

by addition of carbon nanoparticles [14, 22]. Accordingly, composite electrodes were prepared
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by mixing appropriate amounts of d-Ti3C,Tx and MWCNTs. The SSA obtained by nitrogen gas
sorption analysis was 70 m? g for the CNT-Ti;C,Tx. Figure lc-d show SEM images of a cross-
section of the CNT-Ti;C,Tx composite electrode, where CNTs are homogeneously spread
between the Ti3C, layers since no aggregates can be seen. Aside preventing restacking, CNT
addition is known to increase the conductivity of the electrodes [14, 22, 25-27].

Figure 2 shows cyclic voltammograms (CVs) of the three Ti;C,-based electrodes at 20 mV gt
in 1M EMITFSI in acetonitrile. The electrochemical signatures of the three samples appear to be
similar, characterized by a capacitive envelope and a set of redox peaks around -0.2 V and -0.4 V
vs. Ag. The potential difference between the oxidation and the reduction peaks, associated with
kinetics and ohmic limitations, changes from one electrode to another. The smaller difference is
observed for CNT-Ti;C,Tx that can be associated in a first approach to a faster diffusion path,
thanks to the addition of CNTs. Ti;C,Tx shows similar electrochemical signature with a slightly
larger overpotential and d-Ti;C,Tx shows the largest overpotential and more resistive behavior,
possibly due to the restacking of delaminated layers during electrode preparation. The potential
range (1.8 V) is narrower than expected from this electrolyte, but could be explained by water
trapped between Ti3C, layers, responsible for electrolyte reaction at the extrema of the potential

range visible at low scan rates.

The change of the capacitance (calculated from the integration of the charge during CV
measurements) with the potential scan rate is shown Figure 2d. Capacitance up to 245 F cm™ (85
F g'l) was obtained at 2 mV s™' for CNT-Ti;C,, with 75% capacitance retention at 100 mV s
(50% for d-TizC,Tx). This performance highlights a fairly high power capability of the

electrodes, which is assumed to originate from the open 2D structure of the material and the
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associated high accessibility of the surface to ions. The lower rate performance of d-Ti;C, could

be attributed to poor charge percolation.

The electrochemical impedance spectroscopy measurements (Figure 3) on the three different
samples at a bias voltage of 0.5 V (OCV) suggest that the addition of MWCNT greatly improves
the charge percolation of the electrode. Additionally, there is little to no influence of MWCNTSs
on the electronic conductivity of the electrode, as can be seen from the constant value of the
high-frequency resistance. This can be explained by a much higher conductivity of metallic
TisC, Ty electrode films (~ 2000 S cm™ [28]) compared to conventional activated carbon, oxide

or even graphene electrodes.

Figure 4a-c shows the galvanostatic charge-discharge curves obtained at 1A g of the three
electrodes. The curves are almost linear but contain a slight change in their slopes which
correspond to the redox peaks identified previously. It appears that the electrodes exhibit pseudo-
capacitive behavior. Also, a 5-10 times lower specific surface area of MXene [19] compared to
activated carbons [4] would lead to a very low capacitance without contribution of charge-
transfer processes. Figure 4d shows the cycle life for the different electrodes, at 1A g'. CNT-
Ti3C,Tx shows a good stability, with 90% capacitance retention after 1,000 cycles. Ti3C,Tyx and
d-Ti;C,Tx show a lower stability and faster capacitance decrease during cycling, as well as a

lower coulombic efficiency.

The energy storage mechanism was investigated by recording in situ XRD patterns at different
potentials (Figure 5a). The comparison of patterns indicates that depending on the applied
potential two different sets of Bragg peaks are observed and that the phase change occurs at the

same potential were the set of redox peaks appears in the CV (Fig. 2c¢). This shows that
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intercalation/deintercalation processes follow a reversible two-phase mechanism, which differs
from the progressive and continuous intercalation process previously observed for MXenes
materials in aqueous supercapacitor [19] and metal-ions capacitors [16,17]. Each set of Bragg
peaks can be indexed, in agreement with Ghidiu et al [20], using the (001) diffraction planes of
Ti3C, which are characteristic of the interlayer space. On the basis of the diffraction angle of
(002) Bragg peaks (fig. 5b), it can be deduced that in the -0.8 V to -0.5 V potential range, the
interlayer distance is 1.3 A larger than at potentials above -0.5 V and should correspond to the

intercalation and de-intercalation of ions from the electrolyte into Ti;C,Tx.

Considering the low value of the intercalation potential, one can assume in a first
approximation that the expansion is due to the intercalation of the EMI" cations between Ti;C,
layers and the shrinkage is attributed to its de-intercalation. Reversible intercalation of organic
ions accompanied by peaks in CVs was observed for porous carbon electrodes, when the ion size
was somewhat larger than the pore size [29]. Interestingly when cycled within the 0.1 Vto 1 V
potential range, Ti3C, Ty capacitance quickly decreases with the cycle number, while it is more
stable when cycled between -0.8 V and 0.1 V, as shown Figure 6. This suggests that the
capacitive behavior observed above 0 V is associated with a redox process at negative potentials.
In other 2D materials, it is admitted that the intercalation of ions can form a pillared structure
[18, 30-32]. It is possible that cycling exclusively in the positive region causes the structure to

collapse.

Further evidence that the redox reaction is due to the intercalation of cations is provided by
comparison of the CVs of CNT-Ti;C,Tx in 1M solutions of EMITFSI, EMIBF,4 and TEABF, in
acetonitrile. Figure 7a shows the CV of the CNT-Ti;C,Tx electrode in 1 M EMIBF4 in

acetonitrile electrolyte (a smaller anion but the same cation as in Figure 2). The electrochemical
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signature is similar to that obtained in 1M EMITFSI in acetonitrile electrolyte (Figure 2); more
specifically, we note the presence of a set of redox peaks at the same potential. Figure 7b shows
the CV of the CNT-Ti;C, T electrode in 1 M TEABF; in acetonitrile electrolyte. When replacing
the “planar” EMI" cation with the larger and more “spherical” TEA" cation, the electrochemical
response is drastically changed. The reduction (intercalation) peak is present at a lower potential
(-1 V vs Ag wire), but the reaction seems irreversible with an oxidation wave shifted to about 0.5
V. Probably, large TEA" ions are stuck between MXene sheets after intercalation, decreasing the
reversibility of the process, but also contributing to pillaring. These measurements suggest that
the intercalation/deintercalation of the EMI" cation is responsible for the reversible redox process
occurring at -0.4 V vs. Ag. This hypothesis should be further confirmed by other in situ
characterization techniques, such as electrochemical quartz crystal microbalance [33] or nuclear

magnetic resonance [34].

4. Conclusions

The electrochemical behavior of Ti;C,Tx as an electrochemical capacitor electrode in organic
electrolytes has been investigated. Capacitance up to 32 F g was obtained for as-produced
Ti3C,T, MXene clay and improved to 85 F g’ by delamination and addition of carbon
nanotubes. Intercalation of large EMI' cations between the layers of TizC, has been
demonstrated suggesting that other large or multivalent cations may be similarly intercalated into
MXenes from organic electrolyte solutions. Ti3C,Ty capacitance was increased 3-fold, up to 85 F
g! and 245 F cm™ at 2 mV s by using carbon nanotubes as an additive to improve ion
accessibility to the active material. The CNT/Ti3C,Tx electrodes show a good rate performance
and good cycle life stability. Considering that this is the first report on capacitance of Ti3;C, in

organic electrolytes used in supercapacitors and that Ti3;C, is only one of more than a dozen of

10
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already synthesized MXenes, there are good reasons to expect further improvement in
capacitance as the optimal MXene-electrolyte couples have been identified and their
performance optimized. It took less than two years to increase capacitance of Tiz;C,-MXene in
aqueous electrolyte from about 100 F g [19] to 320 F g [21] and we expect fast improvement
of capacitance in organic electrolytes as well.
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Figure Caption (s)
Click here to download Figure Caption (s): Figure captions.docx

Figure 1. Scanning electron microscope images of (a) rolled TisC,Tx “clay”, (b) d-TisC,Tx and (c-d)

CNT-Ti3C,Tx electrode films.

Figure 2. Cyclic voltammograms of (a) TizC, Ty, (b) d-TisC,Tx and (c) CNT-Ti3C, T, in 1M EMITFSI in
acetonitrile electrolyte at different scan rates and (d) summary of the change of capacitance with the

potential scan rate. These measurements were done using a three-electrode Swagelok cell.
Figure 3. Nyquist plot at 0.5 V vs. Ag reference obtained using a two-electrode setup.

Figure 4. Galvanostatic charge-discharge curves of (a) TisC,Ty, (b) d-TizC,Tyx and () CNT-TisC,Ty in
1M EMITFSI in acetonitrile electrolyte obtained at 1 A g™* and (d) the corresponding cycle life of those

electrodes. These measurements were done using a three-electrode Swagelok cell.

Figure 5: In-situ XRD patterns of CNT-Ti3C, T, at different potentials in the 5-50° 26 range. Purple
diamonds indicate peaks coming from the cell for in situ measurements. Inset (b) shows a zoom in the 5-7°

20 range and (c) CV recorded at 20 mV s™.
Figure 6. Cyclic voltammograms of TisC,T, in different potential ranges at 20 mV s™.

Figure 7. Cyclic voltammetry of CNT-TisC,T, at 20 mV s™ in 1 M solutions of EMIBF, (a) and

TEABF, in acetonitrile (b).



