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The Li-ion hybrid capacitor (LIHC) is considered as a promising candidate for electrochemical energy
storage owing to the high energy and power density. However, the sluggish anodic reaction kinetics and
high reaction voltage greatly hinder the overall performance of LIHCs. Herein, a free-standing VN/MXene
composite anode with high specific capacity and low reaction voltage was prepared by a simple vacuum
filtration method. The obtained VN/MXene composite anode shows a high discharge specific capacity of
501.7 mA h gt at 0.1 A g~ and excellent rate capability (191.8 mA h gt at 5 A g7%), as well as much
extended cycling stability (1500 cycles at 2 A g~%). When combined with an egg white-derived activated
carbon (E-AC) cathode, the assembled LIHC delivers a high specific capacity of 59.1 F gt and a high
energy density of 129.3 W h kg~ with a power density of 449.7 W kg™, Even at a high current density of
5 A g7 the LIHC still maintains an exciting energy density of 4281 W h kg™ at 11249 W kg~
Meanwhile, the cycling life can be extended to 5000 cycles with a high capacity retention of 98% at
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Introduction

The Li-ion hybrid capacitor (LIHC) is the most promising elec-
trochemical energy storage device to simultaneously meet the
requirements of high energy density and excellent power
density."® Generally, a LIHC is composed of a battery-type
anode and a capacitive-type cathode, and the two electrodes
are separated by a separator which is infiltrated by the
commonly used aprotic electrolyte of Li-ion batteries (LIBs). The
battery-type anode undergoes a lithiation and delithiation
reaction, and the capacitive-type cathode experiences simple
adsorption and desorption of PFs~ during the charging and
discharging process.” The capacity and energy density of the
device is limited by the capacitive-type cathode due to the
surface anion adsorption/desorption mechanism.*® In addi-
tion, the sluggish lithiation/delithiation reaction kinetics and
the poor cycling stability, as well as the high reaction voltage
greatly restrict the overall performance of LIHC.'** Thus,
numerous efforts are made to develop novel anodic materials
and construct a unique structure to improve the overall
performance of LIHCs.>**7¢

Among all anode materials, VN offers significant application
potential for LIB and supercapacitor due to the excellent
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electrical conductivity (~10° Q" m™ ), high theoretical specific
capacity (~1043 mA h g "), unique pseudocapacitive-
dominated surface charge storage mechanism and low lith-
iation potential similar to graphite,”*® but its weak rate capa-
bility and cycling stability limit the practical application.>*** In
an early study, Wang et al. constructed an VN nanowires/
graphene composite through a simple hydrothermal method.
The porous VN nanowires/graphene composite showed an
enhanced specific capacity and rate performance compared to
the VN nanowires.” When coupled with a polyaniline-derived
activated carbon cathode, the assembled LIHC exhibits an
excellent energy density of 162 W h kg~ ' and a power density of
10 W h kg™

In addition, MXenes have received considerable attention
due to their excellent electrical conductivity, abundant surface
functional groups, and unique two-dimensional layered struc-
ture.”*** More importantly, Ti;C,T, can form flexible films by
filtration of colloidal suspensions, allowing the development of
a free-standing electrode.”>*® However, the use of MXenes for
alkali metal ion storage is restricted by the sluggish Li" diffu-
sion in the interlayer of MXenes and the serious volume varia-
tion due to the narrow interlayer space.?””® Generally, numerous
strategies are devoted to widening the interlayer space of
MXenes through inserting the large cations such as NH," and
La*" into the interlayer space of MXenes or designing some
hybrids through coupling MXenes with TiO, nanoparticles,
SnO, quantum dots and carbon nanotubes (CNTs) to boost the
performance of MXene-based materials for Li" storage.?** In
addition, MXene is easy to oxidize, avoiding high temperature
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treatment. Especially, Zhang et al. demonstrated that the MoO;
nanobelts/MXene composite by a simple vacuum filtration
method could effectively overcome the shortcomings of the
sluggish reaction kinetics and the rapid capacity decay of MoOj;
for lithium-ion storage. As a result, this composite delivered an
enhanced reversible capacity of 1258 mA h g7, excellent rate
capability and cycling stability due to the synergistic effect of
MoO; nanobelts and MXene.?*

Inspired by the above work, we consider that constructing
a VN/MXene composite is an efficient strategy to improve the
lithium-ion storage performance of VN. In this work, we con-
structed the VN/MXene composite free-standing electrode by
mixing prefabricated VN nanowires and MXene nanosheets in
an aqueous solution under ultrasonication, followed by
a simple vacuum filtration method. MXene as the conductive
substrate and flexible skeleton of VN/MXene free-standing
electrode could alleviate the structural destruction of VN
during charge and discharge, ensuring excellent cycle stability.
VN nanowires act as “spacers” between MXene nanosheets to
prevent restacking, so as to increase the layer space, which
provides unobstructed channels for electrolyte ions and
improves the rate capacity. As expected, benefiting from the
integrated merits of the one-dimensional VN nanowires and
two-dimensional MXene nanosheets, the resultant VN/MXene
composite electrode possesses the enhanced electronic
conductivity and improved Li" diffusion kinetics due to the
formation of a three-dimensional network structure, which
greatly improves the lithium-ion storage performance of the VN/
MXene composite electrode. This composite electrode delivers
a high discharge specific capacity of 501.7mAh g 'at0.1Ag™",
and even at 5 A g, it still has a high specific capacity of
191.8 mA h g . Based on an egg white-derived activated carbon
(E-AC) cathode and a VN/MXene anode, the constructed LIHC
exhibited an ultrahigh energy density of 129.3 W h kg™ at
449.7 W kg™, which also remains at 42.81 W h kg~" even at
a high power density of 11249 W kg '. This work shows
promising potential for the development of new electrode
materials for constructing advanced LIHCs with high energy
density and power density simultaneously.

Experimental section
Synthesis of VN nanowires

The VN nanowires were prepared by a literature method.** All
chemical regents were purchased from Sigma-Aldrich company.
Firstly, 0.8 g V,05 powder was gradually added into the mixed
solution composed of 10 mL H,0, (30%) and 50 mL deionized
water under vigorous stirring for 2 h. After that, the solution was
transferred into a Teflon-lined stainless steel autoclave with
a volume of 100 mL. Then, the Teflon-lined autoclave was
heated to 230 °C and maintained for 24 h. Afterward, the yellow
V,0s hydrogel was obtained after naturally cooling to room
temperature, which was soaked 5 times in deionized water.
Yellow V,05 aerogel was finally obtained by freeze-drying for
three days. After that, the VN powder was obtained after
annealing in a tube furnace at 800 °C for 2 h under an NH;

atmosphere using a heating rate of 2 °C min™".
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Synthesis of MXene nanosheets

The Ti;C,T, nanosheets was prepared by a literature method.*
1.0 g Ti3AlC, powders were added into 20 mL concentrated HCI
solution with 1.0 g LiF. The suspension was stirred in a sealed
container at 35 °C for 24 hours. Then, the black slurry was
rinsed with deionized water until the pH of the solution is about
6. After that, the suspension undergoes a sonication treatment
for 1 h in an Ar atmosphere. The few-layered MXene dispersion
was obtained by centrifugation at 3500 rpm. After removing the
residues, the suspension was frozen in liquid nitrogen. Finally,
the few-layered MXene nanosheets were obtained by freeze-
drying for three days.

Synthesis of VN/MXene composite

The MXene aqueous and the VN nanowires were mixed with
a weight ratio of 1 : 4 after ultrasonic treatment for 6 h. The VN/
MXene composite film was obtained by a simple vacuum
filtration step followed by drying in a vacuum oven under 60 °C
overnight. The MXene film was prepared by the same step
without the addition of VN nanowires.

Synthesis of E-AC

The E-AC was prepared according to a previous report.*” 0.5 g of
sodium chloride was dissolved into the mixture of 20 mL fresh
egg white and 5 mL deionized water. The solution was heated at
100 °C until a protein gel was obtained. After freeze-drying, the
xerogel was carbonized in a tube furnace at 700 °C for 2 h in an
Ar atmosphere. The NaCl was removed with 1 M HCI solution
and the carbonized products were obtained. Finally, the E-AC
was obtained by activating the carbonized products with KOH
at 700 °C for 2 h and subsequently washing with the deionized
water.

Materials characterization

The morphologies of the Ti;C,T, nanosheets, VN nanowires,
Ti;C,T, film and VN/MXene composite film were observed by
scanning electron microscope (SEM, Hitachi S4800, Japan) and
transmission electron microscopy (TEM, JEOL JEM-2100F,
Japan). X-ray diffraction (XRD, PANalytical Empyrean,
Holland) diffractometer was performed to check the crystal
structures of the samples using Cu Ka radiation with a scan rate

of 2° min~*.

Electrochemical measurements

The free-standing Ti;C,T, film electrode and VN/MXene
composite film electrode were prepared by cutting the disk
with a diameter of 14 mm. Li foil with a diameter of 15.6 mm
was used as anode and 1 M LiPF, EC/DEC was used as elec-
trolyte. The coin cells were assembled in Ar-filled glovebox with
H,0 and O, content below 0.1 ppm. The voltage window of half-
battery is 0.01-3.0 V. The cathode for LIHC was prepared by
coating the slurry composed of E-AC, Super-P, and PTFE with
aweightratioof 8 : 1 : 1. After drying at 110 °C for 12 h, the E-AC
cathode was coupled with a pre-lithiated VN/MXene composite
anode to construct LIHC, and 1 M LiPFs EC/DEC was used as the
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electrolyte of LIHC. The working voltage window for the LIHC is
0.5-4.0 V. The specific capacitance (C, F g~'), energy density
(E, W h kg™") and power density (P, W kg™ ') were calculated
from eqn (1)-(3):

1At
= — 1
C AV (1)
Ee 0.5CV? )
T 36
E
P= IR 3600 (3)

where I is the current density, AV is the working voltage window,
At is the discharging time and m is the total weight of both
anode and cathode.

Cyclic voltammetry (CV) curves were obtained on a CHI760E
electrochemical station (Shanghai, China). Galvanostatic
charge/discharge (GCD) curves of the cells were collected on
a Land CT2001A and G340A model battery test system (Wuhan,
China).

Results and discussion

Curled Ti;C,T, nanosheets (Fig. 1a) were prepared by etching
the Al components of Ti;AlC, with LiF/HCI] and a subsequent

Fig. 1
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freeze-drying process. The curled Ti;C,T, nanosheets could
easily form the Ti;C,T, nanosheets film by a vacuum filtration
step. Owing to the existence of multiple functional groups on
the surface of Ti;C,T, nanosheets, the prepared Ti;C,T, nano-
sheets could be uniformly dispersed in the water to form
Ti;C,T, nanosheets ink (Fig. 1b, left). Fig. 1c shows that the
curled Ti;C,T, nanosheets are stacked to form compact film,
except for a small quantity of curled Ti;C,T, nanosheets that are
observed on the surface of the Ti;C,T, film. The VN nanowires
were prepared by a simple hydrothermal process and a subse-
quent ammonifying process. The X-ray diffraction (XRD)
pattern (Fig. S17) indicating that the V,05 have been success-
fully prepared. Scanning electron microscopy (SEM) result
shows that the V,05 powders were transformed into very long
V,05 nanowires (Fig. S21) during the hydrothermal process.
After ammonifying treatment, the lattice oxygen atoms of V,05
nanowires were substituted by nitrogen atoms, which results in
the morphology change of V,05 nanowires. In spite of that, the
as-prepared VN still keeps the one-dimensional structure except
for the lower length-diameter ratio compared to V,05 nanowires
(Fig. 1d). This is consistent with the previous reports.*® The
transmission electron microscope (TEM) images in Fig. 1e and
S31 show the VN nanowires are composed of ultrafine VN
nanoparticles with a size of about 2 nm. The magnified TEM
image (Fig. 1f) shows that the lattice fringes with the interplanar
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(a) SEM images of the prepared TizC,T, nanosheets. (b) Photographs of TizC,T,-water dispersion and VN-TizC,T,-water dispersion. (c)

SEM images of the prepared TizC,T, film. (d) SEM image of the prepared VN nanowires. (e) TEM and (f) HRTEM images of VN nanowires. (g) SEM
images of VN/MXene composite film. (h) Photographs of free-standing VN/MXene composite film electrode. (i) XRD patterns of the TizC,T, film,

VN nanowires and VN/MXene composite, respectively.
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Fig. 2

(a) Charge and discharge curves of MXene film electrode in different cycles. (b) Charge and discharge curves of VN/MXene composite

electrode in different cycles. (c) Rate performance of MXene film electrode and VN/MXene composite electrode. (d) Charge and discharge curves
of VN/MXene composite electrode at different current densities. (e) Cycling performance of MXene film electrode and VN/MXene composite

electrode at 2 A g1,

spacings of 0.20 nm is corresponding to the (200) facets, which
is in line with the results of XRD (JCPDS 78-1315).** Such fluffy
nanowire coil could form uniform dispersion with curled
Ti;C,T, nanosheets in an aqueous medium (Fig. 1b, right). The
freestanding VN/MXene composite film was prepared by
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a simple vacuum filtration. As shown in Fig. 1g, the Ti;C,T,
nanosheets and VN nanowires are evenly distributed in the film
where the VN nanowires are filled in the layers of Ti;C,T,
nanosheets to form a compact film (Fig. 1h, left). Such
a compact film can be tailored to the freestanding composite
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Fig. 3
stability of E-AC at 2 Ag™L
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(a) CV profiles of E-AC at different scan rates in 2.0-4.2 V. (b) GCD profiles of E-AC at various current densities in 2.0-4.2 V. (c) Cycle
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electrode with controlled diameters for Li-ions storage (Fig. 1h,
right). X-ray diffraction (XRD) was performed to explore the
structure of the VN nanowires, Ti;C,T, nanosheets film, and
VN/MXene composite film (Fig. 1i). It is clearly seen that the
diffraction peaks at 37.6°, 43.7° and 63.5° are corresponding to
the (111), (200), and (220) crystal planes of cubic phase VN
(JCPDS 78-1315).* From the XRD patterns of film, the existence
of a strong peak is corresponding to the (002) crystal plane of
Ti;C, T, nanosheets.** For VN/MXene composite film, the exis-
tence of strong diffraction peaks of VN proves the successful
composite of VN nanowires and Ti;C,T, nanosheets. According
to the above characterization, we consider that the composite of
VN nanowires and Ti;C,T, nanosheets could open the channel
for the electrolyte infiltration, and thus to greatly enhanced the
performance of Ti;C,T, nanosheets.

The electrochemical performance of Ti;C,T, film and VN/
MXene composite film were evaluated in half-battery. The
cyclic voltammetry (CV) curve of VN/MXene electrode is shown
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in Fig. S4.7 The two redox peaks at approximately at 1.29 and
0.96 V, which may be attributed to a lithium reversible reaction
with VN in the conversion mechanism.*” Fig. 2a shows the
discharge-charge profiles of Ti;C,T, film at various cycles at
2 A g~ . Although the discharge-charge profiles of Ti;C,T, film
are almost overlapped after 800 cycles, the Ti;C,T, film exhibits
a low reversible capacity of 33.9 mA h g~'. By contrast, the
discharge-charge profiles of VN/MXene film have a much
improved reversible capacity of 242.2 mA h g~* and an over-
lapped discharge-charge profiles during 800 cycles (Fig. 2b),
indicating the enhanced capacity and cyclability. Fig. 2¢, d and
S51 present the rate performance of Ti;C,T, film and VN/MXene
composite film. The capacity of Ti;C,T, film electrode is
85.5mA h g7, and the capacities are rapidly decreased with the
increase of current densities. However, the capacities of VN/
MXene composite film electrode are 501.7 mA h g ' at
0.1 Ag ' 3839 mAhg'at05A¢g " 3239 mAhg"at
0.8Ag ',266.7mAhg 'at1Ag ',2305mAhg "at2Ag ™},
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(a) Schematic illustration of device structure and working mechanism of VN/MXene//E-AC LIHC. (b) CV curves of the VN/MXene//E-AC

LIHC at different sweep rates in 0.5-4.0 V. (c) GCD curves of VN/MXene//E-AC LIHC at different current densities in 0.5-4.0 V. (d) Rate
performance of VN/MXene//E-AC LIHC. (e) Ragone plots of the VN/MXene//E-AC LIHC. (f) Cycle stability of the VN/MXene//E-AC LHIC at

a current density of 1A g7t in 0.5-4.0 V.
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2062 mAhg'at3Ag ', 191.8 mAhg ' at5A g ", respec-
tively, exhibiting excellent rate capability (Fig. 2c and d). More
importantly, the VN/MXene composite film electrode shows
excellent cyclability and maintains high specific capacities
simultaneously for 1500 cycles at 2 A g " (Fig. 2e). Therefore,
VN/MXene composite film is an excellent anode for high-
performance LIB and LIHC.

To construct LIHC, the cathode material was prepared by
using egg white as a precursor, and the prepared activated
carbon is named E-AC. The electrochemical performance of
capacitive E-AC cathode was tested in a half-cell configuration,
where Li foil was used as anode and E-AC was used as cathode.
Fig. 3a shows the cyclic voltammetry (CV) curves of E-AC
cathode at various scanning rates from 5 mV s~ to 50 mV s~ "
in 2.0-4.2 V vs. Li'/Li. In the overall scanning rate range, the
quasi rectangular-like CV curves are retained, indicating the
dominant electronic double-layer capacitor (EDLC) behavior
and the excellent rate performance of E-AC. The galvanostatic
charge/discharge tests (GCD) were performed at different
current densities. As shown in Fig. 3b, isosceles triangle-like
GCD curves are obtained and no obvious voltage platforms
are observed, representing the main capacity contribution of
the ion adsorption/desorption mechanism, which is in an
accordance with the CV results. Fig. 3c gives the cyclic perfor-
mance of the E-AC cathode at 2 A g~ . It reveals that the E-AC
cathode shows a specific capacity of 123.9 mA h ¢~' and the
long-term stability for over 5000 cycles with a capacity retention
of 81%. These results prove that E-AC is a very promising
capacitive cathode for LIHC.

LIHC was assembled with the as-prepared VN/MXene
composite film anode and E-AC cathode. Fig. 4a presents the
device structure and working mechanism of LIHC based on the
VN/MXene composite anode and the E-AC cathode. During the
charging/discharging process, the Li ions occur an electro-
chemical intercalation/deintercalation in VN/MXene composite,
and the PF¢ anions are electrochemically absorbed/desorbed on
the surface of the porous structure of the E-AC cathode. To
extend the working potential window and balance the charge
between VN/MXene anode and E-AC cathode, a pre-lithiation
procedure for VN/MXene anode and a mass match for cathode
and anode were performed before the fabrication of the device.
As shown in Fig. 4b, the CV curves of VN/MXene//E-AC present
some slight deviation from the ideal rectangle shape due to the
integration of battery-type VN/MXene anode and capacitive E-AC
cathode in the voltage range of 0.5-4.0 V. With the increase of
sweep rate, the CV curves still maintain the near rectangular
shape, exhibiting good reversibility and excellent rate capability.
Fig. 4c presents the discharge and charge curves of the VN/
MXene//E-AC at various current densities, where the near-linear
isosceles triangles with no voltage drop were observed. The
specific capacitances of VN/MXene//E-AC based on VN/MXene
composite anode and E-AC cathode are 59.1, 49.1, 43.4, 40.2,
31.7,26.4,and 19.6 F g’1 at the current densities of 0.2, 0.5, 0.8,
1,2,3,and 5 A g, respectively. Benefiting from the integrated
advantage of VN/MXene composite anode and E-AC cathode, the
VN/MXene//E-AC exhibits a much enhanced rate capability
(Fig. 4d). According to the discharge and charge curves, the
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energy density values and the power density values of the VN/
MXene//E-AC LHIC are plotted in Fig. 4e. It should be noted
that the VN/MXene//E-AC LHIC can achieve a maximal energy
density of 129.3 W h kg™ " at a power density of 449.7 W kg .
When the current density is increased to 5 A g™, VN/MXene//E-
AC LHIC still retains a high energy density of 42.81 W h kg™ and
simultaneously achieves an excellent power density of 11 249 W
kg~ '. Furthermore, the cycling performance of VN/MXene//E-AC
LHIC was tested to evaluate the practical applications (Fig. 4f). As
expected, a superior cycling life-span with a specific capacity of
31 mA h g! was obtained at 1 A g~ ', accompanied by an
outstanding capacity retention of 98.3% after ultra-long cycling
for 5000 cycles.

Conclusions

In summary, a free-standing VN/MXene composite anode with
high specific capacity and low reaction voltage was prepared by
a simple vacuum filtration method. Such a composite electrode
integrating the individual merits of Ti;C,T, nanosheets and VN
nanowires, thus greatly enhanced the Li-ion storage perfor-
mance compared to the Ti;C,T, nanosheets. As a result, the VN/
MXene composite anode shows a much enhanced specific
capacity of 501.7 mA h g at 0.1 A g~', excellent rate perfor-
mance of 191.8 mAh g " at 5A g~ " and an improved cycling life
for 1500 cycles at 2 A g~ ', which is a very promising anode for
the application in LIHCs and LIBs. Furthermore, a capacitive E-
AC cathodic material was prepared by carbonization and acti-
vation of egg white. The as-prepared E-AC shows excellent ions
adsorption/desorption mechanism, which leads to remarkable
capacity, rate capability and cycling stability. The constructed
LIHC based on such a VN/MXene composite anode and E-AC
cathode can deliver a high specific capacity of 59.1 F g, the
maximum energy of 129.3 W h kg™, and a power density of
11249 W kg~ ' in the working voltage range of 0.5-4.0 V.
Furthermore, the LIHC shows a super-long cycling life for 5000
cycles with a capacity retention of 98% at 1 A g *. This work
provides a very promising strategy for the development of
a novel composite anode for designing advanced LIBs and
LIHCs with excellent energy density and power density.
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