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ABSTRACT

MXenes have shown record-breaking redox capacitance in aqueous electrolytes, but in a limited voltage window due to oxidation
under anodic potential and hydrogen evolution under high cathodic potential. Coupling TisC>Tx MXene negative electrode with
RuO:. or carbon-based positive electrodes expanded the voltage window in sulfuric acid electrolyte to about 1.5 V. Here, we present
an asymmetric pseudocapacitor using abundant and eco-friendly vanadium doped MnO: as the positive and TizC,Tx MXene as the
negative electrode in a neutral 1 M Li.SO, electrolyte. This all-pseudocapacitive asymmetric device not only uses a safer electrolyte
and is a much less expensive counter-electrode than RuO,, but also can operate within a 2.1 V voltage window, leading to a maximum
energy density of 46 Wh/kg. This study also demonstrates the possibility of using MXene electrodes to expand the working voltage

window of traditional redox-capable materials.
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1 Introduction

The demand for safe, efficient, and environmentally friendly
electrochemical energy storage devices has led to extensive
research into supercapacitors (SCs) because of their high-power
density, rapid charge and discharge rates, and long cycling
stability [1-4]. Most common carbon-based electrochemical
double-layer capacitors (EDLCs) have low energy density
resulting from their electrostatic charge storage mechanism
[5-8]. One approach to increase the energy density is to take
advantage of pseudocapacitive materials, which store charge
by reversible surface redox reactions [9-13]. The most widely
used active pseudocapacitive materials are transition metal
oxides [14-19], and conducting polymers [20-23]. Among
these electrode materials, MnO: is desirable for supercapacitor
applications because it has a high theoretical capacitance,
coupled with its abundance, low cost, and sustainable production
[24-26]. However, most efforts have been primarily devoted
to improving the performance of MnO; as an anode material,
while finding a suitable pseudocapacitive cathode material that
matches well with MnO: has not yielded promising candidates.
For a cathode to be suitable for use with a MnO: anode, it should
be stable under negative potentials in a neutral electrolyte. Metal
oxides and activated carbons are frequently used as matching
negative materials in asymmetric pseudocapacitors with MnO,
[27-29]. Nevertheless, metal oxides suffer from poor cycling
stability and low electronic conductivity, limiting the power

density and cyclability of SCs [7]. Activated carbons are highly
conductive and can steadily operate under a wide voltage
window, but their capacitance is significantly lower than that
of MnO:, owing to the EDLC charge storage mechanism and
low density leading to moderate volumetric performance [30].
From this viewpoint, coupling MnO: with a suitable negative
material that operates in a neutral electrolyte and has a high
volumetric capacitance under negative potential could lead to
safe and efficient energy storage devices.

MXenes are a large class of two-dimensional (2D) transition
metal carbides, nitrides and carbonitrides, which demonstrate
great potential as promising cathode materials for SCs. Their
high conductivity ensures rapid electron transfer, large available
surface area offers numerous ion accessible diffusion channels,
and the abundant surface functional groups enable fast reversible
redox for enhanced energy storage [31, 32]. As the first reported
and most extensively studied MXene [33], titanium carbide
(TisCoTx; Tk refers to the surface terminations such as F, OH,
and O) [34] is useful in a variety of applications including
supercapacitors [35-38] and lithium-ion batteries [39-43].
Ti;C.Ts, like MnO,, is synthesized from abundant, low-cost
materials, and can be scalably produced [44, 45]. The Ti;C,Tx
vacuum-filtered films exhibit a high metallic conductivity,
exceeding 10,000 S/cm in thin films, with a packing density
of ~ 4 g/cm’, leading to a high rate capability and remarkable
volumetric capacitance (1,000-1,500 F/cm?®) [38, 46, 47]. For
example, Ti;C,Tx hydrogel exhibited a capacitance of 380 F/g
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in 3 M HaSO4 up to —1.1 V vs. Hg/Hg:SO4 [47]. Considering this
development, several asymmetric SCs were assembled using
Ti;C.Tx negative electrodes and conducting polymers or RuO.
positive electrodes using acidic electrolytes [16, 19, 48, 49].
However, the operating voltage of these devices is limited to
~ 1.5V due to the low overpotential for the hydrogen evolution
in acidic electrolyte [16]. In this context, a neutral electrolyte
can effectively broaden the working voltage window, and further
improve the energy density.

Herein, we present an asymmetric pseudocapacitor with
vanadium doped MnO: (V-MnO:) as the positive electrode,
Ti;C, Ty as the negative electrode, and Li-SOx as the electrolyte.
The V-MnO: was chosen due to significant enhancement of the
electronic conductivity of MnO; after V doping, as we previously
demonstrated [50]. As expected, this asymmetric SC exhibits
a high operating voltage of 2.1 V with a corresponding energy
density of 46 Wh/kg.

2 Results and discussion

Figure 1 illustrates the design of the asymmetric supercapacitor
with V-MnO:; and Ti;C. T as the positive and negative, respec-
tively. Hydrothermal synthesis of V-MnO: followed previous
work using NHsVOs as the dopant (Fig. 1(a)) [50]. TisC.Tx
was synthesized using the HF/HCI method (Fig. 1(b)) [49].
Figure 1(c) displays the voltage windows of V-MnO, and
Ti;C, T, tested in a three-electrode system in LixSO4. The wide
range of operating voltage windows shows the potential
in using these materials for asymmetric devices. Figure 1(d)
is the schematic representation of the all-pseudocapacitive
asymmetric device where Ti;C,Tx and V-MnO: are the negative
and positive, respectively.

The morphologies of these materials were investigated by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM and TEM images of TisC.Tx
show the 2D morphology of this material (Figs. 2(a) and 2(b)).
The cross-section image of Ti;C,T» nanosheets in the assembled
free-standing film demonstrates a stacked structure (Fig. 2(c)).
The TEM image of V-MnO. shows a nanoflower morphology
composed of nanosheets (Fig. 2(d)) and the high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) mapping indicates that V is uniformly distributed
in this sample (Fig. 2(e)). The phase composition of these
samples was characterized using X-ray diffraction (XRD). As
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shown in Fig. 2(f), the XRD pattern of the MXene indicates
pure TisC.Tx phase without any MAX residue [44]. The XRD
pattern of V-MnO, sample reveals tetragonal phase a-MnO,
(JCPDS-44-0141) [50]. V doping significantly altered the
morphology and supported the tunnel structure of MnO:
and improved the electrical conductivity. The a-MnO, model
with (2 x 2) tunnels was employed for the crystal structure of
V-interstitial a-MnO. (Fig. S1 in the Electronic Supplementary
Material (ESM)). Moreover, the Raman spectrum of V-MnO,
shows a Raman band at 637 cm™, suggesting a tetragonal
structure with an interstitial space consisting of (2 x 2) tunnels
from the a-MnO, phase (Fig. S2 in the ESM) [50]. Fourier
transform infrared (FT-IR) spectra of these two materials
are presented in Fig. 2(g). The FT-IR spectrum of V-MnO:
nanosheets shows broad bands at 3,460 and 1,647 cm™ that
are assigned to the stretching and bending vibrations of H,O.
Various bands from 400 to 800 cm™ are attributed to the
Mn-O bonds [50]. As can be seen from the FT-IR spectrum of
Ti;C. Ty, the band at 1,657, 1,465 and 1,086 cm™ is attributed
to C=0, O-H and C-F, respectively, related to the surface
functionalization of Ti;C.Tx [51]. In addition, X-ray photo-
electron spectroscopy (XPS) was employed to study the chemical
composition of as-prepared samples (Figs. S3 and S4 in the
ESM). As shown in Figs. 2(h) and 2(i), the peaks at 455.7 and
457.2 eV in the Ti 2p spectrum of Ti;C.T. are assigned to
Ti-C, and C-Ti-O, respectively [52]. The peaks at 517 and
524.2 eV in the V 2p spectrum of V-MnO: are assigned to the
V 2psi2 and V 2puj, suggesting successful V-doping [50].

The electrochemical performance of these two materials
was evaluated in a three-electrode configuration using Li>SO4
as the aqueous neutral electrolyte. The cyclic voltammetry
(CV) curves of TisC,Tx film in 1 M LixSOsaqueous solution
could operate in a wide negative potential range from —1.2 to
0.2V (vs. Ag/AgCl). The CV curves show a pair of weak redox
peaks around —0.6 V (vs. Ag/AgCl) due to the reversible
intercalation/deintercalation of Li* (Fig. 3(a)). The galvanostatic
charge—discharge (GCD) profiles of Ti;C,T: exhibited a triangular
shape with Coulombic efficiencies of nearly 100% from 1 to
20 A/g current density, suggesting highly reversible capacitive
behavior (Fig. 3(b)). The specific capacitance of this film was
273 F/g at 5 mV/s. Increasing the scan rate to 500 mV/s, a
specific capacitance of 155 F/g was maintained, illustrating
a high-rate capacity of Ti;C.Tx (Fig. 3(c)). It can be further
improved by optimizing the electrode architecture [32, 53].
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Figure 1 Fabrication process of V-MnO: and TisC.Tx MXene and schematic illustration of the all-pseudocapacitive asymmetric supercapacitor. (a) and
(b) Synthesis scheme of V-MnO: and Ti;C.Tx MXene. (c) The working potential window of Ti3C,Tx and V-MnO: in a three-electrode aqueous electrolyte
system. (d) Schematic representation of all-pseudocapacitive asymmetric supercapacitor in which V-MnO: and TisC, T serve as the positive and negative

electrode, respectively.
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Figure 2 (a) The TEM images of TisC.Tx MXene. (b) The high-resolution cross-section TEM image of TisCoT» MXene. (c) Cross-sectional SEM image

of TisC.Tx film. (d) TEM image of V-MnO. (e) The HAADF-STEM mapping of V-MnO:. (f) The XRD patterns of TisC,Tx film and V-MnO: powder.
(g) FT-IR spectra of Ti;C,Tx and V-MnO:. (h) and (i) High-resolution Ti 2p and V 2p XPS spectra of Ti;C,Tx and V-MnO, respectively.
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Figure 3 CV curves (a), galvanostatic charge-discharge (b), and specific capacitance at different scan rates (c) of TisC.Tx. CV curves (d), galvanostatic
charge-discharge (e), and specific capacitance at different scan rates (f) of V-MnO,/CNT. The electrolyte is 1 M LizSOa.

The V-MnO:; based electrode was prepared by mixing V-MnO;
(70 wt.%) and carbon nanotube (30 wt.%, CNT) in 50 mL DI
water, followed by 1-h ultrasonication and a vacuum filtration
process to obtain a free-standing hybrid film (V-MnO,/CNT).
The cross-section SEM image of V-MnO,/CNT film with a
thickness of 20 pm is presented in Fig. S5 in the ESM. The
electrochemical performance was also measured in three-
electrode cell with 1 M Li,SOs. The V-MnO,/CNT positive
demonstrated reversible capacitive behavior from —0.1 to 0.9 V
(vs. Ag/AgCl) as well as triangular GCD profiles (Figs. 3(d) and
3(e)). The specific capacitance of V-MnQO,/CNT at a 5 mV/s

scan rate is 414 F/g, and reduces to 136 F/g when increasing
the scan rate to 500 mV/s (Fig. 3(f)). These results show that
the V-MnO,/CNT and Ti;C,Tx are well-matched negative and
positive electrodes in a Li>SOx electrolyte.

We constructed an asymmetric supercapacitor using
V-MnO./CNT as the positive electrode and Ti;C, T, film as
the negative electrode. A plastic Swagelok cell was used as the
testing setup for all electrochemical measurements (Fig. S6 in
the ESM). According to the CV test results in the three-electrode
configuration, the Ti;C.Tx and V-MnO: based electrodes exhibit
a stable potential window between —1.2 and 0.2 V and between
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-0.1 and 0.9 V (vs. Ag/AgCl), respectively. Because of the
individual positive and negative potential windows, the
operating voltage of this asymmetric SC cell is expected to
extend to 2.1 V. As shown in Fig. 4(a), the asymmetric SC
device demonstrated a stable electrochemical voltage window
of 2.1 V without any water splitting peaks (Fig. S7 in the ESM).
As far as we know, 2.1 V is the highest voltage of MXene devices
in aqueous electrolytes. The CV curves of this device exhibited
rectangular shapes at all measured scan rate, with a weak pair of
redox peaks at 1.5-1.8 V, representative of the capacitive behavior
with fast charge and discharge characteristics (Fig. 4(b)). The
remarkable electrochemical performance was further studied
by the GCD profiles, showing a linear relationship of charge/
discharge voltage with time (Fig. 4(c)). The maximum specific
capacitance of this cell is 76 F/g based on the total mass of
V-MnO:; and TisC, T, at a scan rate of 5 mV/s (Fig. 4(d)). This
device retained 53% of its capacitance when the scan rate was
increased from 5 to 200 mV/s.

To understand the electrochemical behavior of this device,
we separated the contributions to the charge storage of the
diffusion controlled and surface controlled processes [54]. As
shown in Fig. 4(e), the calculated surface-capacitive contribution
is ~ 79% of the total charge storage at 5 mV/s, revealing the main
capacitive behavior of this device for charge storage (Fig. 4(e)).
The surface-capacitive contribution gradually increased when
increasing the scan rate (Fig. 4(f)). Electrochemical impedance
spectroscopy (EIS) measurements were conducted to detect
the electrochemical behavior of the device. The Nyquist plot

Nano Res. 2022, 15(1): 535-541

of this device shows a nearly vertical line at low frequency,
suggesting primarily capacitive behavior. The diameter of the
quasi-semicircle at high frequency with a resistance of 2.8 Q
indicates the fast charge transfer in the device (Fig. S8 in the
ESM). The real (C') and imaginary (C") capacitances of this
device were extracted from the EIS spectra and plotted as a
function of frequency (Fig. 4(g)). The relaxation time constant
(70) of this asymmetric SC was calculated to be 177 ms. This
device delivers an energy density of 46 Wh/kg. This value is
higher than the reported MXene based asymmetric SCs such
as MXene-RuO: (29 Wh/kg), MXene-conducting polymer
(17 Wh/kg), and rGO//Ti;C,T. with LiBr additive (34.4
Wh/kg) [10, 13, 19], and MnO: based asymmetric SCs such as
MnO,/CNTs/graphene//CNTs/AC (29 Wh/kg), PANi/CNTs/
graphene//graphene (41.5 Wh/kg), MnO./CNTs//CNTs
(42 Wh/kg), and MnO.//CNTs (47.4 Wh/kg). Even at the power
density of 3.2 kW/kg, this cell still released an energy density
of 36 Wh/kg. These results show that MXenes are promising
cathodic materials, and have the potential to replace carbon-
based materials for high-energy asymmetric SCs. The cycling
stability is another key factor to evaluate the practical potential
of this device. The long-term cycling performance of the
asymmetric SC device was investigated, as shown in Fig. 4(i).
The asymmetric SC achieved a specific capacitance retention
of 88.6% after 10,000 cycles at 50 mV/s, indicating the stable
nature of both the positive and negative. Moreover, the Coulombic
efficiency of this device maintained nearly 100% during the
cycling test.
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(a) CVs of TizC.Tx, V-MnO,/CNT, and Ti;C,T«//V-MnO,/CNT based asymmetric devices at a scan rate of 10 mV/s. (b) CVs of Ti;C.Tx//V-MnOa/

CNT asymmetric device at different scan rates. (c) Galvanostatic charge-discharge curves of asymmetric device at different current densities. (d) Specific
capacitance of asymmetric device at different scan rates. (e) The capacitive controlled within tested device at 5 mV/s. (f) The contribution of capacitive
and diffusion-controlled current at different scan rates. (g) Normalized real (C’) and imaginary (C") parts of capacitance vs. frequency of the device.
(h) Ragone plot displaying a real energy and power densities of TizCoT+//V-MnO»/CNT asymmetric device. (i) Cycling stability and Coulombic efficiency
of the asymmetric device over 10,000 cycles in 1 M Li>SOx electrolyte at a scan rate of 50 mV/s.
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3 Conclusion

In conclusion, an asymmetric supercapacitor was successfully
assembled using a MXene-based negative and V-MnO,-based
positive and tested in Li-SOx electrolyte. This device exhibited
an expanded operation voltage window of 2.1 V, resulting in a
maximum energy density of 46 Wh/kg. This device still delivered
a high energy density of 36 Wh/kg at a power density of 3.2 kW/kg.
Additionally, this cell demonstrated a good cycling stability with
a capacitance retention of 92% after 5,000 cycles. This study
establishes the possibility of using asymmetric MXene-based
hybrid devices to expand the working voltage window of
traditional redox-capable materials in aqueous electrolytes.

4 Experimental section

41 Synthesis of TisC.Tx MXene

Ti;C.Tx MXene was synthesized following previously reported
procedure [49]. 60 mL of 12 M HCI (Sigma Aldrich), 50%
HF (Acros), and deionized (DI) water in a volumetric ratio
of 6:1:3, respectively, was prepared as the etchant. 3 g T1:AlC,
MAX powder with mesh size < 40 um (Carbon-Ukraine, Kiev,
Ukraine) was slowly added into the etchant solution, and
stirred on a hot plate at 35 °C for 24 h. The multilayer (ML)
Ti;C.T» MXene was washed with DI water by centrifugation
at 3,500 rpm until a pH of = 6 was reached. Then, the ML
Ti;C,Tx was delaminated using 3 g of LiCl (Sigma Aldrich) in
50 mL of DI water and stirred for 4 h. This mixture was then
repeatedly washed with DI water and then centrifuged at
3,500 rpm for 10 min cycles. After each cycle, the supernatant
(if clear) was discarded, and the sediment was redispersed in
fresh DI water. Once the supernatant was black, the mixture
was then centrifuged for 1 h at 3,500 rpm, with the resultant
supernatant discarded and the sediment redispersed in fresh
DI water. After 6 cycles of 1 h, the mixture was then centrifuged
for 10 min, with the resultant black supernatant collected. The
decanted suspension was then vacuum filtered on a Celgard
membrane to get the free-standing Ti:C. T film which was used
as the cathode/negative electrode.

4.2 Synthesis of the V-MnO: electrodes

V-MnO: was prepared following our previous report [50].
MnSO4+H,O, (NH,):SOs and (NH,),S5:0s (Sinopharm Chemical
Reagent, China) were added into 40 mL deionized water in
a 1:2:1 molar ratio, respectively. Then, 0.5 mmol NH,VO;
(Sinopharm Chemical Reagent, China) was added in the
solution and stirred for 10 min at room temperature. After
that, the solution was placed in a 50 mL stainless steel Teflon
lined autoclave and treated hydrothermally at 140 °C for 12 h.
After filtration and washing with deionized water 5 times, the
resulting precipitate was dried at 80 °C under vacuum for 12 h,
resulting in the V-doped a-MnO.. The anode/positive composed
of 70 wt.% V-MnO: powder and 30 wt.% CNT (Blue Nano,
China). The solution (V-MnO- + CNT + DI water) was carried
out by 1 h bath sonication followed by filtration and washing
several times with deionized water. The resulting precipitate was
dried at room temperature to obtain the free-standing films of
the V-MnO.,-CNT electrode with the thickness of 20 um.

4.3 Characterization

The microstructural properties of the electrode materials were
characterized by XRD using Cu Ka radiation (A = 1.5418 A,
Philips X’ Pert Pro), field-emission SEM (FE-SEM, FEI Nova
450 Nano, 10 kV), TEM (HRTEM, TITAN, G2 60-300, 300 kV,
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equipped with an EDS detector, and XPS (AXIS-ULTRA
DLD-600W). Infrared spectroscopy (IR) of the materials was
performed on a VERTEX 70 (Bruker) FT-IR spectrometer over
the wavenumber range of 400-4,000 cm™ with KBr pelletisation.
Raman analysis was performed on a LabRAM HR800 (Horiba
Jobin Yvon) with a 532 nm illuminant.

4.4 Electrochemistry

The electrochemical performance of the devices was carried out
using cyclic voltammetry, galvanostatic charging/discharging,
and electrochemical cycling on a VMP300 electrochemical
workstation (BioLogic, France). For all electrochemical
measurements, the testing setup was a plastic Swagelok cell. In
a three-electrode setup, TiC.Tx and V-MnO,/CNT were used as
the working electrode, over-capacitive activated carbon films
(= 100 pm, YP-50, Kuraray, Japan) were used as the counter
electrode, and Ag/AgCl was used as the reference electrode.
In an asymmetric device, TisC.Tx was used as the negative and
V-MnO,/CNT was used as the positive electrode. For these tests,
glassy carbon electrodes were used as current collectors and
a polypropylene membrane (Celgard, USA) was used as the
separator. The gravimetric capacitance (Cy, F/g) values were
calculated using the following equation

1
=——[idV
Cg Vmuo f
where i is the current (mA), V is the potential window (V), v is
the scan rate (mV/s), and m is the mass of the active material
(mg), for two-electrode configuration (device measurements),
and m is the mass of the active electrode materials in both
electrodes (mg).
Gravimetric energy and power densities were calculated using

the following equations

1

E =—[ivdt
g ml’
E
P :7g
g At
where m is the mass of the active electrode materials in both
electrodes (mg), and At is the discharge time.
Impedance spectra: The real (C’) and imaginary (C") parts
of capacitances were calculated using the following equations

j— 7Z"
2nfA| Z[!

’

p— _Z’
2nfA| Z[!

"

"

where |Z| is the absolute value of impedance (Q), Z' and Z
are the real and imaginary components of impedance; f is
the frequency (Hz); A is the geometrical footprint area of the
device.

In the manufactured devices, we further quantified the
capacitive contribution to the total current using the following
relationship

i(V) = kv + k"

where v is the scan rate (mV/s), and kv and k2v"® represent
the currents from surface capacitance contribution and the
diffusion-controlled Faradaic processes, respectively. So, ki and
kz can be derived from the linear plot of i(V)/v** vs. v** with
different scan rates.
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