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Broader Context

Pseudocapacitive charge storage bridges between non-Faradaic and bulk Faradaic processes by leveraging
rapid intercalation/surface induced redox reactions. Transition metal oxides such as RuO,, MnO,, WOs;,
Nb,Os have been demonstrated with cation induced pseudocapacitance in specific electrolytes. An
emerging and versatile class of two-dimensional transition metal carbides and nitrides, MXenes, are known
to exhibit proton induced pseudocapacitance in protic electrolytes. However, MXenes have tendency to
undergo irreversible oxidation at anodic potentials and thus limit the stable operational window up to 0.2
V vs. Ag/AgCl in aqueous electrolytes. Fundamentally, reaction of water molecules with the defective
vanadium sites is the dominant mechanism that causes irreversible oxidation which prevents unlocking of
V3*/V# redox chemistry. In the current work, the unusual pseudocapacitance of vanadium carbide MXene
in the forbidden anodic potential window is demonstrated through deployment of concentrated aqueous
electrolytes. Thanks to the suppressed water activity of water-in-salt electrolytes such as Li, Na, Ca and Zn
based imide systems to unlocking redox capacitance of vanadium carbide MXene. This study opens new
doors for exploring MXenes in concentrated electrolytes towards the design of high performance and safe
aqueous electrochemical energy storage devices.
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MXenes are known for intercalation-induced capacitive charge storage in dilute electrolytes, resulting in a low

specific capacity with a limited anodic potential window of operation (<0.2 V vs Ag/AgCl). In this work, we
report on the anomalous pseudocapacitance of V,CTyMXene beyond 0.2 V vs Ag/AgCl by deployment of mono
(Li* and Na*) and divalent (Ca*and Zn?*) metal-ion based concentrated electrolytes. Typically, a four-fold
enhancement in the reversible sodiation capacity (131 mAh g?) and a 0.9 V enlargement of the anodic
potential window of V,CT, is observed compared to the dilute counterpart. Three-dimensional Bode analysis
confirms the pseudocapacitive charge storage characteristics of V,CTy in concentrated electrolytes in anodic
potentials. Tafel analysis further confirms the sluggish oxygen evolution and suppressed electrode irreversible
anodic oxidation at the V,CT, electrode-concentrated electrolyte interface, as evidenced by an order of
magnitude lower exchange current density (0.1 mA cm?) relative to the dilute electrolyte interface (1.2 mA
cm2). Thus, suppressed water activity not only expands the anodic potential window of operation of
V,CTx MXene but also enhances the charge storage capacities and electrochemical stability in concentrated
electrolytes. This study opens new doors for exploring MXenes in concentrated electrolytes towards the design
of high performance MXene based aqueous electrochemical energy storage devices.

(MXenes), well-known for their proton-induced pseudocapacitive

Introduction o S
response.?® Rapid ion intercalation in layered host structures may
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The origin of pseudocapacitance in the charge storage materials is
based on diffusion-less redox reactions without phase
transformations, in addition to providing long-term cycling
stability.! Most importantly, pseudocapacitive materials bridge the
gap between electrical double-layer capacitors and metal-ion
batteries with simultaneous achievement of high charge storage
capacities and high rates.? Traditionally, Ru0,.0.5H,0 is known for
its surface pseudocapacitance in acidic electrolytes, where the
insertion of protons, facilitated by structural water, leads to a
continuous change in the oxidation state of Ru across the applied
potential range.3* A similar kind of surface pseudocapacitance was
observed in a variety of transitional metal oxides, including but not
limited to MnO; and WOs3.>® Interestingly, intercalation
pseudocapacitance has been reported for Nb,Os in non-aqueous Li-
ion electrolytes.” Versatile class of pseudocapacitive materials
includes two-dimensional (2D) functional transition metal carbides
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give rise to capacitive-like kinetics yet exhibiting redox type charge
storage characteristics.10-12

Owing to their rare combination of redox activity and metallic
conductivity, MXenes are the candidate materials for high rate
pseudocapacitive energy storage. Specifically, top-down wet
chemical etching of MAX phases results in the formation of MXene
along with the inherent introduction of polar functional groups
such as =0, -OH, -F, and -Cl.13 However, MXenes exhibit limited
charge storage capacities in neutral aqueous electrolytes due to
the formation of electrical double layers by the hydrated cations
across the interlayer spaces.’* Moreover, MXenes are prone to
irreversible anodic oxidation beyond 0.2 V (vs Ag/AgCl), limiting
the operational voltage window of symmetric MXene devices
below 1 V.15 Despite the capability of vanadium to exhibit
multiple oxidation states, the electrochemistry of vanadium
carbide (V,CTx) MXene has been restricted to negative potential
windows (-1.2 V to 0.2 V vs Ag/AgCl) so far. This is possibly due to
poor chemical stability and limited anodic potential stability in salt-
in-water electrolytes.l”.18 Notably, TisC;Tx MXene exhibited
desolvation-free Li-ion insertion in the case of 19.8 m lithium
chloride (LiCl) water-in-salt electrolyte (WiSE), with anodic stability
window of 0.8V (vs Ag wire).1?
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Water-in-salt (WiS) electrolytes are known to widen the potential
window of operation by suppressing water activity while
increasing the overpotential for hydrogen and oxygen evolution
reactions.?C For instance, Suo et al. demonstrated the operational
potential window of 3.0 V by employing WiSE with a concentration
of 21 m lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), where
typical salt-to-water molar ratio is 1:2.6.2% 2226 Sych kind of
reduction in water activity was achieved through the formation of
a dense solid electrolyte interphase (SEI) on the anode, composed
of fluoride-based products, which expanded the operational
potential window to approximately 3.0 V.?”> 22 However, an
expanded potential window of operation were also observed for
electrodes in WISE without SEI formation.?*3° While TizCyTy is
known to exhibit relatively better electrochemical stability over
V,CTyin aqueous medium, reaction of water with defective sites of
vanadium is the major cause of degradation. Thus, both chemical
instability and restriction of anodic potential of operation caused
under exploration of electrochemical behavior of V,CTxMXene. By
the choice of WISE, reaction of water with the defective vanadium
sites can be minimized through ion-water interactions in the
concentrated electrolytes. Remarkably, the anodic potential
window of operation of V,CTy in WIiSE was extended by 0.6 to 0.8
V compared to dilute electrolytes.

In this work, WISE of Li, Na, Zn, and Ca were employed to
investigate the reversible redox chemistry of V,CTx MXene in the
Unlike  the
pseudocapacitance of V,CTy in traditional electrolytes at cathodic
potentials,

anodic  potential window of operation.

concentration-induced  pseudocapacitance  was
observed in the anodic potentials beyond 0.2 V vs Ag/AgCl. Such
kind of forbidden redox chemistry of V,CTx MXene was unlocked
through the employment of bis (trifluoromethanesulfonyl)imide
(TFSI) anion-based concentrated electrolytes, irrespective of the
nature of cations (mono or divalent). Further, the electrochemical
stability of V,CTx is enhanced due to engagement of water
molecules in coordinating with the high ratio of salt ions and less
amount of free water are available to react with the defective
vanadium metal sites.

Experimental Section/Methods

Chemicals

V,AIC (particle size ~ 30 um) MAX precursor was procured from Y-
carbon, Ukraine Ltd. Hydrofluoric acid (HF, Fisher chemicals) and
hydrochloric acid (HCI, Fisher chemicals) were procured and used
as received. All the chemicals and salts were used as received
without further purification.

Synthesis of V.CTx MXene.

V,CTx MXene was synthesized using the top-down wet chemical
etching method from its MAX precursor, V,AIC, as reported in the
literature.3! The synthesis process involves the selective etching of
‘Al atomic layer from its MAX precursor through mixed acid
etching method. The etchant solutions containing 12 mL of
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hydrofluoric acid (HF) and 8 mL of hydrochloric acid (HCl, 12 M),
were mixed in a volumetric ratio of 6:4 in a pélygropidentbeitiel2F
During the synthesis, 1 g of V,AIC MAX phase was gradually added
to a 20 mL etchant solution with continuous stirring under an ice
bath maintained at 0 °C to prevent local heat generation at the
beginning of the reaction, which is exothermic in nature. By
keeping at a low temperature, plausible dissolution or oxidation
of the V,AIC MAX phase can be avoided. After ceasing of bubble
formation during the initial stages of the etching reaction, the
polypropylene bottle containing MAX phase and the etchant
solution was transferred to an oil bath maintained at a constant
temperature of 50 °C. Now the etching reaction is proceeded for
80 h by continuous stirring at 400 rpm. Furthermore, the obtained
acidic multilayered V,CTx was washed several times with
deionized water via centrifugation at 3500 rpm for 5 minutes each
time. Thus, the top acidic supernatant obtained was discarded
each time, and washing was continued until the pH reached ~ 6.
The wet multilayered V,CTx MXene was filtered and dried under
vacuum to obtain the multilayered V,CT,powder.

Processing of V>CT, MXene electrodes

The V,CTx electrodes were prepared by mixing active material
(V2CTy), carbon black as a conductive additive (Super P C645,
Timical), and polyvinylidene fluoride (PVDF, Sigma Aldrich) as a
binder in a weight ratio of 8:1:1. A homogeneous thick slurry was
prepared in a mortar pestle by using a minimal amount of N-methyl-
2-pyrolidone (NMP) solvent. The obtained slurry was cast over a
graphite foil current collector, followed by vacuum drying for 12 h at
a temperature of 80 °C. The dried electrodes were calendared to
have better contact between the active material and the current
collector. The areal mass loading of the electrodes is typically 1.5-2
mg cm2,

Preparation of Activated Carbon Self-Standing Films

An activated carbon film was prepared by blending 95 wt% of
activated carbon (YPSOF, Japan) with 5 wt% of
polytetrafluoroethylene (PTFE, 60 wt% in water, Sigma Aldrich)

Kuraray,

binder using an appropriate amount of ethanol in a mortar and
pestle. The obtained wet slurry was rolled into an activated carbon
(AC) thin film (thickness ~100 um). The AC thin films were dried at
70 °C for 12 h in vacuum oven to remove trapped water or ethanol
molecules in the porous structure.

Material characterization

The X-ray diffraction (XRD) patterns of V,AIC MAX and V,CTy
MXene were recorded using a Powder X-ray diffractometer
(PANalytical, Netherlands) equipped with Cu Ka cathode
(A=1.5406 A) at a step size of 0.012° with a dwelling time of 0.13
seconds. The morphology of the V,AIC MAX precursor and V,CTy
MXene was imaged using field-emission scanning electron
microscopy (FESEM) (JEOL JIB-4700F). The electronic absorption
spectra of V,CT, dispersed solutions were recorded using a JASCO
model V-770 UV-Vis-NIR spectrophotometer in a screw-capped
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quartz cell (optical path length = 10 mm). Fourier transform
Infrared (FTIR) spectra were recorded using the JASCO model FTIR-
4600. The attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra of the pure and cycled electrolytes were
recorded using Alpha (Bruker) equipped with a diamond crystal.
Ex-situ X-ray Diffraction (XRD) of the V.CTyelectrode (pristine) and
after irreversible anodic oxidation was done to investigate the
structural change after anodic oxidation. Ex-situ FESEM of the
cycled electrode was conducted to investigate the morphological
changes of the electrode after 10,000 cycles.

Electrochemical measurements

Electrochemical measurements, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), electrochemical
impedance  spectroscopy  (EIS), 3D Bode  analysis,
chronoamperometry, cycling stability and linear sweep
voltammetry (LSV) for Tafel analysis were performed at room
temperature (25 °C) using an electrochemical workstation
(Biologic VSP-3e, France). The electrochemical behavior of V,CT,
MXene was investigated in various mono and divalent dilute and
water-in-salt electrolytes (WiSE) such as lithium chloride (LiCl),
lithiumbis(trifluorosulfonyl)imide(LiTFSI),sodiumbis(trifluorosulfo
nyl)imide(NaTFSI), calcium bis (trifluorosulfonyl)imide [Ca(TFSl)2],
and zinc bis(trifluorosulfonyl)imide  [Zn(TFSI);] using a
perfluoroalkyl alkane (PFA) Swagelok cell. The cell consists of
V,CTx MXene as the working electrode, activated carbon as the
counter electrode, and Ag/AgCl (3 M KCl) as the reference
electrode. The Tafel slope and exchange current density values
were estimated from linear sweep voltammetry (LSV)
measurements in a three-electrode Swagelok cell at a scan rate of
2 mV s1. CVs were recorded at various scan rates ranging from 1
to 50 mV st Galvanostatic charge-discharge profiles were
recorded at various current densities ranging from 0.2 to 10 A g1
Chronoamperometry measurements were performed to monitor
leakage current at two extreme potentials.

The differential capacity ( (Z—g), mAh g1 V1) was calculated by

integrating the discharge current of the CV, dividing the
operational potential window (V), followed by normalizing the
mass of the electrode and the corresponding scan rates (equation

1)
do _ 1 ridt
av m?av (1)

where, % is differential capacity, i is the current (mA), V is the

operational potential window (V), v is the scan rate (mV s), m is
the active mass of the electrode (mg) (Here, Q is the interfacial
charge per unit mass).

Specific capacity (mAh g) was calculated by integrating current vs

time plot.

Specific capacity :%J idt (2)

The contribution from diffusion-controlled and surface-controlled
processes can be analysed using the power law relation, as shown in

equation 3
i=avb (3)

logi=loga+blogv (4)

This journal is © The Royal Society of Chemistry 20xx

where i is the current response (mA), v is the scan ratg (mV.s2), b is
the kinetic parameter, and a is an adjustabledsdramet&r/D6EBO0012F

Staircase potentio electrochemical impedance spectroscopy
(SPEIS) was recorded over a frequency range from 100 kHz to 10
mHz by varying the dc applied potential using a step size of 50 mV.
The V,CTy electrode was maintained at various dc potentials along
with a sinusoidal voltage with an amplitude of 10 mV, and
electrochemical impedance spectra were recorded with interval of

50 mV dc applied potentials. The real part of differential areal
!
capacity (Z—g) , (mAs cm2 V1) and imaginary differential capacity

(Z—g)” (mAs cm? V1) were estimated within the corresponding

frequency range using equations (5) and (6), respectively (where, Q
is the interfacial charge per unit area).

!
dQ\ _ -z
(W) WA )
dQ, _  Z'
(W) T 2nfA|Z)? (6)

where |Z| is absolute impedance, Z’ is real impedance, and Z” is
imaginary impedance, f is the frequency (Hz), and A is the area
(cm?) of the electrode.

Results and discussion

Vanadium carbide (V,CTy) MXene was synthesized by employing a
mixed acid (HF/HCI) etching method, followed by electrode
processing through the doctor blade coating technique.
Presumably, the by-products such as AlF,and VF, generated during
the etching reaction may undergo dissolution in the presence of
supporting acid (HCl), which eventually gets washed away during
centrifugation. The advantage of mixed acid over HF etching was
demonstrated in the preparation of high-quality TisC,Tx MXene.3?
The multilayer V,CTx MXene was dispersed in deionized water
through bath sonication to record the ultraviolet-visible-near
infrared (UV-Vis-NIR) spectrum (Fig. S1a, ESIt). The absorption
peak in the low UV region at 283 nm is a characteristic of V,CTj,
which is in agreement with reported literature.3! Further, Fourier
transform infrared (FTIR) spectroscopy was employed to
investigate the confined water region (4000-1400 cm) and
fingerprint region (1400-450 cm™) of the V,CT, MXene (Fig. S1b,
ESIt). The intense band in the 3200-3600 cm region corresponds
to the O-H stretching, and the peak at 1380 cm™ is due to the
surface-terminated O-H bending vibration. The peaks at 1685,
1624, and 989 cm! correspond to C=0, C-0, and C—F stretching
vibrations, respectively. Apparently, the attachment of functional
groups to the core carbon layer is due to the presence of defective
vanadium sites created during the etching reaction. The intense
peak in the fingerprint region at 490 cmis due to the V-0 bending
mode, which matches well with previously reported literature.33
The structural evolution of V,CTy MXene from its V,AIC MAX
precursor was characterized by X-ray diffraction (XRD) (Fig. Slc,
ESIT). VL,AIC showed the (002) peak at 20 ~ 13.4° which
corresponds to a d-spacing of 6.6 A and was downshifted to 7.4°
with an enlarged d-spacing of 11.9 A in V,CT, MXene. The
enlargement of the d-spacing is attributed to the selective

J. Name., 2013, 00, 1-3 | 3
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extraction of Al atomic layers, with simultaneous incorporation of
surface functional groups, such as =0, -OH, -F, and -Cl, onto the
V,C MXene during the etching process.3l. The coating of V,CTy
MXene was found to be uniform (a typical thickness of ~25 um)

over a graphite foil current collector (Fig. S1d, ESIT).
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Fig. 1. (a) Atomistic view for a typical ion-water environment across the V,CTx MXene
interlayer space when employing dilute and concentrated aqueous electrolytes. (b)
Cyclic voltammograms (CVs) of V,CTx MXene in 1 M LiCl aqueous electrolyte and an
abrupt rise in the current beyond 0.1 V (vs Ag/AgCl), subjected to anodic oxidation
(AO) at a scan rate of 2 mV s, (c) CVs of V,CT, MXene in 1 M LiCl electrolyte before
and after anodic oxidation at a scan rate of 2 mV s (d) CVs of V,CT, MXene in 19.8
M LiCl electrolytes with anodic potential cut-offs up to 0.3 and 0.6 V (vs Ag/AgCl) at
ascan rate of 2 mV st (e) CVs of VoCT, MXene in 19.8 M LiCl before and after anodic
oxidation at a scan rate of 2 mV s%.

It is well-known that V,CT, MXene exhibits pseudocapacitive
charge storage in acidic and basic electrolytes.?* Typically, the
potential window of operation of V,CT, was found to be in the
range of -1.2 to 0.2 V (vs Ag/AgCl). Owing to the negative surface
functionalities and negative operation potentials, spontaneous
intercalation of hydrated cations is trivial across the interlayer
spaces of MXenes. In the case of neutral aqueous electrolytes, a
usual capacitive type of electrochemical response is observed in
V,CTx MXene due to the formation of electrical double layers
(EDLs) by the hydrated ions in the interlayer spaces.!* To
investigate the electrochemistry of V,CTx MXene in dilute and
concentrated electrolytes, three-electrode electrochemical
measurements were performed by employing various monovalent
and divalent aqueous electrolytes. Fig. 1a depicts the atomistic
view of a typical local environment in the interlayer spaces of V,CTx
MXene at dilute and concentrated regimes of an electrolyte. In the
case of dilute electrolytes, there are strong ion-dipole interactions
between ions and surrounding solvent molecules, which hinder
the direct electrostatic attraction between oppositely charged
ions. Therefore, the hydrated ions diffuse in the interlayer spaces
of V,CTyMXene due to partial screening of the charge on the ions
by the hydration shell. On the contrary, concentrated electrolytes
tend to form contact ion pairs and aggregated structures due to
low weight-to-volume ratio of water molecules in comparison to
the salt ions. Thus, few water molecules are in association with the
ions, resulting in suppressed water activity in the case of
concentrated electrolytes.3®

To examine the electrochemical stability window (ESW) of
electrolytes, linear sweep voltammetry (LSV) was recorded (Fig.
S2, ESIT). To investigate the effect of concentration, V,CT, MXene

4|Page
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electrode was tested in 1 M lithium chloride (LiCl) (dilute),and 19,8,
M LiCl WISE. As shown in Fig. 1b, V,CT.PMXehe3ExRisited0a2r
rectangular-type cyclic voltammogram (at a scan rate of 2 mV s)
in 1 M LiCl electrolyte, signifying a capacitive response within the
potential window of -0.4 to 0.15 V (vs Ag/AgCl). The narrow
potential window is possibly due to irreversible anodic oxidation
(IAOR) and irreversible cathodic reduction reaction (ICRR) (Fig. S3,
ESIT). When V,CTy electrode was polarized to an anodic potential
of 0.3 V (vs Ag/AgCl), an abrupt rise in the current was observed.
Subsequent CV scan in the stable potential window (-0.4 to 0.15 V
vs Ag/AgCl) was observed with diminished current response. Such
a kind of electrochemical response is possibly due to irreversible
anodic oxidation of V,CT,, which is responsible for diminishing
overall charge storage capacity (Fig. 1c). In the case of 19.8 M LiCl
WiS electrolyte, the anodic potential limit of V,CT, MXene
electrode is 0.3 V (vs Ag/AgCl), enlarged by 150 mV in comparison
to 1 M LiCl (Fig. 1d). Interestingly, V,CTx MXene exhibited a pair of
redox peaks at potentials ~ -0.35/-0.45 V (vs Ag/AgCl) in 19.8 M
LiCl. Such kind of appearance of redox peaks at negative potentials
could be due to V2*/\/3* redox chemistry (Fig. S4, ESIT).3¢ When the
electrode was subjected to polarization at a potential of 0.6 V (vs
Ag/AgCl), an irreversible anodic oxidation was observed with a
reduction in electrochemical performance of the V,CTx MXene
electrode (Fig. 1e). Such kind of irreversible anodic oxidation was
also observed in the case of TisC,Tx electrodes in aqueous
electrolytes.?”
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Fig. 2. Electrochemical performance of V,CTx MXene in 1 and 21 M LiTFSI electrolytes.
(a) Comparative CVs and (b) galvanostatic charge-discharge (GCD) profiles of V,CT,
MXene in 1 and 21 M LiTFSI electrolytes. (c) Chronoamperometry profiles at different
anodic and cathodic potentials in 1 M and 21 M LiTFSI electrolytes. (d) Kinetic
parameter, b-value, obtained from the slope of log (current) vs log (scan rate) plot at
anodic potential of -0.02 V and 0.03 V of 1 M and 21 M LiTFSI electrolytes, respectively.
r
d

3D Bode maps of the (EQ/) as a function of frequency (Hz) and applied potential V (vs
Ag/AgCl) for V,CTx MXene in (e) 1 M and (f) 21 M LiTFSI electrolytes.

To examine the effect of anion on the electrochemistry of V,CTy
MXene, the electrode was tested in 1 M and 21 M LiTFSI
electrolytes. Unlike the spherical nature of the chloride anion, TFSI
is asymmetric in nature with delocalized charge distribution. Such
kind of
coordination

imide-based anions are known to exhibit weak
with  the with
hydrophobicity influencing the water association significantly.38 To

counter cations inherent
analyze the ion-solvent interaction, hydrogen bonding, and

solvation structure, attenuated total reflectance Fourier transform
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infrared (ATR-FTIR) spectra were recorded for 1 M and 21 M LiTFSI
electrolytes. At high salt concentration, it was observed that the
absorption intensity of the O-H stretching vibration reduced while
TFSI-
unavailability of free water molecules. Such kind of scenario leads
to suppressed water activity in WISE (Fig. S5a, ESIt). Fig. 2a shows
the comparative CVs of V,CT,MXene electrodes in dilute (1 M) and
WiS (21 M) LiTFSI electrolytes at a scan rate of 1 mV s, V,CTy
electrode exhibited an operational potential window of -0.5 to 0.1
V (vs Ag/AgCl) in 1 M LiTFSI electrolyte with an electrical double
layer response due to the intercalation of hydrated Li* ions across

anion absorption intensity increased, signifying the

interlayer spaces (Fig. S5b, ESIt). Unusually, the V,CT, electrode
showed a wide operational potential window of from -0.8t0 0.6 V
(vs Ag/AgCl) with two pairs of reversible redox peaks at potentials
of -0.37/-0.43 and -0.05/0.04 V (vs Ag/AgCl) in 21 M LiTFSI
electrolyte, which could be possibly due to the reversible redox
chemistry from the V2*/V3* and V3*/V** redox couples, respectively
(ESIT).3% 40 The anodic potential stability of V,CT, was extended
not only by 0.5 V (vs Ag/AgCl) but also with the emergence of
broad redox signatures (Fig. 2a and S5d, ESIt). Apparently, in the
case of WISE, asymmetric and hydrophobic nature of TFSI- anion
forms an extended ion network enable fast cation transport,
whereas chloride ions remain hydrated even at high saturation.*!
Fig. 2b shows the comparative galvanostatic charge-discharge
(GCD) profiles of V,CTx MXene in 1 M and 21 M LiTFSI electrolytes
at current density of 0.2 A g*. V,CT, showed a specific capacity of
only 23 mAh g at a current density of 0.2 A gin 1 M LiTFSI (Fig.
S5c, ESIt). In comparison, V.CTx MXene exhibited a specific
capacity of 90 mAh gt in 21 M LTFSI electrolyte at a current
density of 0.2 A g (Fig. S5e ESIT). Notably, the potential window
of operation of V,CT, got almost doubled when changing the
concentration from 1 M (AV ~ 0.6 V vs Ag/AgCl) to 21 M LIiTFSI
electrolyte (AV ~ 1.4 V vs Ag/AgCl) in addition to the four-fold
enhancement in the specific capacity. To confirm the stable cut-off
potentials, chronoamperometry measurements were performed.
The chronoamperograms (CAs) showed a steady-state leakage
current of < 0.1 A gl in the extreme potential range of -0.5V to 0.1
V (vs Ag/AgCl) in 1 M and -0.8 to 0.6 V (vs Ag/AgCl) in 21 M LiTFSI
electrolytes (Fig. 2c). Thus, the extended potential window of
V,CT, in 21 M LiTFSI electrolyte is attributed to the reversible
electrochemical reactions

phenomenon  without

associated with electrolyte.

parasitic

To understand the charge transfer kinetics of V,CT, electrode in
both dilute (1IM) and WiS (21 M) LiTFSI electrolytes,
electrochemical impedance spectroscopy was recorded from high
(100 kHz) to low (10 mHz) frequency region at the open circuit
potential (OCP) condition (Fig. S5f, ESIt). At the high frequency
regime, the equivalent series resistance (ESR) corresponding to the
X-axis intercept was found to be 6.6 and 2.4 Q for 1 M and 21 M
LiTFSI electrolytes, respectively. Lower ESR value at highly
concentrated Li* electrolyte is possibly due to facile ion diffusion
within the electrodes and reduced electrostatic interaction
between the oppositely charged species.*? In case of 21 M LiTFSI
electrolyte, the 45° line is prevalent in the low frequency region,

This journal is © The Royal Society of Chemistry 20xx

unlike the case of 1 M electrolyte with a predominant capacitive
response. DOI: 10.1039/D6EBO0012F
Further, to understand the electrochemical kinetics of V,CTy
MXene electrode in Li-ion electrolytes, the kinetic parameter (b-
value) was calculated from the slope of the logarithm of current
(log i) vs logarithm of scan rate (log v) from the equations 3 and 4
(See experimental section). The slope (b-value) of 0.5 corresponds
to diffusion-controlled processes, whereas a b-value of 1
corresponds to surface-controlled processes.** The b-value
estimated at potentials of -0.02 V and -0.03 V (vs Ag/AgCl) was
found to be 0.9 and 0.8 for 1 and 21 M LiTFSI, respectively (Fig. 2d).
Thus, in the case of 1M LiTFSI electrolyte, V,CTx exhibited
predominant surface-controlled processes due to the formation of
EDL by the hydrated Li* ions at the electrode/electrolyte interface.
However, in the case of 21 M LiTFSI electrolyte, a relative increase
in diffusion-controlled current is attributed to the concentration
factors.

Furthermore, 3D Bode maps were constructed to better visualize
charge storage dynamics across V,CTx MXene in both dilute (1 M)
and WiS (21 M) LiTFSI electrolytes. 3D Bode maps were generated

'
by plotting the (2—3) in the low-frequency regime (10 Hz to 10
mHz) along with the third independent variable, i.e., dc applied
potential.3* V,CT, MXene exhibits capacitive-type behaviour in
dilute 1 M LiTFSI electrolyte, where the electrode showed a
rectangular 3D waterfall shape throughout the potential window
of -0.5 to 0.1 V (vs Ag/AgCl) (Fig. 2e). Possibly, the hydration shell
around lithium ions prevents orbital coupling between bare Li*
ions and V,CTy surface atoms, resulting in capacitive behaviour
across VoCTy - 1 M LIiTFSI electrochemical interfaces.** Similarly,

!
(Z—s) of Vo,CTyMXene in (21 M LiTFSI) WiSE at 0.05 V (vs Ag/AgCl)

!
was calculated using equation (5) and the maximum (Z—)

normalized with the area of the electrode was found to be 0.2 mAs
cm2V-1atlow frequency (10 mHz) regime which is 2.5 times higher
than that of dilute electrolyte (0.08 mAs cm2V-1). In the case of 21
M WiSE, the 3D Bode map showed a mountain-shaped hump,
indicating redox-type charge storage of V,CTy MXene, which
corroborates well with the voltammetry analysis (Fig. 2f).
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Fig. 3. Electrochemistry of V,CT, MXene in concentrated metal-ion electrolytes. (a)
Comparative CVs of V,CT, MXene in monovalent (9 M NaTFSI) and divalent [5 M
Ca(TFSI); and 3 M Zn(TFSI),] electrolytes at a scan rate of 1 mV s*. (b) Galvanostatic
charge-discharge (GCD) profiles of V,CTx MXene in 9 M NaTFSI, 5 M Ca(TFSI), and 3
M Zn(TFSI); electrolytes at a current density of 0.2 A g™. (c) Rate performances of
V2CTx MXene in 9 M NaTFSI, 5 M Ca(TFSI); and 3 M Zn(TFSI); electrolytes at different
current densities from 0.2 to 19 A g*. 3D Bode maps portraying the Z—g) , frequency
(Hz), and potential (V vs Ag/AgCl) for Vo.CT, MXene in different concentrated
electrolytes, such as (d) 9 M NaTFSI, (e) 3 M Zn(TFSl),, and (f) 5 M Ca(TFSl),. (g) Long-
term cycling performance of V,CT, MXene in 9 M NaTFSI electrolyte for 10,000 cycles
at a scan rate of 20 mV s with 100% Coulombic efficiency, inset shows the CVs for
cycle numbers 1 and 10,000.

To examine the effect of the cations, V.CT, MXene electrodes were
tested in imide-based concentrated electrolytes, including 9 M
NaTFSI, 5 M Ca(TFSI),, and 3 M Zn(TFSl),. V,CTy electrode showed
a reversible and stable extended anodic potential window in all
concentrated imide-based electrolytes. Due to the maximum
enlarged potential window and high charge storage capacity
shown by V,CT, MXene in 9 M NaTFSI WISE, detailed investigations
were further carried out (Fig. 3a and S6, ESIT). V,CTx MXene
showed an enlarged anodic potential window of operation (-0.6 to
0.7 V vs Ag/AgCl) when the concentration of Ca(TFSI); electrolyte
changed from 1 M to 5 M.*® Similarly, the V,CT, MXene showed a
stable anodic potential window of -0.7 to 0.6 V (vs Ag/AgCl) in3 M
Zn(TFSI); (Fig. S7a and c, ESIT). Therefore, concentration plays a
crucial role in governing the stable operational potential window
in both anodic and cathodic potentials. When moving from
monovalent (Li*, Na*) to divalent (Zn?*, Ca?*) based electrolytes,
the local coordination environment around vanadium sites in
V,CT, MXene may be altered. Even though the V3*/V* redox
couple is the major contributor to the observed redox
chemistry, difference in charge density of ions could lead to
observable shifts in the potential values. Based on galvanostatic
charge-discharge profiles, it was shown that V,CT, exhibited
the highest specific capacity of 131 mAh g'* in 9 M NaTFSI WiSE
at a current density of 0.2 A g'. The electrochemical
performance of V,CT, MXene in 9 M NaTFSI electrolyte was
compared with reported literature for mono and divalent
metal-ion WISE (Table S2, ESIt).

In comparison, V,CT, MXene showed a specific capacity of 70
and 90 mAh glat a current density of 0.2 A g1 in 5 M Ca(TFSI); and
3 M Zn(TFSl); electrolytes, respectively (Fig. 3b, S7b and S7d, ESIT).
The rate performance of V,CTy, MXene in all concentrated
electrolytes showed a high degree of rate retention with 100%
Coulombic efficiency (Fig. 3c). Further, to understand the charge

between the V,CTx
electrolytes, electrochemical
spectroscopy was recorded from high frequency (100 kHz) to low

transfer kinetics MXene and various

concentrated impedance
frequency (10 mHz) region at open circuit potential (OCP)
condition. At high frequency region, the equivalent series
resistance (ESR) corresponding to the X-axis intercept was found
to be 4.4, 7.8 and 8.5 Q for 9 M NaTFSI, 5 M Ca(TFSl);, and 3 M
Zn(TFSl),, respectively. This indicates rapid Na* ion diffusion into
2D galleries of V,CTx MXene (Fig. S8, ESIt).
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Furthermore, 3D Bode maps were constructed by plotting. the .

DOI: 10.1039/D6EBO0012F

!
(%) (mAs cm2 V1), which was represented against the low-

frequency range (10 Hz to 10 mHz) along the third independent
variable, i.e., dc applied potential (V). Ko et al. employed 3D Bode
analysis to distinguish between double-layer, pseudocapacitance,
and battery-like mechanisms of activated carbon, Nb,Os, and
LiFePQO4 in non-aqueous (1 M LiPFg in 1:1 EC: DEC) electrolyte.*¢ In
this study, we have used this analysis to understand the redox
charge storage dynamics of V,CT, MXene in various concentrated
TFSl-based electrolytes (Fig. 3d-f, Fig. S9, ESIt). In all three
electrolytes, the electrode showed a mountain-shaped hump in
the corresponding potential region of (> 0 V vs Ag/AgCl),
confirming the pseudocapacitive characteristics of V,CT, MXene,
which is well corroborated with their respective cyclic
voltammograms (CVs).

Further, to investigate the intrinsic redox behaviour of V,CTy
MXene in the extended potential window, the electrode was
swept towards high anodic potential up to 1.5 V (vs Ag/AgCl) at a
scan rate of 1 mV s for ~ 10 cycles in 9 M NaTFSI WiSE (Fig. S10,
ESIT). The onset potential of irreversible anodic oxidation was
observed above 0.9 V (vs Ag/AgCl). Subsequent CV was recorded
in the stable potential window exhibiting diminished capacity
value of V,CT,, possibly due to the oxidation of electrochemically
redox-active vanadium sites. To examine the long-term
electrochemical cycling stability, V,CT, electrode was swept at a
scan rate of 20 mV s* for 10,000 cycles. V,CTyelectrode showed a
capacity retention of 64% after 10,000 cycles with 100% coulombic
efficiency in 9 M NaTFSI WISE (Fig. 3g). The subsequent decrease
in the capacity of V,CTx MXene over the cycles possibly due to
reaction of co-intercalated water molecules along with the metal
cations. The inserted water molecules undergo parasitic reactions
at extreme potential, which degrade the 2D sheets of MXene.
Additionally, the inserted water molecules occupy the V-deficient
sites and facilitate the anodic oxidation of the MXene framework
and convert redox-active sites into inactive.

Moreover, the electrode at various mass loadings was tested in 9
M NaTFSI WISE to understand how the increase in mass loading
influences the redox characteristics and specific capacity of V,CTy
MXene (Fig. S11, ESIt). Further, Ex-situ SEM images were recorded
for cycled V,CTyelectrode and found that morphology of the V,CTy
is maintained but glass microfibers from the separator were

deposited over the surface of the electrode (Fig. S12, ESITt).
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Fig. 4. (a) Linear sweep voltammograms (LSVs) of V,CT, electrode in 1 M and 9 M NaTFSI
aqueous electrolytes at a scan rate of 2 mV s, (b) Significant anodic potential window
enlargement by 0.9 V in 9 M NaTFSI electrolyte. Tafel analysis of V>CT, electrode in (c)
dilute [1 M NaTFSI, 1 M LiTFSI, 1 M Zn(TFSI); and 1 M Ca(TFSl),] electrolytes and (d)
concentrated [9 M NaTFSI, 21 M LiTFSI, 3 M Zn(TFSI); and 5 M Ca(TFSI)] electrolytes
performed at a current density of ~ 10 mA cm2.

role in influencing the

Water activity plays a critical

electrochemical stability window of aqueous electrolytes based on
the interplay between intermolecular association and ion-water
the potential difference
between oxygen evolution and hydrogen evolution is 1.23 V

interactions. Thermodynamically,
irrespective of pH of aqueous medium.*” However, kinetic factors
play an important role in affecting the reaction rates which
significantly enlarge the thermodynamic stability window of water
beyond 1.23 V. In the context of V,CT -aqueous electrolyte
interfaces, kinetics of irreversible anodic oxidation of V,CTy are
dominant over oxygen evolution reaction at anodic potentials. At
high salt concentration, the ESW of electrolyte can get enlarged by
25 mV based on thermodynamic factors. Thus, kinetic factors play
a significant role in expanding the potential window by 0.9 V in
WISE. Such kind of extended potential stability is either due to
formation of solid electrolyte interphase (SEl) or reduced water
activity. However, when switching from concentrated to dilute
medium, an expansion of the potential window was observed, but
the capacity fading of V,CTx MXene is not rapid, even after
operating in the anodic potential window. This is possibly due to
surface coverage of salt on V,CTx MXene in highly concentrated
medium, rather than permanent formation of stable SEl layer (Fig.

S13, ESIt).

To further understand the electrochemical kinetics of the
irreversible anodic oxidation reaction at the electrode-electrolyte
interface, LSV and Tafel analyses were performed in both dilute
and concentrated electrolytes. The stability window was
determined by recording the linear sweep voltammograms over a
potential range of -1.4 V to 0.2 V (vs Ag/AgCl) in 1 M NaTFSI and -
1.4V to 1.1 V (vs Ag/AgCl) in 9 M NaTFSI electrolyte, as shown in

Fig. 4a. The potential window operation of V,CTx MXene in 9 M

This journal is © The Royal Society of Chemistry 20xx

NaTFSl electrolyte extends to 2.5V (vs Ag/AgCl), a chagagteristic.af .
WISE.2L At overpotential, 1 >120 mV, coietibuiomn/ fomOeRer
cathodic reaction current becomes insignificant and thus reaction
kinetics is solely governed by the rate of anodic processes.
Tafel equation describes the irreversibility nature of the reaction
and two key parameters such as exchange current and Tafel slope
can be determined from the following equation.*®

n=a+blogi (7)
where ‘@’ is Tafel constant and ‘b’ is Tafel slope.
Tafel constant (a = (RT/anF)Inio, (where R is universal gas constant,
T is absolute temperature, ais transfer coefficient, n is the number
of electrons transferred, and F is Faraday constant = 96485 C mol
1) is used to extract the exchange current (i), which is a
characteristic parameter describes the rate of electrochemical
process at equilibrium. It depends on the nature of the electrolyte,
electrode-electrolyte interface, and temperature. Tafel slope (b =
RT/a.nF) signifies the sensitivity of reaction rate with overpotential
and determines the overpotential necessary for increasing current
(and hence reaction rate) by order of magnitude. At high salt
concentrations, enhanced anodic stability arises from prominent
interionic interactions relative to solvent-ion interactions,
imparting distinct physicochemical properties.*® The irreversible
anodic oxidation reaction (IAOR) exhibits a substantial increase in
overpotential going from dilute to concentrated electrolytes (Fig.
4b and S14, ESIT). The difference in the onset potential between 9
M and 1 M NaTFSl is 0.9 V at a current density of 1 mA cm2, while
the reduction reaction remains unaffected. The corresponding
Tafel plots exhibit a Tafel slope value of 47 mV dec! at an exchange
current density (jo) of 1.2 mA cm2 for 1 M and 89 mV dec! at an
exchange current density jo of 0.1 mA cm? for 9 M NaTFSI
electrolyte, respectively (Fig. 4c and 4d). The jo value decreased by
12-fold with an increase in the salt concentration from 1 Mto 9 M
NaTFSI. Thus, kinetics of irreversible oxidation of V,CT, MXene gets
suppressed significantly at high salt concentrations. Recently,
Vazquez et al., observed a similar kind of decrease in the exchange
current density (jo) value in the case of non-SElI forming 17 m
NaClO, electrolyte.>® The mechanism of sluggish water transport
within the double-layer structure limits hydrogen evolution
kinetics, thus extending the potential window of operation.
Similarly, in other concentrated [21 M LiTFSI, 3 M Zn(TFSl),, and 5
M Ca(TFSI);] electrolytes, their corresponding Tafel slopes (61, 40,
and 35 mV dec?) are larger than their counterparts of dilute
electrolytes [1 M LiTFSI, 1 M Zn(TFSl);, and 1 M Ca(TFSl),], which
signifies  sluggish (IAOR) in
concentrated electrolytes. The lower Tafel slope and the higher

irreversible anodic oxidation
exchange current density (jo) result in faster reaction kinetics.2° On
the other hand, the higher Tafel slope value with a small jo leads to
sluggish reaction kinetics at higher concentrations. Therefore, a
larger overpotential is required to achieve the current values
associated with the irreversible anodic oxidation process. Among
all four concentrated electrolytes (Li*, Na*, Zn?*, and Ca%*), Ca?*
showed the lowest jo value of 4*104 mA cm2 due to high enthalpy
of hydration and high charge density, whereas Na* showed a

comparatively higher jo (0.1 mA cm2) due to larger cation size and
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low enthalpy of hydration (Fig. S15, ESIt).5 52 These results
confirmed that the highly concentrated electrolytes effectively
inhibit parasitic anodic oxidation reaction of V.CT,, thereby
enabling an expanded anodic potential window of operation and,
performance. The
kinetics of dilute as well as

consequently, improving electrochemical
comparative electrochemical
concentrated regimes with their corresponding exchange current
densities are tabulated in Table S3 (ESIT).
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Fig. 5. Electrochemical performance of V,CT, MXene-based symmetric device in 1 M
and 9 M NaTFSI electrolytes. (a) Schematic representation of V,CT,/V,CT,
symmetric device in 1M (dilute) and 9 M NaTFSI (WiSE). Comparative cyclic
voltammograms of V,CT,//V,CT, symmetric device in (b) 1 M NaTFSI and (c) 9 M
NaTFSI electrolytes. (d) Cycling stability of V,CT,//V,CT, symmetric device in 9 M
WiSE over 10,000 cycles at a scan rate of 20 mV s-1. (e) Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of pristine and cycled V,CT, electrode
over 10,000 cycles in 9 M NaTFSI electrolyte.

MXene-based symmetrical devices operate below 1V due to
irreversible anodic oxidation of positive MXene electrode.?® Given
the extended anodic stability of the V,CTx in WISE, further
demonstration of voltage window of operation of symmetric
V,CT,// V.CTx device provides evidence for the practical high
voltage window of operation beyond 1.23 V. The V,CT,//V2CTx
symmetric device was fabricated by using V,CT, MXene as both
positive and negative electrodes in 1 M and 9 M NaTFSI
electrolytes (Fig. 5a). The symmetric device was operable in a
voltage window of 0.01 to 0.6 V in the case of 1 M dilute NaTFSI
electrolyte, which was also evident from the three-electrode
configurations (where the potential window of operation is -0.5 to
0.1V (vs Ag/AgCl) as shown in Fig. 5b. Similarly, the V,CT, electrode
showed a stable wide potential window of -0.9 to 0.9 V (vs
Ag/AgCl) in 9 M NaTFSI WISE. Therefore, it was expected to have
a voltage window exceeding 1 V for the symmetric device.
V2CT,//V2CTx symmetric cell showed a stable voltage window of
1.4 V at a scan rate of 5 mV s (Fig. 5¢). As the thermodynamic
water decomposition potential is 1.23 V, the extended voltage
window was attributed to the kinetic factors contributing to the
observed overpotentials of the irreversible anodic oxidation
reaction (IAOR).

Further, to investigate the long-term cycling stability of the
symmetric device in 9 M WIiSE, a cyclic voltammogram was
recorded at a scan rate of 20 mV s over 10,000 cycles. During
cycling, the capacity increased until 2,000 cycles, then decreased
until 5,500 cycles, and finally stabilized after 6,000 cycles. This
could be due to the inaccessibility of active sites of V,CTx MXene in

8|Page
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the initial cycles, resulting from the restacking of M¥ene layers,
During continuous charge-discharge cycles, theeléttPed e actieves2r
redox-active accessible surface area due to the intercalation of
ions into MXene interlayer spaces. After the interlayer activation
of the MXene surface area, the device showed a capacity retention
of 62% with 99% of Coulombic efficiency throughout 10,000 cycles
(Fig. 5d). Wei et al. observed a similar trend in CoSe,/ZnSe
TisC,Tx MXene 2D
(CoSe,/ZnSe@MX), where the capacity was increased up to 300

composites nano-confined in sheets
charge/discharge cycles at 1 A gl In contrast, the electrode
without MXene confinement exhibited an inferior long-term
cycling stability, which indicates the improved ion accessibility of
MXene over continuous charge/discharge cycles.>3 Recent MXene-
based studies have improved cycling performance mainly through
binder-free three-dimensional thick electrode designs (71.5%
retention over 1000 cycles), interfacial hydrogen-bond
engineering of Ti3C,Tx MXene with carbon felt (81.8% after 5000
cycles), or artificial redox activation via low-valence Zn injection
into Ti3C,Tx. Unlike these structurally or chemically engineered
systems, the present V,CT,//V,CT, symmetric device achieves
long-term stability based on its intrinsic material properties.>4-56
To examine the modification of the electrolyte after cycling over
10,000 cycles, Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) spectra were recorded before and after the
cycling test. The characteristic O-H stretching and fingerprint
region remain unaffected, which clearly indicates there is hardly
any modification in the WiS (9 M) NaTFSI electrolyte (Fig. S16, ESI
t). Additionally, ATR-FTIR spectra were recorded to examine any
modification in the electrode after 10,000 cycles. The electrode
was washed and dried properly after long-term cycling stability
test. The spectra were recorded to examine the confined water
region (4000-1400 cm) and fingerprint region (1400-450 cm™) of
the pristine and cycled electrode. As this technique is sensitive to
surface functional groups, there is a slight shift in the confined
water region of cycled electrode compared to that of pristine
electrode. Similarly, surface functional group bonds such as C-O,
O-H, and C-F in the fingerprint regions are shifted from 1554, 1393,
and 1007 cm™ to 1550, 1382, and 1003 cm, indicating a negligible
change in bond strength. The relative intensity of absorption peaks
in the cycled electrode was possibly reduced due to the deposition
of glass microfibers from the separator.®”

There are a few key aspects of the current work that are worth
mentioning. MXenes are known to exhibit proton-induced
pseudocapacitive behavior but suffer from irreversible anodic
oxidation at anodic potentials. Unlike the previous reported
literature, the study demonstrated the hidden
pseudocapacitance of vanadium carbide MXene in the otherwise

current

forbidden anodic potential window. Thanks to suppressed water
activity at high salt concentration, that enabled not only expansion
of anodic potential window but also unlocking the redox chemistry
of V3*/V* couple. Such kind of observation is demonstrated in
various monovalent and divalent metal-ion based concentrated
electrolytes. This study opens new avenues for the exploration of
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MXene-concentrated electrolytes to unravel fundamental charge
storage processes for enabling the design of safe and high-
performance aqueous energy storage devices.

Conclusions

In summary, the anomalous pseudocapacitance of V,CT, MXene
was unlocked through the deployment of water-in-salt (WiS)
electrolytes. Traditionally, V,CTxMXene suffers from limited
charge storage capacity and anodic potential window of operation,
besides the poor electrochemical stability in dilute aqueous
electrolytes. Thanks to the suppressed water activity at high
concentration, which not only unlocked the forbidden
V34 redox chemistry but also enlarged anodic potential window
of V,CTy MXene up to maximum of 0.8 V in both mono and
divalent-based concentrated electrolytes. 3D Bode analysis further
confirmed distinct charge storage dynamics of V,CTx MXene-
concentrated electrolyte interfaces, unlike the traditional double-
layer characteristics of their dilute electrolyte counterparts. The
key electrochemical kinetic parameter, exchange current density
was found to be at least an order of magnitude lower for the
concentrated electrolyte interfaces in comparison to dilute
electrolyte interfaces, which suppressed the rate of irreversible
oxidation of V,CT, MXene through ion-water strong interactions.
This study opens new avenues for the exploration of MXene-
concentrated aqueous electrolytes for the design of high-voltage,
safe, and environmentally benign energy storage devices.
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