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In this study, two-dimensional V2CT[42_TD$DIFF]x MXene has been prepared by selectively etching Al layers from
V2AlC MAX phase by NaF+HCl etching at 90 �C for 72h and its performance as supercapacitor (SC)
electrode were tested using simulating seawater as electrolyte. V2CT [42_TD$DIFF]x MXene-based electrodes shows
a good capacitance of 181.1 F/g, which is in accordance with the volumetric specific capacitance of
317.8 F/cm3, and with 89.1% capacitance retention even after 5000 cycle. Compared with other MXenes,
V2CT [42_TD$DIFF]x have better electrochemical performance as SC electrode. This work provides an innovative
strategy to apply V2CT [42_TD$DIFF]x MXene as SC electrode in safety and effective seawater electrolyte.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Recently, a new family of 2Dmaterials, namedMXenes [1], have
exhibited various unusual properties compared to previously
reported 2D materials like MoS2 [2–4], graphene [5–8], and
phosphorene [9]. These MXenes are synthesized by selective
removal of the A layers from a laminar MAX phase material with
the structural formula Mn+1AXn, where M is an early transition
metal, A is mostly IIIA- and IVA-group elements, X is carbon and/or
nitrogen, and n =1, 2 [45_TD$DIFF]or 3 [10,11].

Generally, MXenes were under investigation as electrode
materials in lithium-ion batteries (LIB) [12,13] and supercapacitors
(SCs) [14–18], because of the unusual properties ofMXenes, such as
high specific surface area, excellent conductivity and good
hydrophilicity [1,19]. Recently, compared with LIBs, SCs have
received considerable and growing attention due to their faster
charge/discharge rates, high power densities, long cycle lives, and
superior reliability [20–26]. Generally, mass capacitance is used to
evaluate SC electrode. However, with the increasing requirement
for portable energy storage devices, the volumetric capacity is an
important parameter for SCs, also [27]. MXenes are being studied
as electrode materials in SCs [28,29] with superior volumetric
capacitance than carbonaceous electrodes [16,30].

At present, around twenty MXenes, such as Ti3C2T[46_TD$DIFF]x, Ti2CTx, and
Nb2CTx (the Tx represents surface termination groups, such as�OH,
��F [47_TD$DIFF]and ��O) were synthesized successfully and widely used as
electrode materials for energy storage [31–33]. Recently, Ghidiu
et al. synthesized a clay-like titanium carbide MXene with high
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volumetric capacitance of 900 F/cm3 (245F/g) at a scan rate of
2mV/s in 1mol/L H2SO4 electrolyte [30]. Shen et al. prepared a
Ti3C2T[42_TD$DIFF]x MXene film electrode by a vacuum-filtrating method
exhibited volumetric capacitance of 49.6 F/cm3 (0.63 A/cm3) in
1mol/L H2SO4 electrolyte [18]. Lukatskaya et al. reported Ti3C2T [42_TD$DIFF]x
MXene electrodes with volumetric capacitance of 340 F/cm3 (100
F/g) in 1mol/L KOH electrolyte at a scan rate of 20mV/s [16]. The
previous exploration of MXene mainly focused on Ti3C2T [42_TD$DIFF]x MXene-
based electrodematerials. However, there are few reports on V2CT [42_TD$DIFF]x
MXene as electrode materials for SC applications. Based on
theoretical calculation, V2CT[42_TD$DIFF]x has better electrochemical perfor-
mance thanotherMXenes [34], and this theoreticalpredicationwas
confirmed by experimental results [35,36]. V2CT [42_TD$DIFF]x as one of the
promisingelectrodematerials for energy storagesdue to theunique
properties, such as (1) Vanadium is a relatively light atomamongall
transition metals; (2) Compared with Ti3C2T[48_TD$DIFF]x, V2CTx MXene has
thinner layer thickness, which leads to a faster ion diffusion rates;
(3) V2CT[42_TD$DIFF]x is likely to possess the pseudocapacitive behavior due to
the multiple valences of vanadium element.

As LIB anode, V2CT[42_TD$DIFF]x has excellent performance to adsorb and
store Li ion [36]. Besides Li ion, it was also reported that V2CT [42_TD$DIFF]x
theoretically has excellent performance to adsorb and store K and
Na ions [37–39]. Therefore, V2CT [42_TD$DIFF]x should have excellent perfor-
mance as electrode of SC in an electrolyte solution containing K+ or
Na+ ions. Shan et al. reported a flexible V2C film in 1mol/L KOH
electrolyte that exhibited a high specific capacitance of 184 F/g
[40]. However, most of the electrolyte solutions uses in SCs are
consisting of inorganic chemicals like KOH andH2SO4 or dangerous
toxic organic, thus causing environment problem. Moreover,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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organic electrolytes prices in present scenario are comparatively
expensive. An aqueous electrolytes based on Na+, K+ andMg2+ salts
provide low ionic resistivity, fast ion transportation, and hence, can
impart safety and economic benefits to SCs [41]. In general, Na+

ions are abundantly available on earth; therefore, they can be easily
obtained from the seawater, which, in fact, contains 0.46mol/L of
NaCl [42]. The SC fabrication process in the simulating seawater
solution as the electrolyte solution can be easier and cheaper due
to its abundance, electrochemical stability, and environment-
friendly character. Herein, we report simulating seawater arbitrat-
ed V2CT [49_TD$DIFF]x MXene-based SCs with high volumetric capacitance and
good cycling stability. The newmember ofMXene, V2CT [42_TD$DIFF]xMXene, as
promising electrode materials for SC, exhibited wider potential
window and higher specific capacitance than other MXenes.
However, the V2CT[42_TD$DIFF]x MXene often shows unsatisfactory stability in
strong alkaline or acidic electrolytes. Hence, we report simulating
seawater arbitrated V2CT [42_TD$DIFF]x MXene-based SCs with high specific
capacitance and good cycling stability.

The composition and microstructure of synthesized V2CT [42_TD$DIFF]x
MXene are shown in Fig. 1. Fig. 1a is the XRD patterns of V2AlC
before and after NaF+HCl etching. After etching, almost all peaks
belong to V2AlC disappear. The new peak with 2u =8.06� is belongs
to V2CT[42_TD$DIFF]xMXene. Agreewith previous work, the V2CT [42_TD$DIFF]xmade by this
method is highly pure [43]. In particular, in this study, the
traditional HF solution exfoliation was replaced by NaF+HCl
etching due to HF has strong causticity and toxicity, and it is
easily to damage the structure of MXene. Therefore, NaF+HCl as
milder etching solvent was used to etched V2AlC. In addition, from
others research, it was noticed that Ti3C2 etched by fluorine salt
with HCl has much better electrochemical performance as SC
electrodes than that etched by HF solution.

The SEM image of V2CT [42_TD$DIFF]x sample is shown in Fig. 1b. The sample
presents a multi-slice layered structure, which is the typical
“accordion” structure of MXene. The inset of Fig. 1b is the TEM
image of a fully exfoliated V2CT [42_TD$DIFF]x flake, shows a typical 2D structure
with a large area and small thickness. The edge of the flake has
significant curl, indicating that the V2CT [42_TD$DIFF]x flake is very thin and has
a certain toughness. The AFM image of V2CT [42_TD$DIFF]x flakes is shown in
Fig. 1c. The thickness of V2CT[42_TD$DIFF]x nanosheets is measured to be 1.7 nm
(mono-layer) or 3.4 nm (double layer). The thickness is very close
the thickness of Ti3C2 mono-layer (1.6 nm) measured by AFM
reported by Lipatov et al. [44 [50_TD$DIFF]]. Thus the V2CTx sheets shown in
Fig. 1c are mono-layer or few-layer MXene. Such a layered
structure could be advantageous to the electrolyte penetration and
electron transfer of V2CT[42_TD$DIFF]x electrode.

The N2 adsorption-desorption isotherms of this V2CT[42_TD$DIFF]x (not
shown for concise) is very similar with that in our previous work
[45]. The Brunauer-Emmett-Teller specific surface area (SSA) was
estimated to be 19.3m2/g. Based on the isothermal and SSA, the
V2CT[42_TD$DIFF]x sample had openpore structure and high surface area, which
could benefit to its electrochemical performance, as the pore
[(Fig._1)TD$FIG]

Fig. 1. (a) XRD patterns of V2AlC and V2CT[42_TD$DIFF]x. (b) SEM and TE
channels facilitate rapid electrolyte diffusion to the surface of the
active material. To understand the chemical nature of V2CT[42_TD$DIFF]x
MXene, the photoelectron spectroscopy (XPS) spectrum of V2CT[42_TD$DIFF]x
MXene were provided in our previous report [36]. From the XPS
results, themain ingredients of tested samples can be concluded as
V2CT [42_TD$DIFF]x MXene with F/PH/O functional groups. Meanwhile, the XPS
results show higher C concentration than the supposed concen-
tration, which leads to better conductivity, further improve the
electrochemical performance.

Fig. 2a shows the CV curves of V2CT [42_TD$DIFF]x-based electrode. In Fig. 2a,
the [51_TD$DIFF]shapes of the CV curves are nearly the ideal rectangular shapes,
indicative of good cyclic stability. As the scan rate is increased,
meanwhile CV profiles still retain a relatively rectangular shape
without obvious distortion, exhibiting excellent high rate perfor-
mance. All CV curves indicate the electrode of V2CT [42_TD$DIFF]x possess the
excellent conductivity and have good interfacial contact with the
electrolyte, which provide fast ion transport channels for the
simulating seawater electrolyte.

Fig. 2b shows the GCD curves of the V2CT[42_TD$DIFF]x electrode in the
potential range of �0.8V to �0.3V at current density from 0.2A/g
to 3A/g. In the figure, the nonlinear GCD curves without a plateau
show that V2CT [42_TD$DIFF]x stores charge pseudocapacitively. At low current
density, the GCD curve of V2CT [42_TD$DIFF]x electrode (Fig. S1 in Supporting
information) presents mixed electrical double-layer capacitor
(EDLC) and pseudocapacitor behaviors, starting with an EDLC
symmetric charge/discharge curve followed by pseudocapacitor
discharge status [46]. This is attribute to large surface area of V2CT[42_TD$DIFF]x
MXene electrode could produce a significant EDLC capacitance,
especially for the highly porous MXene electrode. Thus, the
potential rapidly drops by its EDLC capacitive dischargefirst during
the discharge process, followed by the phase transformation
plateau with an extended discharge time due to the electrolyte ion
diffusion into the inner pores of V2CT [42_TD$DIFF]x MXene for redox reactions.
However, with a large current density, the GCDs demonstrated
better symmetrymainly due to rapid charge and discharge reduces
the redox reactions during the discharge process.

The specific capacitance values calculated from the GCD curves
(Fig. 2b) at the current densities of 0.2, 0.5,1, 2 [45_TD$DIFF]and 3 A/gwere 181.1,
171.4, 91.3, 39.1 [52_TD$DIFF]and 11.8 F/g, respectively (Fig. 2c). The SC value
reached 181.1 F/g at the current density of 0.2 A/g, corresponding to
the volumetric specific capacitance of 317.8 F/cm3, significantly
superior than the values of Ti2CT [42_TD$DIFF]x (51 F/g at 1 A/g) electrodes in
literature [45]. Even further treatment and complex structurewere
made to improve the capacitance of Ti2CT[53_TD$DIFF]x or Ti3C2Tx, as-prepared
V2CT [42_TD$DIFF]x still has higher capacitance. Compared with previous
theoretical [34] and experimental work [43] on the properties
of V2CT[42_TD$DIFF]x as anode of Li-ion batteries, this work shows similar
results that V2CT[42_TD$DIFF]x have better electrochemical performance than
otherMXenes as SC electrode (Table S1 in Supporting information).
More research work need be done to understand why V2CT [42_TD$DIFF]x has so
better performance. For instance, Shan et al. tested the V2CT[42_TD$DIFF]x
M (inset b1) images of V2CT [42_TD$DIFF]x, (c) AFM image of V2CT [42_TD$DIFF]x.
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Fig. 2. (a) CV curves and (b) GCD curves of V2CT [42_TD$DIFF]x-based SC. (c) Comparison of the specific gravimetric capacitances and specific volumetric capacitances of the V2CT [42_TD$DIFF]x electrode
at different current densities. (d) Cycling performance and Columbic efficiency of the V2CT [42_TD$DIFF]x electrode at current density of 2 A/g.
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MXene in 1mol/L H2SO4 electrolyte exhibited very high specific
capacitance of 487 F/g at scan rate of 2mV/s [40]. A possible reason
should be because that V2CT [42_TD$DIFF]x’s adsorption energy of alkali metal
cation is higher than that of other MXenes [47]. In future work, full
cells need be fabricated and tested, which will help to show their
potential applications in energy storage field.

Electrochemical properties of the V2CT [42_TD$DIFF]x electrode was further
characterized by long-term cycling and Columbic efficiency test at
a current density of 2 A/g over 5000 cycles (Fig. 2d). The specific
capacitance value of the V2CT[42_TD$DIFF]x electrode slowly decreases for the
first 1400 cycles and stay stable for the next 3600 cycles with a
retention rate 89.1% over the 5000 cycles. This leads to a relatively
high Columbic efficiency at current density of 2 A/g after 5000
cycle of �95.7, which is comparable to those reported Ti3C2T [42_TD$DIFF]x
MXene and Ti3C2T [42_TD$DIFF]x/RGO composite based SCs [48], suggesting a
favorable structural soundness, chemical durability and environ-
mental prestige of the V2CT [42_TD$DIFF]x electrode in seawater electrolyte
system.

In conclusion, we have successfully produced V2CT[42_TD$DIFF]x MXene
with NaF and HCl solution at 90 �C for 72h. After ultrasonic
treatment, The V2CT [42_TD$DIFF]x nanosheets with high SSA (19.3m2/g) were
made. The V2CT[42_TD$DIFF]x MXene shows a typical “accordion” structure,
which is a very favorable microstructure as SC electrodes. The
electrochemical measurements show that the V2CT[42_TD$DIFF]x-based SC had
the volumetric specific capacitance of 317.8 F/cm3 at current
density of 0.2 A/g, and an excellent cycling stability, i.e., 89.1%
capacitance retention after 5000 cycles. From the comparisonwith
other MXenes, it was found that V2CT [42_TD$DIFF][9_TD$DIFF]x have better electrochemical
performance than other MXenes as SC electrode in seawater
electrolyte.
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