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ABSTRACT

The search for wearable electronics has been attracted great efforts, and there is an ever-growing demand for all-solid-state
flexible energy storage devices. However, it is a challenge to obtain both positive and negative electrodes with excellent
mechanical strength and match positive and negative charges to achieve high energy densities and operate voltages to satisfy
practical application requirements. Here, flexible MXene (TisC,T,)/cellulose nanofiber (CNF) composite film negative electrodes
(MCNF) were fabricated with a vacuum filtration method, as well as positive electrodes (CP) by combining polyaniline (PANI) with
carbon cloth (CC) using an in-situ polymerization method. Both positive and negative free-standing electrodes exhibited excellent
electrochemical behavior and bendable/foldable flexibility. As a result, the all-pseudocapacitance asymmetric device of
MCNF//CP assembled with charge-matched between anode and cathode achieves an extended voltage window of 1.5 V, high
energy density of 30.6 Wh-kg™ (1211 W-kg™), and 86% capacitance retention after 5000 cycles, and the device maintains
excellent bendability, simultaneously. This work will pave the way for the development of all-pseudocapacitive asymmetric
supercapacitors (ASC) with simultaneously preeminent mechanical properties, high energy density, and wide operating voltage
window.
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conductive agents (e.g., carbon black) in conventional electrodes
not only reduces the mass ratio of active substances in the whole
electrode, but also greatly increases the volume and weight [9, 10].
On the other hand, flexible devices have high requirements for
repeated bending and portability, and the poor strength of free-
standing electrode or the weak bonding between electrode
material and substrate can make device difficult to be applied in
practice [11-14]. Therefore, there is a crucial need for the
development of positive and negative pseudocapacitive electrode
materials with both extraordinary electrochemical performance,
flexibility and wear resistance to assemble ASCs with practical

1 Introduction

Supercapacitors (SCs) are energy storage devices with broad
application prospects, which have the characteristics of high power
density, fast charging and discharging speed, and long cycle life
[1]. However, in addition to the above properties, excellent
flexibility and high energy density (E) are also necessary for the
rapidly developing wearable electronic devices, photovoltaic
energy storage systems, and other industries [2-5]. According to
the equation E = ;CV?, higher specific capacity (C) and wider
operating voltage window (V) are the prerequisites to improve the
energy density of the device, and the selection of high

performance positive and negative electrodes for charge matching
to assemble asymmetric SCs (ASCs) is a proven strategy to
improve the E [6-8]. Moreover, the addition of binders (e.g.,
polytetrafluoroethylene and  polyvinylidene fluoride) and

applications [15, 16].

MXene, a family of two-dimensional (2D) transition-metal
carbides and nitrides material, has been known for its high
pseudocapacity, metallic conductivity, and modifiable surface-
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terminating moieties, and has attracted a lot of attention in the
field of flexible energy storage devices [17-19]. Unlike graphene,
which has a natural 2D structure, MXene is formed by selectively
removing the Al-layer in the MAX phase to form a 2D lamellar
structure, whose structural formula can be expressed as M,,,, X, T},
where M,,,, is an early transition metal (Mo, Ti, and Nb), X, is C
or N, and T, represents a surface functional group (-O, -OH, and
-F) [20]. The abundant surface functional groups endow the
material hydrophilicity and enable it to be dispersed into a
homogeneous and stable aqueous solution, which is conducive to
further processing (such as spin coating, vacuum filtration, freeze-
drying, etc.) [21-23]. The application of Ti,C,T, MXene, carbon
materials such as porous carbon, carbon nanotubes, and graphene,
and conducting polymers such as polypyrrole and polyaniline
(PANI) to positive and negative electrode materials has been
widely reported [24-28]. However, practical structural materials
for flexible electronics that combine both the high capacitance and
mechanical strength required are still rare and the fabrication of
the electrodes is full of challenge [29]. Cellulose nanofiber (CNF),
as a kind of nanomaterials from green, low-cost, abundant,
renewable, and biodegradable natural resources., has a high aspect
ratio and mechanical strength [30, 31]. Inspired by the “brick-and-
mortar” architecture of nacres, combining CNF with MXene as a
binder not only does not significantly affect the original flexibility
and electrochemical properties of MXene due to its own structure,
but also significantly improves the mechanical properties, which is
a viable strategy for the preparation of flexible devices [32]. CNF
can be mixed with MXene to form a uniform and stable colloidal
suspension, and the hybrid films fabricated with colloidal solution
by vacuum filtration method can maintain excellent continuous
channels between the MXene sheet structures to guarantee ion
transfer and charge diffusion without changing the
pseudocapacitive energy storage mechanism on the material
surface, effectively maintaining the specific capacitance of the
electrodes [33].

MXene exhibits irreversible oxidization at excessively high
anode potentials, which leads to a largely restricted operating
voltage window for most of the MXene-based symmetric
supercapacitors under current study [34]. Among various positive
electrode materials, PANI is one of the most widely used
conductive polymers, owing to its advantages of high specific
capacitance, easy synthesis, low-cost, and good environment
stability [35, 36]. For instance, Li and co-workers synthesized the
MXene/PANI electrode material using hydrothermal method and
reported a high specific capacitance of 563 F-g* and excellent rate
capability (current density range from 0.5 to 20 A-g”, 84.72%)
[37]. The repeated expansion and contraction of PANI during
long-term charge/discharge cycles dramatically delaminated its
rate capability and cycle life, so it is crucial to find an appropriate
substrate [38]. Conventional electrode preparation requires
combining active material, binder, and conductive agent with the
substrate. This sacrifices the flexibility of the electrode, meanwhile,
the addition of polymeric binder causes some of the active
materials to agglomerate, which will not expose all the reactive
sites, thus reducing the ion diffusion efficiency and ultimately
deteriorating the specific capacitance [39]. The commercially
available carbon cloth (CC) has outstanding electrical
conductivity, high specific surface area, and porous structure,
which is particularly favorable for electrode active materials to be
coated or polymerized on the surface, while the promising
mechanical properties also gift CC significant potential for
application in the field of flexible energy storage devices [40, 41].
The nanostructured PANI is uniformly and intensively
polymerized on the surface of carbon textile fibers to ensure
superior ion diffusion efficiency, and the flexible CC fibers can
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provide strong interfacial adhesion while also act as an elastic
buffer to accommodate the swelling and shrinking of PANI
backbone during charging and discharging process, which is
conducive to extending cycle life [42]. Ahirrao and co-workers
used an in-situ chemical oxidation polymerization method to
cover PANI uniformly on the CC surface, and the composite
electrode exhibited a positive potential operating voltage of 0-
0.8 Vin a 1 M sulfuric acid electrolyte, obtained a high specific
capacitance of up to 691 F-g" at a current density of 1 A-g’, and
exhibited an excellent cycling stability of 94% at 2000 times
constant current charge and discharge [43].

Herein, in this study, a wearable, foldable free-standing energy
storage device was assembled by combining two kinds of high-
performance flexible electrode materials. Both demonstrated high-
rate capability and pseudocapacitance, in which functional groups
on the surface of MXene/cellulose nanofiber (MCNF) and positive
electrodes (CP) involved in the redox reaction on the positive and
negative electrodes, respectively. The negative electrode was
prepared by combining CNF uniformly with MXene nanosheets
using a simple vacuum filtration self-assembly method, and the
positive electrode was manufactured by densely growing aniline
(ANI) on the surface of each single fiber of the CC textile via
chemical in-situ polymerization method to produce CP electrode.
Both methods of electrode fabrication are simple, valid
implementation, and low-cost for MCNF//CP ASCs, and the
charge matching (Q" = Q) can be easily balanced by curbing
PANI polymerization time or MXene mass loading. The device
exhibits an operating voltage window of up to 1.5 V, a gravimetric
E of 30.6 Whkg" (1211 Wkg") and ultralong lifespan of 86%
after 5000 cycles. Meanwhile, the balance of high flexibility,
bendability, and electrochemical performance of ASCs
demonstrates potential applications for wearable smart electronics.

2 Materials and methods

2.1 Materials

Layered ternary carbide (Ti;AlC,, MAX) powders were purchased
from Foshan Xinxi Technology Co., Ltd. (Guangzhou, China).
Hydrochloric acid (HCl, 35%-38%), lithium fluoride (LiF, 99%),
ANI, ammonium persulphate (APS), and sulfuric acid (H,SO,)
were purchased from Aladdin Reagent Co., Ltd. The CNFs
(2.5 wt.% concentration) were provided by Zhongshan NanoFC
Co., Ltd. (Guangdong, China).

2.2 Preparation of delaminated Ti;C,T,

Ti;C,T, was fabricated by selectively etching Al species from the
MAX phase. First, 2.8 g of LiF powder was dissolved in 40 mL of
9 M HCl acid solution and stirred for 15 min at room temperature
to prepare etching solution. When the solution became stable, 2 g
Ti;AlC, powders (400 mesh) were slowly added to the LiF/HCI
solution followed by magnetic stirring for 36 h at 35 °C. Further,
the resultant stable suspension was repeatedly washed using
deionized water and centrifuged (3500 rpm, 5 min) until the pH
was higher than 6. The obtained deposit was redispersed in
deionized water and sonicated for 30 min in an ice-water bath
under argon gas bubbles below the liquid level. Finally, after
centrifugation for one hour at 3500 rpm, the delaminated Ti,C,T,
suspension was obtained by collecting the dark green supernatant
(=1 mgmL™).

2.3 Preparation of MCNF free-standing films

Ti;C,T,/CNF hybrid dispersions were prepared by adding
different amount of CNF water dispersion (from 0 wt% to
16 wt.%) into the same volume of Ti;C,T, dispersion (35 mL,
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1 mgmL™"). Ti;C,T,/CNF nanopapers were fabricated through
simple vacuum filtration of the mixture on a Celgard 3501 filter
membrane with a pore size of 0.25 pm, smaller than the length of
one-dimensional (1D) CNF and the lateral size of 2D MZXene
Ti;C,T, in the hybrid dispersion to obtain a free-standing film.
Finally, the Ti;C,T,/CNF hybrid film was peeled off and dried in a
vacuum system for further use. The hybrid films are labeled as
MCNF-X, where X is the weight percentage of CNF in the
nanopaper. The thickness of the obtained nanopapers was ~ 6 um
for pristine Ti;C,T,, and ~ 8, 10, and 13 pm for the films with 4%,
8%, and 16% CNF loading, respectively.

24 Preparation of CP electrode

The CC/PANI composites electrode was synthesized by in-situ
chemical oxidative polymerization of aniline monomer on CC
substrate. CC (1 cm™ x 2 cm™) was first dipped in H,SO,/HNO,
solution to perform the activation treatment and then sequentially
cleaned by ultrasound in deionized water and ethanol to remove
impurities followed by air drying. 1 mL of ANI and 2.5 g of APS
were added to 50 mL of 1 M HCI, respectively, both of which were
carried out in an ice bath. Then, the CC was soaked in the mixed
solution of ANI/HCI for 30 min to make it fully infiltrated, which
is conducive to the uniform polymerization of aniline on the
surface of the CC. To start the polymerization, APS solution was
added very slowly into the CC/ANI/HCI solution at 0-5 °C for
6-8 h. Finally, PANI coated CC substrate was washed with DI
water and ethanol to remove the unreacted monomers and loosely
bound PANI from the CC surface.

As obtained CP composite and PANI powder were dried oven
overnight at 60 °C for further use. The amount of PANI decorated
on the CC substrate was calculated by weighing the CC before and
after the polymerization reaction.

25 Fabrication of solid-state MCNF//CP asymmetric
device

The polyvinyl alcohol (PVA) solution was fabricated by adding 2 g
of PVA powder into 20 mL of DI water with continuous stirring
at 90 °C until the PVA was complete transparent. Afterward, 1 mL
H,SO, was added to the above transparent solution and stirred
vigorously for 30 min. The mixture electrolyte was drop-casted
onto a clear glass. Then a solid-state asymmetric device was
manufactured by using the CP as the anode and MCNF as the
cathode with PVA/ H,SO, gel directly serving as the separator and
electrolyte between both electrodes. The charge match between
the cathode and anode can be well balanced by controlling the
polymerization time of the CC in the ANI/HCl mixture, the
amount of active materials on the substrate was controlled.

2.6 Characterizations

The morphology and microstructure of the samples were captured
using transmission electron microscopy (TEM, JEM-1400 UHR),
high-resolution TEM (HR-TEM, JEM-2100 UHR), and a field-
emission scanning electron microscopy (FE-SEM, Regulus 8100)
with an energy dispersive spectroscopy (EDX). The chemical
structure of the composite was measured by an X-ray
diffractometer (XRD, Ultima IV) with a radiation source of Cu K«
at 40 kV and 30 mA. Further, the diffractometer was operated at a
scan speed of 0.05 ®min™ within a 260 range of 3°-80°. The surface
chemical compositions and bonding states were detected by X-ray
photoelectron spectroscopy (XPS, AXIS UltraDLD) with an Al K«
X-ray source, which was performed at 15 kV, 10 mA, and 160 eV
(for the survey scan mode) or 40 eV (for the high-resolution scan
mode, e.g,, C 1s, N 1s, O 1s, and Ti 2p). The CASAXPS software
was used for analyzing the chemical bonding states by
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deconvoluting the obtained high-resolution spectra. Fourier
transform infrared (FTIR) spectroscopy of the samples was
recorded using FTIR spectrometer (FTIR, VERTEX 80 V) in the
wavenumber range of 500-4000 cm™ with a resolution of 4 cm™ at
room temperature.

All electrochemical testing was performed on a CHI 760E
electrochemical workstation (Chenhua, Shanghai, China). The
electrochemical performance of single electrodes was characterized
in a three-electrode configuration with 1 M H,SO, as aqueous
electrolyte where a glassy carbon electrode was used as the counter
electrode and Ag/AgCl in saturated KCl was used as reference
electrode. The electrochemical performance of single electrode
and asymmetric device was evaluated by cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The EIS test was performed at an
open circuit potential at an amplitude of 5 mV and in a frequency
range from 107 to 10° kHz. The long-term cycling stability was
evaluated by conducting the GCD test for 5000 cycles at a current
density of 20A-g™.

2.7 Capacitance and energy density calculations

The specific capacitance of single electrodes was calculated from
the discharge portion of CV curves according to the Eq. (1)

o Jiav

, = 1
£ mvAV (1)

where C, is the gravimetric capacitance (F-g"), I is the current (A),
AV is the potential window (V), m is the amount of the active
materials (g), and v is the scan rate (mVs™), respectively.

The areal capacitance (C, ) was calculated according to Eq. (2)

R 2)
a

where ais the area of one electrode (cm™).

The gravimetric capacitance and areal capacitance of
asymmetric devices were calculated from the discharge portion of
CV curves according to Eqs. (3) and (4)

f1dv
° 7 GvAV )
co = @

where Gis the total mass of positive and negative electrodes (g)
and A is the geometric area of the electrode material (cm™).
The charge match between the cathode and anode (q" = q) is
calculated according to Eq. (5)
m-  C,AV

m- C/AV' (5)

The gravimetric energy density (Whkg') and gravimetric
power density (kW-kg"), based on asymmetric supercapacitor,
were calculated according to the following equations

1

E= GV 6)
3600E
p==0 @)

where At is the discharge time (s).

3 Results and discussion

Figure 1 schematically illustrates the design of the asymmetric
supercapacitor with MCNF and CP as the negative and positive
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Figure1 Fabrication process of Ti;C,T, MXene/CNF and CP (carbon cloth/PANI) electrode and schematic illustration of the all-pseudocapacitive asymmetric
supercapacitor. (a) and (b) Synthesis scheme of MCNF and CP electrode, (c) schematic illustration of asymmetric supercapacitor, in which CP and MCNF serve as the
positive and negative electrode, respectively, and (d) the working potential window of MCNF and CP in a three-electrode aqueous electrolyte system.

electrode, respectively. For the preparation of the negative
electrode, the aluminum atomic layer of MAX phase was firstly
removed via HCI/LiF etching solution, and then the CNF
(0.2 wt.%) solution was mixed uniformly with MXene colloid
solution through ultrasonic treatment before vacuum filtration,
and the MCNF free-standing nanopaper electrode was peeled off
from membrane after vacuum drying (Fig.1(a)). For the
fabrication of the positive electrode, the CC was dipped in
H,SO/HNO; to perform the activation treatment, and the fully
cleaned CC was pre-soaked in a mixture of ANI/HCI solution,
then APS was slowly added to initiate the polymerization reaction,
and PANI was uniformly covered on each carbon fabric fiber, thus
the flexible CP positive electrode is obtained (Fig. 1(b)). Figure
1(c) is the schematic representation of the all-pseudocapacitive
asymmetric device where MCNF and CP are the negative and
positive electrode, respectively. Figure 1(d) depicts the operating
voltages window of MCNF negative and CP positive electrodes
tested in a three-electrode system in 1 M H,SO, as the electrolyte,
respectively, and the assembled devices are obtained with a wide
voltages window at 1.5 V, demonstrating the promise of two
electrode materials for asymmetric device applications.

3.1 Characteristics of MCNF free-standing cathode

Figure 2 shows various physicochemical properties of MXene,
CNF, and MCNF electrode. As shown in Fig. 2(a), TEM revealed
the morphology of the as-prepared MXene nanosheets,
transparent flakes with an average lateral dimension of several
hundred nanometers. The inset in Fig.2(a) shows an obvious
Tyndall effect of MXene colloidal solution, it is a consequence of
the abundance of oxygen-containing groups on the surface. Figure
2(b) shows the HR-TEM image of MXene, where the lattice
fringes can be clearly observed and the measured interplanar
spacing is 0.26 nm. The selected area electron diffraction (SAED)
image (Fig. 2(c)) exhibits a symmetric hexagonal shape, which is
consistent with the results of other studies [44]. The TEM image
of CNF (Fig. 2(d)) shows that the average fiber size is about 5 nm
in diameter and about 1 pm in length, showing an extremely high
aspect ratio. The inset in Fig. 2(d) also shows the apparent Tyndall

effect of the CNF colloidal solution, which is a consequence of the
abundance of hydroxyl functional groups on the CNF surface.

The physicochemical properties and morphological structures
of the membranes with different CNF contents of MCNF
obtained by simple vacuum filtration method were also
characterized. FE-SEM was used to observe the surface and cross-
section morphologies of the prepared films. Figures 2(e)-2(h)
show the cross-sections of the hybrid films with different CNF
percentages, respectively. It directly reveals the gradually widened
interlayer gap in the increasingly loose film, resulting in an
increased thickness from 6 pm for pure MXene film to 13 um for
the MCNE-16 hybridfilm. The lamellar structure of the composite
membrane did not change significantly compared with pristine
MXene membrane, and the surface of the self-supported
membrane remained smooth even though the CNF loading was
increased to 16%.

Figure 3(a) shows the layer structure bonding state of MXene
film on the surface and part of the profile. While Fig. 3(b) reveals
that the pristine MXene film exhibits a clear diffraction peak
associated with the MXene basal plane. The peak shifts from 5.84°
(d-spacing of 15.1 A) to 5.6° (d-spacing of 15.8 A) when the CNF
loading is increased from 0% to 16%. This demonstrates that the
CNF addition is effectively incorporated into the interlayer of the
MXene sheet to increase the layer spacing, which agrees well with
the FE-SEM data. As shown in Fig 1(a), CNF acts as the
connecting agent link in the hybrid film due to its large aspect
ratio and high strength, and it is tightly bonded with the 2D
MXene nanosheets through hydrogen bonding to significantly
increase the mechanical strength of the composite film.

The elemental composition and chemical bonding states of all
the prepared pure MXene films and MCNF hybrid films were
analyzed by FTIR spectroscopy and XPS. It is clear that the
symmetric stretching vibration peak of the -OH functional group
in the FTIR spectra of Fig. 3(c) shifted from 3434 cm™ (MXene
film) to 3425 cm™ (MCNF hybrid film). The stretching vibration
peak of the C=0 functional group shifted from 1632 cm™ (MXene
film) to 1628 cm™ (MCNF hybrid film), confirming that the
hydrogen bond between CNF and MXene brings the two phases
closely. In addition, the XRD was used to test the structural
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Figure2 (a) TEM image of delaminated MXene nanosheets. The inset in (a) shows a photo of the colloidal suspension containing few-layered Ti;C,T, MXene flake
and Tyndall effect, (b) HRTEM image of Ti;,C,T, MXene, (c) SAED pattern of MXene nanoparticles, (d) TEM image of CNF, and (e)-(h) cross-section SEM images of

pure MXene, MCNF-4, MCNF-8, and MCNF-16 films.
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Figure3 (a) Top view image of MXene film. (b) XRD patterns of MCNF film with different contents of CNF. (c) FTIR spectra of MXene, CNF, and MCNF. (d)
XRD patterns of the MAX precursor and delaminated MXene. (e) XPS spectra of MCNF and MXene. High-resolution XPS spectra of (f) C 1s and (g) Ti 2p of pure

MXene; high-resolution XPS spectra of (h) Ti 2p and (i) C 1s of MCNF composites.

characteristics of the MAX phase before and after etching. Figure
3(d) depicts that the MAX peak at 38.7° disappeared obviously,
indicating that the intermediate aluminum atomic layer was
successfully selectively etched away. The (002) characteristic peak
shift from 9.5° to 6.1° is a typical feature of MXene with interlayer
water molecules, indicating an increase in the interlayer spacing.
The XPS spectra (Fig. 3(e)) illustrate that both MXene film and
MCNF film contain the element of C, O, F, and Ti. Compared
with pure MXene membrane, the atomic percentages of C and O
elements increased and those of Ti and F elements decreased in
the MCNF hybrid membrane. This is presumably ascribed to the
fact that the added CNF increased the contents of C and O
elements. No new peaks appeared in the deconvoluted Ti 2p
spectrum (Figs. 3(g) and 3(h)) of MCNF hybrid membranes

Tsinghua University Press

compared with pure MXene membranes, indicating that the
addition of CNF did not change the chemical bonding state of
MXene itself. For the high-resolution C 1s spectra (Figs. 3(f) and
3(i)) of MXene and MCNF, the binding energies of C-O and
C=0 functional groups increased from 286.2 and 287.5 to 286.5
and 288.1 eV, respectively, which are caused by the binding
between the hydroxyl group of the CNF and the abundant oxygen-
containing functional groups on the surface of MXene. The
increase in the proportion of C-O groups and the decrease of
Ti-C groups also provide evidence of the formation of hydrogen
bonds, while the change in bond energy in Ti 2p is also attributed
to this [45]. The observations of FTIR and XPS are consistent well
with the previous studies [46, 47]. These result from the formation
of strong hydrogen bonds between the abundant hydroxyl groups

té ff ? £ “é L @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(5): 76967709

on the surface of nanocellulose and the surface groups of MXene.

Additionally, the MCNF paper can be easily fabricated by the
vacuum-assisted filtration process (with a diameter of 4 cm as
displayed in Figs. 4(a), and Fig. 4(b) also exhibits the flexibility of
the hybrid film) and maintains the excellent flexibility and
foldability. As shown in Figs. 4(c) and 4(d), the tensile strength of
the composite film is as high as 30.6 MPa when CNF content is at
16%, which is 5.6 times higher than that of the pristine MXene
film (5.5 MPa) and Young’s modulus is also increased from 2.3 to
3.2 MPa. The results of XPS, XRD, and FTIR spectra also
demonstrate that the strong interfacial interaction between CNF
and MXene phases is mainly generated by the hydrogen bonding
formed by the van der Waals interactions between the numerous
hydroxyl groups on the surface of CNF and the oxygen-
containing groups on the surface of MXene. The nacre-inspired
structure consisting of CNF with large aspect ratio and ultra-thin
MXene sheets is also responsible for the enhanced stability of the
mechanical strength [23, 30].

3.2 Electrochemical
standing cathode

To evaluate the electrochemical properties of the hybrid films and
elucidate the effect of CNF on the hybrid membrane electrodes,
the electrochemical performances of MXene, MCNF-4, MCNF-8,
and MCNF-16 film electrodes were investigated in a three-
electrode configuration in 1 M H,SO,. The CV curves of MXene
and different MCNF membrane electrodes are shown in Figs. 5(a)
and 6(a)-6(d). The gravimetric capacitances of MXene, MCNF-4,
MCNF-8, and MCNF-16 at a scan rate of 5 mV-s™ were calculated
from the CV curves (Fig. 5(a)) as 251, 246, 242, and 212 F.g*,
respectively, indicating that the presence of a limited amount of
CNF does not gravely lower the capacitance of the hybrid
membrane. All CV curves in the operating potential window of
-0.7 to 0.2 V (versus Ag/AgCl) exhibit a pair of obvious redox
peaks, indicating that the addition of CNF did not alter the
pristine pseudocapacitance-involved charge storage mechanism of
MXene, but the shift of peak position might be triggered by the
change of functional groups on the surface of MXene (Figs.

performances of MOCNF free-

2

(a) MXene film
d=4cm

| ®)
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6(a)-6(d)). As shown in Fig. 5(d) for the MCNF electrodes with
different CNF loadings, the measured surface capacitance at
5 mV-s? is 452, 562, 491, and 256 mF-cm?, respectively. This
proves that CNF provides an intercalation effect, which reduces
the self-stacking of MXene flakes and provides more abundant
reaction sites for ion transfer [33]. The non-conductivity of CNF is
the fundamental factor that contributes to the electrochemically
inactive and thus decreases the gravimetric capacitances of
MCNEF.

The electrochemical impedance spectra of different electrodes
explain the capacitance variation in terms of resistance and
electrochemical kinetics. In the high-frequency region, the real axis
intercept corresponds to the equivalent series resistance (or
internal resistance (R,)), while the R; values of 2.6, 5.3, 11.3, and
13.9 Q in Fig. 5(c) correspond to pure MXene, MCNF-4, MCNEF-
8, and MCNF-16 electrodes, respectively. Furthermore, the
semicircular diameters of MCNF-8 and MCNF-16 in the high-
frequency region are significantly larger than those of MXene and
MCNF-4, which is determined by the insulative nature of CNF,
and the reason for the decrease in the gravimetric capacitances of
the hybrid film is verified. In the low-frequency region, MCNF-4
and MCNF-8 exhibit a near vertical line similar to that of pure
MXene, showing extinguished ionic diffusion and capacitive
behavior. In contrast, the nearly 45° linear part of MCNF-16
indicates its slow ion diffusion ability, which explains the dramatic
decrease in capacitive performance.

The MCNF-4 electrode exhibits good rate performance with a
capacitance of 71 F-g"(162 mF-cm™) at a scan rate of 100 mV-s™,
compared to 65 F-g* (136 mF-cm™) and 20 F-g" (24 mF-cm™) for
the MCNF-8 and MCNF-16, respectively. GCD curves for each
electrode are displayed in Figs. 5(b) and 6(e)-6(h). The
charge/discharge curves of all electrodes at different current
densities are triangle-like (characteristic of pseudocapacitive
behavior) and display a good symmetry, demonstrating the
extremely high coulomb efficiency of the electrodes (surface redox
reaction is highly reversible) (Figs. 6(e)-6(h)).

The addition of 4% CNF to Ti,C,T, decreased the gravimetric
capacitance (about 2%) but the mechanical strength of MCNF-4

MXene film
Flexibility
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35 35
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Figure4 (a) An optical image of MCNF film, (b) optical image of MCNF film and flexibility exhibition, (c) tensile stress-strain curves of composites films, and (d)

tensile strength and Young’s modules of MCNF and pure MXene nanopapers.
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Figure 6 CV curves at different scan rates for (a) pristine MXene, and MCNF nanocomposite electrodes with (b) 4% CNF, (c) 8% CNF, and (d) 16% CNF in three-
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(159 MPa) was increased by 290% than that of the pristine
MXene (5.5 MPa) electrode. When the CNF content was
increased to 16%, the mechanical strength was increased up to 5.6
times of the original electrode (30.6 MPa), but there was also a
severe loss of capacitance (about 16%). The increase in mechanical
strength is more significant for MCNF-16 nanocomposite paper,
which showed a higher mechanical strength (30.6 MPa) with 16%
lower gravimetric capacitance. In order to strike a balance between
high mechanical strength and high electrochemical performance,
MCNF-4 electrodes were selected to continue the study of
asymmetric capacitors.

The significantly increased mechanical strength of the ultrathin
hybrid film electrode can compensate the slight sacrifice in
capacitive performance, which is especially useful in applications
where structural multifunctional electrodes are required. The
charge storage mechanism of the MCNF-4 electrode can be
explored by studying the power law relationship between the CV
peak current (i) and the scan rate (v) following Eq. (8)

(8)

where a and b are adjustable parameters, mapping log(i) to log(v)

i=av

EZER

Tsinghua University Press

will give a straight line and the slope of the line is b value. When b
= 1, the charge storage kinetics is a surface-controlled capacitive
process; and when b = 0.5, the charge storage kinetics is a diffusion-
controlled process. As shown in Fig.5(f), the b-values of the
anodic and cathodic peaks of the MCNF-4 electrode are 0.77 and
0.70, respectively, indicating that the dominant charge storage
mechanism is surface redox reaction and double-layer
contributions, which is consistent with the previously reported
mechanism of pure MXene electrode and has not been changed
by the addition of CNF [48].

3.3 Characteristics of CP flexible anode

Figures 7 and 8 show various physicochemical properties of
CC/PANI electrode. Here, CC with high mechanical strength,
excellent flexibility, and positive conductivity was selected as the
anode substrate, and preparation process of CP electrode was
conducted by a simple two-step method. Firstly, CC was
completely impregnated in aniline monomer/HCl solution to
ensure ANI penetrate into the internal structure, and then aniline
was polymerized on each thread surface of CC to form
nanostructured PANI particles. Figures 7(a) and 7(b) show the

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure8 (a) XRD patterns of the CC, CP, and PANI, (b) XPS spectra of CC and CP, (c) high-resolution XPS spectra of C 1s of CC, and (d)-(f) high-resolution XPS

spectra of C 1s, N 1s,and O 1s of CP.

TEM and HR-TEM images of PANI nanoparticles formed during
the in-situ polymerization. As can be easily observed in Fig. 7(a),
plenty of PANI nanoparticles aggregated together with a diameter
of about 80 nm and a length of about 300 nm. Its HR-TEM image
is shown in Fig. 7(b), which is typical of PANI fiber morphology,
and the amorphous heterogeneous surface of the material is
demonstrated by SAED pattern (inset of Fig.7(b)). From the
digital images of CC and CP (Figure. 7(c)), it can be observed that
the color of the CC after polymerization changes from the original

gray to dark green, and the PANI was closely bonded to the
substrate to withstand the wear and tear of characterization
process.

The morphological structures of CC, CP, and PANI were
observed by FE-SEM and TEM (including HR-TEM),
respectively. Figures 7(d)-7(f) show the FE-SEM images of CC
(before PANI polymerization) and CP (after polymerization),
respectively. It is observed that the thread diameter of the
unpolymerized CC is about 8 pum, with a smooth and flat surface,

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



7704

and the gap between the fibers still retains about a few microns,
which is conducive to the full contact between the aniline
monomer and the fiber surface. In contrast, the thread diameter of
the CP reached about 9 um, and the roughness of the thread
surface was modified (the larger specific surface area can provide
additional redox reaction sites for the electrolyte ions), which can
obtain a higher electrochemical performance. FE-SEM images
show that PANI was evenly and densely wrapped around the CC
to form a core-shell structure. The EDS mapping images (Figs.
7(h) and 7(i)) also illustrate that the N elements of PANI are
uniformly distributed on the CC substrate.

Figure 7(g) exhibits the FTIR spectra of CC and CP. The wide
peaks at 3435 and 3421 cm™ are the stretching vibration peaks
caused by the hydroxyl groups of CC and CP, respectively. The
CP spectra of 1562 and 1479 cm™ are related to the skeletal
vibrations of the quinone and benzene rings, respectively, while
1297 and 1230 cm™ are due to the N-B-N stretching vibrations
and N=Q=N electronic-like absorption [49, 50]. Meanwhile, the
bands at 1168 and 1068 cm™ are ascribed to the aromatic C-H
bending in the plane of the aromatic ring. The common
characteristic band of PANI observed on the CP spectra indicates
the successful polymerization of PANI on CC, which agrees with
the results of FE-SEM, XPS, and XRD analysis.

The preparation of PANI electrodes by conventional methods
may have the disadvantage of nanoparticle agglomeration due to
the addition of binder and conductive agent. This severely
diminishes the specific surface area and porosity of the active
material and thus prevents the ions in the electrolyte from fully
contacting the active substance and from rapidly accumulating
and transferring ultimately damaging the electrochemical
performance [51]. Therefore, rather than traditional electrode
preparation method, the in-situ polymerization method was
chosen to prepare electrodes.

The crystal structure of PANI was analyzed by XRD for any
obvious changes before and after bonding with CC in Fig. 8(a).
The XRD patterns of CC present two distinctive peaks at 25.7°
and 43.6° from (002) and (100) planes reflections, respectively.
The intensity of the diffraction peaks corresponding to CP at (002)
and (100) is weakened compared to CC, indicating that the PANI
particles are uniformly and continuously wrapped on the CC
surface. CP exhibits a high degree of crystallinity and the peak at
20 = 25.3° is due to the periodicity perpendicular to the polymer
chain. Moreover, no new diffraction peaks appear compared to
PANI, but the peak intensities are significantly higher than PANI,
presumably due to the skeletal effect of CC driving the orderly
crystallization of the conducting polymer molecular chains [52].
The disappearance of the diffraction peaks (011) and (020) and the
larger half-peak width of (002) may be explained by the covalent
interaction between PANI and CC, resulting in a homogeneous
distribution of PANI on the surface of the carbon fabric fibers and
an increase in the d-spacing (20 = 25.3°) [53].

The elemental composition and chemical bonding states of CC
and CP hybrid electrodes were analyzed by XPS. Figure 8(b)
depicts the survey scan spectra of CC and CP. Compared with the
CC spectrum, in addition to the existing C 1s peak (284.5 eV) and
O 1s peak (532.5 eV), the N 1s (399.6 V) peak and Cl 1s (197.6
eV) peak newly appear in the CP spectrum, indicating that PANI
was successfully polymerized on CC. The appearance of the Cl
peak is due to the use of HCl as an acidic medium and dopant in
the polymerization process, which protonates the polymer chains
thereby forming the higher conductivity emeraldine salt form of
PANI [54, 55].

The deconvoluted spectrum of CC at C 1s contains three peaks
of graphitic carbon (285.1 eV), hydroxyl (285.6 V), and carboxyl
groups (286.4 eV) (Fig. 8(c)). The C 1s, N 1s, and O 1s peaks in
the CP spectra were further deconvoluted to investigate the
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elemental composition and chemical bonding state between PANI
and CC, respectively. The deconvolution spectrum of C 1s (Fig.
8(d)) with the peak at 285.1 eV corresponds to the C-N
configurations, indicating the successful polymerization of PANI
on the CC. The other peaks in the C 1s XPS spectrum of the CP at
2834, 284.5, 287.1, and 288.0 eV are assigned to the C=C, C-C,
C=0, and O-C=0 groups, respectively. Compared to CC, a few
peak positions in CP move towards lower binding energies, which
may be caused by the superior electrical conductivity of the CP
surface. The improved conductivity may counteract the
accumulation of positive charges, which allows for the loss of
photoelectrons during XPS measurements [56]. The N 1s peaks of
CP in Fig. 8(e) are deconvoluted into three peaks associated with
quinimine amine (=N-), benzimine amine (-NH-), and nitrogen
cationic radical (N*), centered at 399.4, 399.7, and 4004 eV,
respectively [57,58]. This part of the nitrogen, which has been
successfully protonated (N*), facilitates the enhancement of the
electrode conductivity [59]. The deconvoluted spectra of O 1s at
531.1, 532.1, and 532.7 eV correspond to the subpeaks of C=0,
C-0 and H-O-H, respectively, and the appearance of these peaks
is presumably explained by the presence of bound water in PANI
(Fig. 8(9)).

34 Electrochemical performance of CP flexible anode

Figure 9 depicts the electrochemical performance of CC and CP
electrodes in the three-electrode test system with 1 M H,SO,
electrolyte and a voltage window of 0-0.8 V. Figure 9(a) shows the
CV curves of the samples CC and CP at 5 mV-s™. It can be seen
that the CV curve of CC behaves almost as a line for the negligibly
low capacitance (0.3 F-g”, 2.9 mF-cm™). While the CP exhibits a
pair of redox peaks at 0.1 and 0.3 V, the formation of which is
mainly attributed to the leucoemeraldine-emeraldine redox
transformation of PANI, the other pair of redox peaks located at
0.58 and 0.5 V high anodic potentials are due to the degradation
of PANI and the emeraldine-pernigraniline transition [60, 61].
The redox peaks are distinctly visible in the CV curves of the CP
electrode at all scan rates range from 5 to 100 mV-s”, which
corresponds to the non-ideal triangular curve exhibited by the
GCD curve, and this phenomenon belongs to the obvious
pseudocapacitive behavior (Figs. 9(b) and 9(c)).

From the Nyquist plot of the CC and CP electrodes (Fig. 9(d)),
the R, of the CP in the high frequency region is 4.1 Q, which is
slightly smaller than the CC electrode (4.9 ), while both
electrodes behave as nearly vertical lines in the low frequency
region, providing a smooth channel for ion transport and thus
exhibiting an ideal capacitive behavior. The main reasons for this
situation are as follows: The two materials CC and PANI possess
high electrical conductivity, and the core-shell structure of CP is a
reasonable structural design for the combination of the two
materials, which effectively ensures the specific surface area and
more abundant reactive sites compared with the traditional
preparation of electrodes, rendering the ion transfer more
efficiently [51]. The capacitive contribution was further analyzed
using Eq. (8), and the b values of anodic peak and cathodic peak
obtained from Fig. 9(e) are 0.94 and 0.87, respectively, indicating
that the current response is predominantly capacitive response.
The specific capacitance of the CP electrode was 699 F.g'
(350 mF-cm™) when the sweep rate was 5 mV-s?, and 521 F-g"
(261 mF-cm™) when the scan rate was increased to 100 mV-s™,
which indicates an excellent rate capability (Fig. 9(f)).

3.5 Electrochemical performance of the MCNF/CP

asymmetric supercapacitors

Since the CP and MCNF electrodes demonstrated promising
electrochemical performance in 1 M aqueous H,SO, electrolyte,
they were assembled as positive and negative electrodes,
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Figure9 Electrochemical performance of CP and CC electrode in 1 M H,SO, in a three electrodes configuration. (a) CV curves of CC and CP at constant scan rate of
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respectively, to form a solid-state flexible asymmetric
supercapacitor. As shown in Fig. 10(a), the potential operating
windows of the MCNF and CP electrodes are —0.7-0.2 and 0-0.8
V, respectively, so the theoretical maximum operating voltage of
the assembled ASC can reach 1.5 V. Balancing the charge between
the cathode and anode (q° = q7) by adjusting the mass of active
material in MCNF and CP electrode (MMCNE:MCP = 2.5:1) is
an inevitable step prior to the assemble of asymmetric devices,
which facilitates the maximization of device capacitance.

Figure 10(b) shows the CV curves of the as-prepared ASC with
the operating voltage window from 0.9 to 1.7 V at a scan rate of
20 mV-s™. The CV curve shape remains good when the closed-
circuit voltage increases from 0.9 to 1.5 V, indicating a good
capacitive behavior within 0-1.5 V. While as the cutoff voltage is
further increased to 1.7 V, it causes a severe polarization due to the
decomposition of water. At a scan rate of 5 mV-s?, the CV curve
of ASC exhibits a pair of distinct broad redox peaks, indicating
that the redox pseudocapacitance contributes to the primary
capacitance of the device. This phenomenon can also be evidenced
by the fact that the GCD profiles of the ASC exhibit a period of
bulge in the potential window at 0.4-1.0 V (Figs. 10(c) and 10(d)).
The superior conductivity and rapid charge transfer kinetics of the
MCNEF anode and CP cathode are the radical reasons why the
cyclic voltametric curves of ASC maintain undistorted at a high
scan rate of 100 mV-s™. As depicted in Fig. 10(e), the specific
capacitance of ASC is 97 F-g"' (281 mF-cm™) at the scan rate of
5 mV-s™; the specific capacitance of 41 F-g™ (113 mF-cm™) is still
maintained when the scan rate is increased to 100 mV-s™, which
indicates a good rate capability.

The Nyquist plot of the ASC is shown in Fig. 10(f), the nearly
vertical lines in the low frequency region indicate the good ion
diffusion capability of the device, and the small semicircle in the
medium-frequency region indicates a lower charge transfer
resistance. The R; and charge transfer resistance (R.) obtained
from the electric equivalent circuit of the inset are 2.7 and 15.0 Q,
respectively, indicating that the ASCs possess an extraordinary
conductivity and electron transfer capability.

To investigate the charge storage kinetic mechanism of ASCs,
the b values of 0.58 and 0.88 for the anodic and cathodic peaks,
respectively, calculated with Eq. (8), indicate that the surface redox
reaction is the major contribution to the capacitance (Fig. 10(g)).
The ratio of capacitance contribution at different scan rates was

calculated according to Eq. (9)
i=kv+kv"? 9)

where kv and k,»/* correspond to the fraction of capacitive
contribution and diffusion contribution, respectively [62]. Figure
10(h) indicates that the shaded area denotes a capacitance
contribution of about 42% for a scan rate of 5 mV-s”, while the
capacitance contribution rises to 81% for a scan rate of 100 mV-s™
(Fig. 10(i)). The fundamental explanation for the high percentage
of capacitive contribution in charge storage is analyzed as follows.
Firstly, the positive and negative electrode materials (CP and
MCNF) both have a good electron conductivity, and then the
microstructures of both electrodes are designed to facilitate the
penetration of hydrogen ions into the surface structure of the
active material [63].

The structure of this solid-state flexible asymmetric
supercapacitor can be seen in Fig. 11(a). In the bending tests at
different angles (0°, 45°, 90°, and 180°), as shown in Fig. 11(b), the
almost overlapping CV curves of ASC prove the excellent
flexibility and stability of the device. The device exhibits good
cycling stability with a capacity retention rate of 86% of the initial
capacitance after 5000 consecutive cycles of charge/discharge
testing at high current density of 20A-g™* (Fig. 11(c)). The Ragone
plots reflect the energy density and power density of ASC.
MCNF//CP ASCs exhibit a remarkable electrochemical
performance with a gravimetric energy density of 30.6 Wh-kg™ at
a power density of 1211 W-kg™ and gravimetric energy density of
128 Whkg' at a power density of 8023 W-kg', indicating
superior rate capability (Fig. 11(d)). The obtained energy density
of MCNEF//CP ASC exceeds that of many previously reported
MXene or PANI-based supercapacitors (Table 1), including
Ti,Cy/CuS// Ti,C, (1.5 V; 15.4 Whkg™) [64], Ti,C,/CC//RuO,/CC
(1.5 V; 29 Whkg™) [65], TisC,//PANI/tGO (145 V; 17 Wh-kg")
(6], V,C/PANI/AC (15 V; 1125 Whkg') [67],
Ti;C,//Phenothiazine/rGO (14 V; 174 Whkg") [68], and
Ti;C,//rGOH (1.1 V; 8Whkg™) [69]. In summary, this remarkable
electrochemical performance, mechanical durability of the
MCNF//CP ASC device demonstrates a possibility that it can
serve as a reliable and powerful energy storage device for many
potential and emerging applications.
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Figure 10 (a) CV curves of MCNEF-4, CP, and the assembled asymmetric device at a scan rate of 5 mV-s”, (b) CV curves of the as-prepared device measured over the
operating voltage windows from 0.9 to 1.7 V at a constant scan rate of 20 mV-s™, (c) CV curves collected at different scan rates between 0 and 1.5 V, (d) GCD curves
measured at different current densities between 0 and 1.5 V, (e) areal capacitance and gravimetric capacitance based on the ASCs at scan rates varying from 5 to
100 mV-s™, (f) Nyquist plot of the ASC. Inset shows the electrical equivalent circuit model for the Nyquist plot. (g) Logarithm plot of cathodic and anodic peak currents

as a function of scan rate, (h) CV curves at 5 mV-s" with the shadowed area representing the surface capacitive contribution, and (i) percentage capacitive
contributions obtained at a scan rate of 5, 10, 20, 50, 80, and 100 mV-s".
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Table1 Comparison of the electrochemical performance of MXene-based supercapacitors

Electrode Configuration  Electrolyte ~ Voltage (V)  Energy density (Wh-kg")  kPower density (W-kg')  References
Ti;C,/CNF//PANI/CC Asymmetric 1 M H,SO, 1.5 30.6 1211 This work
Ti;C,/CuS// Ti;,C, Asymmetric 1 M KOH 1.5 15.4 750.2 [64]

Ti;C,//rGOH Asymmetric 1 M H,SO, 1.1 8 NA [69]
Ti,C,/rGO Symmetric 3 M H,S0, 1 10.5 80.3 [70]
Ti;C,/CC// RuO,/CC Asymmetric 1 M H,SO, 1.5 29 3800 [65]
1T-MoS,/ Ti,C, Symmetric 1 M H,S0, 0.6 6.95 239.48 [71]
N,O co-doped C@ Ti;C, Symmetric 6 M KOH 1.2 10.8 600 [72]
Ti;C,/PANI//AC Asymmetric 7 M KOH 2 22.67 14 [37]
Ti;C,// PANI/ rGO Asymmetric 3 M H,S80, 1.45 17 NA [66]
Ti;C,/MnO,/CC//AC Asymmetric 3 M KOH 1.5 29.58 749.92 [73]
Ti;C,//Cx/ GO Asymmetric 3 M H,SO, 1.5 20 480 [74]
Ti;C,//Phenothiazine/rGO Asymmetric 3 M H,SO, 1.4 17.4 NA [68]
V,C/PANI//AC Asymmetric 1 M H,SO, 1.5 11.25 415.38 [67]

A- Ti;C,/PANI Symmetric 1 M H,SO, 1 20.3 500 [75]
Ti;C,/PANI-NTs Symmetric 1 M H,SO, 0.8 25.6 153.2 [76]

4 Conclusions

All-pseudocapacitance  MCNF//CP ASCs are designed with
MCNF as the negative electrode and CP as the positive electrode.
The charge storage mechanism of both positive and negative
electrodes is  contributed by the highly reversible
protonation/deprotonation  pseudocapacitance  of  surface
functional groups, which can ensure good conductivity and high
capacitance. By utilizing the complementary positive and negative
potential windows, the assembled devices exhibit a wide voltage
window of 1.5 V and a high gravimetric energy density of
30.6 Whkg™ and power density of 1211 W-kg™ in PVA/H,SO, gel
electrolyte. Moreover, the asymmetric device is still able to
maintain a high capacitance retention of 86% at a high current
density of 20 A-g”, demonstrating excellent electrochemical
stability. Furthermore, due to the excellent flexibility of both
positive and negative electrode materials, the bendability of the
asymmetric device is also rather outstanding and no significant
degradation of the capacitance performance is found in the
bending test. This study provides a feasible guide to achieve the
design and matched assembly of high-performance electrode
structures for wide voltage window and high energy density
pseudocapacitive ASCs. It is worth noting that the simple
fabrication approach of positive and negative electrode materials
and the convenient assembly of asymmetric devices enable the
application of this flexible energy storage device in the field of
flexible wearable electronic devices with tremendous potentials.
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