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The wide-spread proliferation of aqueous MXene-based supercapacitor has been
largely shadowed by the limited cell potential window (typically in the range
of 0-0.6 V). To address this baffling issue, designing asymmetric supercapacitor
(ASC) is proposed as a rational strategy to enlarge the potential window (thus
energy density) of individual cell in aqueous electrolytes. To this date, however,
it still remains a great challenge to develop easy fabricating, 3D nanostructured,
and pseudocapacitive cathode materials that can perfectly match with MXene
anode materials. In this work, we propose a supramolecular strategy to construct
conducting polymer hydrogel (CPH) with highly interconnected 3D nanostruc-
tures and large pseudocapacitance, which can finely match with 2D Ti;C,T,. The
as-assembled CPH//Ti;C, T, ASC with CPH cathode and MXene anode can oper-
ate in a broadened potential window of 1.15 V in aqueous PVA/H,SO, gel elec-
trolyte with remarkably improved energy density of 16.6 uWh/cm? (nine times
higher than that of symmetric MXene supercapacitor). Additionally, this ASC
exhibits outstanding cyclic stability with no trackable performance decay over
30,000 galvanostatic charge and discharge cycles. It is demonstrated in this work
that employing positive CPH electrode is a feasible yet promising strategy to
enhance the potential window and energy density of aqueous MXene superca-
pacitors.
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1 | INTRODUCTION
Two-dimensional (2D) carbides and nitrides of transition
metals, also known as MXenes, have attracted extensive
research interests in the past decade since the discovery
of Ti3C, in 2011.1% In general, the widely recognized for-
mula of MXenes can be denoted as M,,; X, T, (n = 1-3),
where M represents transition metal (such as Sc, Ti, Nb,
and so on), X represents carbon and/or nitrogen, and T,
stands for the surface terminations including hydroxyl,
oxygen, and fluorine.*® Typically, MXene layers can be
obtained through a top-down synthesis routine, in which
the A-layer atoms in MAX phase are selectively removed
by either harsh or mild etching.””® To this date, MXene has
become a starring role in electrochemical energy storage
due to its high electronic conductivity,'*!! easy process-
ing (allow spray coating,'>'® ink-jet printing,'*"'® screen
printing,'”'® and 3D printing'°-?"), and high pseudocapaci-
tance originated from abundant surface terminations.’*~%*
MZXene generally shows promising electrochemical activ-
ity under negative potential in aqueous acidic electrolytes.
However, the widespread application of MXene-based
symmetric supercapacitor is largely shadowed by the lim-
ited potential window of individual cell in aqueous acidic
electrolytes (typically in the range of 0-0.6 V).**> There-
fore, it is of great urgency to broaden the potential win-
dow of MXene-based aqueous supercapacitors considering
practical application and commercialization of devices.
Designing asymmetric supercapacitor (ASC) is a ratio-
nal strategy to enhance the potential window (thus
energy density) of MXene-based supercapacitor in aque-
ous acidic electrolyte.”*?® For instance, Yury and his
co-workers developed rGO//MXene ASC, which demon-
strates a potential window of 1 V in aqueous PVA/H,SO,
electrolyte.”’ Although positive rGO electrode can effec-
tively broaden the potential window of individual cell
in acidic electrolyte, it cannot perfectly match negative
MZXene electrode in specific capacitance due to the lack
of redox-induced pseudocapacitance. Soon after this work,
Yury’s group developed conducting polymer (CP)@rGO
composite cathode material for MXene. The resultant
CP@rGO//MXene ASC delivers an unprecedented poten-
tial window of 1.45 V in acidic electrolyte.*” In spite of the
ultrahigh potential window, the long-term performance
of device is inevitably compromised due to the interfaces
between CP and rGO. Additionally, the 3D nanostructure
of CP@rGO cathode material obtained by diluted solution
polymerization cannot be enabled due to the restacking of
rGO flakes, which will lead to sluggish ion/mass transfer
kinetics.>'** In this regard, developing easy fabricating,
3D-nanostructured, and pseudocapacitive cathode mate-
rials that can perfectly match with MXenes anode is still
underway.

CP hydrogels (CPHs) represent an emerging class
of derivative of CPs that synergize the advantages of
soft hydrogels and organic conductors.**>¢ Due to
the intrinsic 3D architecture, large pseudocapacitance,
promising mechanical durability, and easy fabricating,
CPHs have recently gained ground in high performance
supercapacitors.’’** Moreover, CPHs generally show con-
siderable electrochemical performance in aqueous acidic
electrolyte under positive potential, which makes them
ideal cathode materials for MXene-based ASC.>%*° Herein,
we construct 3D CPH through crosslinking polyaniline
(PANI) chains with citric acid (CA) via electrochemi-
cal polymerization. The CPH consisting of numerous
interconnected nanofibers offers interconnected and
unblocked channels for ion/mass transfer during electro-
chemical process. Thanks to this unique 3D architecture,
the CPH demonstrates a high specific capacitance of 402.5
F/g at 1 A/g under positive potential (0-0.8 V) in acidic
electrolytes. Through employing CPH cathode and MXene
anode, a CPH//Ti;C,T, ASC is successfully assembled
with a broadened potential window of 1.15 V in acidic gel
electrolyte. In the meanwhile, the CPH//Ti;C,T, ASC
demonstrates remarkably enhanced energy density of
16.6 ,uWh/cmz, which is nine times higher than that of
symmetric MXene supercapacitor. This work demon-
strates a novel MXene-based ASC prototype, which may
give inspirable insights into next-generation high-energy
density electrochemical energy storage devices.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals and materials

Aniline, CA monohydrate, and polyvinyl alcohol (PVA)
with 1799 degree of polymerization of analytical grade were
purchased from Aladdin Co., Ltd. and aniline was distilled
under reduced pressure before using. Hydrochloric acid
(HC1), sulfuric acid (H,SO,), and lithium fluoride (LiF)
were purchased from Chengdu Chron Chemicals Co., Ltd.,
China. The Ti;AlC, MAX phase powder is purchased from
11 Technology Co., Ltd., Jilin, China. Polydimethylsiloxane
(PDMS) was purchased from Dow Corning Ltd. (USA) and
used as received without further treatment.

2.2 | Preparation of MXene ink

The preparation procedure of MXene ink has been
described in detail in our previous work.® Generally, the
Ti;C, Ty powder was prepared by etching Ti;AlC, MAX
phase in acidic environment containing HCl and LiF.
The obtained multilayer Ti;C, T, powder was dispersed in
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deionized water (10 mg/mL), followed by ultrasonic treat-
ment (120 W) for 1 h. After that, the dark supernatant liquid
was collected by centrifugation treatment at 3500 rpm for
1 h, which is so-called MXene ink. To point it out, the con-
centration of the MXene ink we used for spray coating is
tested to be 2.4-2.5 mg/mL by determining the solid con-
tent of this ink.

2.3 | Electrochemical polymerization of
3D CPH

Commercialized polyethylene terephthalate (PET) thin
film (75 um) was cut into small pieces (40 mm X 15 mm)
and rinsed with ethanol and deionized water for three
times, respectively, to remove contaminants. Gold thin
film with predesigned patterns was then sputtered onto
the PET film using magnetron sputtering apparatus (SKY
Technology Development Co., Ltd., China). A precursor
solution was prepared by adding 912 uL (10 mmol) ani-
line and 1.0507 g (5 mmol) CA monohydrate into 100 mL
1M H,SO, solution. Then, the gold foil patterned PET slice
(working electrode) was integrated into three-electrode
configuration for the following electrochemical polymer-
ization, in which platinum foil and saturated calomel elec-
trode (SCE) were employed as counter electrode and ref-
erence electrode, respectively. For a typical fabrication of
CPH, the above-mentioned three-electrode configuration
is dipped into precursor solution, and a fixed potential
of 0.8 V versus SCE was applied onto the working elec-
trode. The CPH can, thus, be gradually formed with time.
To point it out, the aniline concentration of the precursor
solution is 0.1 mol/L, and the molar ratio between aniline
and CA is 2:1.

2.4 | Fabrication of asymmetric
supercapacitor (ASC)

Positive CPH electrode was prepared by electrochem-
ical polymerization at a fixed potential of 0.8 V ver-
sus SCE. Negative MXene electrode was prepared by a
mask-assisted spray coating method using MXene ink.
PVA/H,S0, gel electrolyte was prepared by mixing PVA,
concentrated sulfuric acid, and deionized water (mass
ration of 10:1:1) at an elevated temperature of 85°C for 2
h. Notably, during the preparation of positive and neg-
ative electrodes, the employment of binder and conduc-
tive agent can be effectively avoided, which is attributed
to the promising conductivity and processability of both
CPH and MXene. To assemble a CPH//Ti;C,T, ASC, pos-
itive CPH electrode (cathode), PVA/H,SO, gel electrolyte,
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and negative MXene electrode (anode) were integrated
in a sandwiching manner, in which the gel electrolyte is
sandwiched in between the two electrodes. To achieve the
charge balance of QT = Q7, a mass balance equation is
employed to enable the optimized electrochemical perfor-
mance of ACS:

m+celeclrode+ AE+ =m_ Celectrode—AE—’ (1)

where m™*, and m™ is the loading mass of CPH and MXene
electrode, respectively. Cojectrodet> ANd Cojectrode— 1S the spe-
cific capacitance of CPH and MXene, respectively. AE,,
and AE_ is the potential window of each electrode. After
the electrodes and gel electrolyte are properly assembled,
PDMS is drop casted onto the device, serving as encapsu-
lating layer.

2.5 | Materials characterization

Scanning electron microscopy (SEM) of materials was
characterized with JSM-7800F Prime (JEOL Co. Ltd.,
Japan) using an accelerating voltage of 5 kV at high
vacuum mode (9.6 X 10~ Pa). Transmission electron
microscopy (TEM) was conducted on JEM-2100F (JEOL
Co. Ltd.) with an accelerating voltage of 200 kV. Fourier
transformed infrared (FTIR) spectra of CPH and pure
PANI were characterized by Nicolet 6700 spectrometer
(Thermo Fisher Scientific, US). Raman spectra of dehy-
drated CPH, pure PANI, and MXene were character-
ized using LabRAM HR Evolution (HORIBA Instruments
Shanghai Co. Ltd., China). X-ray diffraction (XRD) of the
specimens were tested with PANalytical X’Pert Powder
diffractometer with Cu K« radiation. X-ray photoelectron
spectroscopy (XPS) was conducted on Thermo Scientific
ESCALAB 250Xi.

2.6 | Evaluation and determination of
electrochemical performance

Electrochemical performance of electrode materials was
tested in a prototypical three-electrode configuration, in
which 1 M H,SO, solution was employed as electrolyte,
platinum film and SCE were used as counter electrode and
reference electrode, respectively. Electrochemical perfor-
mance of as-assembled ASC was tested in two-electrode
system using CHI660E electrochemical workstation. Spe-
cific capacitance (F/g) of electrochemical active materials
is derived from galvanostatic discharge technique:

C, = IAt/mAE, ©)
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where I (A) is discharge current, At (s) is discharge time, m
(g) is the loading mass of electrochemical active material,
and AE (V) is potential window.

Areal capacitance (C,, F/cm?) of device is calculated by
the following equation:

Cy= Cdeuice/A: (3)

where Cj,,;.. (F) is the device capacitance and A (cm?) is
the effective areal of device.

Energy density (E, Wh/cm?) of as-prepared ASC can be
calculated according to:

2
AV
E=1c, 80

473600 “)

Power density (P, W/cm?) of as-prepared ASC can be cal-
culated according to:

E
P= AL X 3600. (5)
3 | RESULTS AND DISCUSSION

The main idea of this work is schematically illustrated in
Figure 1. It is widely recognized by academia that MXenes
show promising electrochemical performance in acidic
electrolyte under negative potential. However, the limited
potential window of MXene-based symmetric supercapac-
itors in aqueous acidic electrolyte severely hinders their
wide application and proliferation. To address this baffling
issue, we employ here the CPH cathode in an attempt to
broaden the potential window of MXene-based superca-
pacitors. The 3D CPH is constructed via a supramolecular
strategy, in which PANI polymeric chains are successfully
crosslinked by CA molecules due to electrostatic inter-
action and hydrogen bond. Since pseudocapacitive CPH
cathode shows promising electrochemical performance in
acidic electrolyte under positive potential, it can perfectly
match MXene anode that works under negative potential.
As a result, the as-fabricated CPH//Ti;C,T, ASC exhibits
aremarkably enlarged potential window of 1.15 V, which is
much larger than that of MXene-based symmetric super-
capacitor (0.6 V).

The supramolecular strategy we employed to synthesize
CPH is clearly illustrated in Figure 2A. For a typical fabri-
cation of CPH, aniline, and CA were added into precursor
solution, followed by an electrochemical polymerization
method (see details in Materials and Methods). In this
supramolecular strategy, the CA molecule plays a dual
role of both crosslinker and dopant. On one hand, PANI

polymeric chains can be doped by acidic carboxyl groups
of CA. On the other hand, hydrogen bond can be formed
between carboxyl groups of CA and imine groups of
PANI. Since every CA molecule possesses three functional
groups, it can crosslink more than one PANI macromolec-
ular chains. Consequently, a 3D interconnected CPH
network consisting of numerous nanofibers comes into
formation. To point it out, the loading mass of CPH can
be strictly controlled through varying the electrochemical
polymerization time because the loading mass of CPH
increases proportionally with the reaction time (Supple-
mentary Figure S1). The loading mass of CPH deposited
on individual electrode is tested to be 0.03 mg/cm? with an
electrochemical polymerization time of 120 s. Increasing
the electrochemical polymerization time to 600 s leads
to the loading mass tested to be 1.04 mg/cm?. With the
prolongation of polymerization time, the color of electrode
changes from light brown to dark green, which indicates
an increment in loading mass (Supplementary Figure S2).
Top view SEM image of as-prepared CPH is shown in
Figure 2B. It can be clearly observed that this CPH consists
of numerous interconnected nanofibers, and the average
diameter of PANI/CA fiber is calculated to be 55 nm (Sup-
plementary Figure S3). EDS mapping of CPH in Figure 2C
suggests even distribution of carbon, nitrogen, and oxygen
element, which is consistent with the chemical structure
shown in Figure 2A. Cross-section SEM image of CPH
grown on gold (Au) thin film is depicted in Figure 2D,
which shows a distinct three-layer structure, containing
substrate (bottom layer), Au film (medium layer), and
CPH (top layer). It is noteworthy that the average fiber
diameter in the cross-section SEM image (160 nm) seems
to be much larger than that (55 nm) in top view SEM
image (Supplementary Figure S4). This is attributed to the
secondary growth of PANI. During the electrochemical
polymerization process, the CPH starts growing at the sur-
face of Au film. Therefore, the fibers near Au film endure
longer polymerization time and appear to be thicker than
that on the top of CPH. Notably, the CPH layer is closely
adhered onto the Au film without trackable delamination.
Therefore, the redox current contributed by CPH can be
fully collected by the Au film during the electrochemical
procedure, and promising electrochemical performance
can be obtained consequently.

FTIR spectrum is employed to probe the chemical struc-
ture of as-prepared CPH (Figure 2E). A reference scan of
pure PANI in dedoped state is also depicted in Figure 2E
for comparison. In the spectrum of CPH, the characteristic
peaks located at 1560, 1491 cm™ are corresponded to the
C = C stretching vibration of quinoid and benzenoid ring,
respectively.*! The peak located at 1301 cm™ is attributed to
the C-N stretching vibration of imine group of PANI back-
bone, and the peak of 1140 cm™ is attributed to the C = N
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FIGURE 1

Schematic illustration of designing CPH//Ti;C,T, ASC by integrating CPH cathode and Ti;C,T, MXene anode, in which

MXene is obtained by etching MAX phase, and CPH is constructed via crosslinking PANI polymeric chains. Compared with symmetric
MXene supercapacitor (0.6 V), the potential window of CPH//Ti;C,T, ASC can be efficiently broadened to 1.15V

stretching vibration of -N = Q = N- unit (Q represents
quinoid ring). As for the peak of 820 cm™, it is assigned to
the out-of-plane bending vibration of C-H bond located in
benzenoid ring. All these above-mentioned characteristic
peaks confirmedly demonstrate the existence of PANI.
Due to the presence of CA molecules, the peak located
at 1560 cm™ in CPH spectrum appears to be broader
than that of pure PANI (due to the overlap of -COOH
carbonyl functionality peak and quinoid ring C = C
stretching vibration peak). Notably, the distinct red shift
phenomenon appeared in the CPH spectrum indicates
the PANI polymeric chains are effectively doped by CA
molecules. In the Raman spectra of pure PANI and CPH
(Figure 2F), the peaks located at 417, 812, and 1603 cm™! are
ascribed to the fundamental vibrations of benzenoid ring.
The peaks at 1494 cm™ (C = C and C = N stretching vibra-
tions of quinoid ring) and 1170 cm™ (C-H deformation
vibration of quinoid ring) indicate the presence of quinoid
ring. Additionally, the peak at 570 cm™ is ascribed to the
amine deformation vibration, and the peak at 1333 cm™! is
ascribed to the C-N** stretching vibration of delocalized
polaron structure.*” Both, the FTIR and Raman spectra
demonstrate that the PANI polymeric chains have been
successfully doped by CA molecules. Due to the high

doping level of PANI polymeric chains, the CPH exhibits
high electronic conductivity of 0.45 S/cm (tested by a
standard four-probe testing method).

Chemical composition of as-prepared CPH was further
determined by XPS characterization, which indicates the
presence of carbon (Cls~284 eV), nitrogen (N1s~399 eV),
and oxygen (Ols~531 eV) (Supplementary Figure S5).
According to the quantitative elementary analysis, the car-
bon, nitrogen, and oxygen element were calculated to be
73.9, 7.7, and 16.7%, respectively. The high concentration of
oxygen is attributed to the introducing of CA molecules.
Deconvoluted XPS core-level spectra of N (1s) is shown
in Fiugre 2G, in which the peak of -N = is located at
398.3 eV, the peak of -NH- is located 399.2 eV, and the
peak of -N* is located at 400.5 eV. The high doping level
(35.3%, -N+/overall N element) of PANI polymeric chains
revealed by XPS N (1s) spectrum is consistent with FTIR
and Raman results. As for the C (1s) spectra of the CPH
(Supplementary Figure S6), it can be deconvoluted into
four peaks: the C-C/C-H peak is centered at 284.1 eV, the
C-N/C = N peak is centered at 284.9 eV, the C-N*/C = N*
peak is centered at 285.6 eV, and the C-O/C = O peak is
centered at 288.7 eV. XRD pattern of hydrated CPH (Sup-
plementary Figure S7) shows two characteristic diffraction
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Synthesis and characterization of CPH. (A) Electrochemical polymerization of CPH. (B) SEM image of dehydrated CPH,

scale bar: 500 nm. (C) EDS mapping of dehydrated CPH, scale bars: 1 um. (D) Cross-section SEM image of dehydrated CPH deposited onto
substrate, scale bar: 1 um. (E) FTIR, and (F) Raman spectra of pure PANI and dehydrated CPH. (G) N 1s deconvoluted spectra of dehydrated

CPH

peaks located at 2 theta degree 0of 19.7° and 25.0°, which are
assigned to (0 2 0) and (2 0 0) crystal planes diffraction of
PANI in emeraldine base.

As vividly shown in Figure 3A, Ti;C,T, MXene ink is
typically prepared by etching Ti;AlC, MAX phase, fol-
lowed by a sequential dispersing procedure. As a result, the
obtained MXene layers exhibit considerable hydrophilic-
ity, and the MXene ink, thus, shows distinct Tyndall effect
(inset of Figure 3A). AFM image of dehydrated Ti;C,T,
MZXene ink is shown in Figure 3B. The thickness of MXene
monolayer is determined to be 1.9-2.2 nm by AFM charac-
terization (see height profiles in Figure 3C). Cross-section
SEM image of negative MXene electrode is depicted in
Figure 3D. A distinct three-layer structure can be clearly
observed in the SEM image, in which the bottom layer
is substrate, the middle layer is sputtered Au film, and

the top layer is laminated porous MXene electrodes. As
shown in Figure 3E, TEM image of dehydrated MXene ink
indicates it is mainly composed of single-layered MXene
flakes with mean lateral size less than 1 um. Such a small
mean lateral dimension of MXene flakes can be attributed
to the vigorous ultrasonic treatment. Generally speaking,
the small lateral size and large interlayer space of MXene
flakes can facilitate ion accommodation and inter-layer
ion transfer, which will alleviate sluggish ionic kinetics of
MZXene film to a certain extent (Supplementary Figure S8).
The lattice symmetry of selected area electron diffraction
(SAED) pattern of MXene flake is in good agreement with
previous literatures.** Raman spectrum of MXene powder
is exhibited in Figure 3F. The sharp peaks of 201 and
722 cm™! are typical indicators of delaminated Ti;C,Ty
MZXene, which are assigned to the vibration modes of Alg
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FIGURE 3

Synthesis and characterization of Ti;C,T, MXene. (A) MXene flakes can be facilely fabricated by etching MAX phase. (B)

AFM image of MXene monolayers, scale bar: 110 nm. (C) Height profiles of MXene monolayers along the crossed lines. (D) Cross-section SEM
image of MXene electrode, scale bar: 1 um. (E) TEM image shows few-layered MXene flakes, scale bar: 200 nm. Inset picture is SAED pattern.
(F) Raman spectra of MXene powder. (G) XRD pattern of as-prepared Ti;C,T, MXene

(Ti, O, C) and A,z (C).*** The bands of 515 and 625 cm™
are attributed to the out-of-plane and in-plane vibration
modes of Ti;C,(OH),, respectively.*® XRD pattern of
as-etched MXene is depicted in Figure 3G, the sharp peak
located at 6.9° is assigned to the diffraction of (002) crys-
talline plane of MXene. The peaks centered at 14.1°, 21.2°,
28.5°, 35.9°, and 43.0° are attributed to the diffraction of
(004), (006), (008), (0010), and (0012) planes of MXene.!!
To investigate the electrochemical performance of
as-prepared Ti;C,T, MXene and CPH, electrochemical
tests were conducted with three-electrode configuration
in 1 M H,SO, electrolyte. As a result, the Ti;C,T, MXene
shows promising electrochemical performance of 213.8
F/g under the potential window of -0.35-0.3 V versus
SCE (Supplementary Figure S9). While the CPH delivers
high specific capacitance of 402.5 F/g with a potential

window of 0-0.8 V versus SCE (Supplementary Figure
S10). Consequently, an ASC can be easily assembled
in a sandwiching manner by integrating CPH cathode,
MZXene anode, and acidic gel electrolyte (Figure 4A). As
shown in Figure 4B, due to the large open channels of
3D CPH and abundant interlayer space of 2D MXene, the
solvated ions can easily accommodate into nanostructured
electrodes and, thus, achieve efficient electrochemical
dynamics. Figure 4C shows the cyclic voltammetry (CV)
curves of each individual electrode (20 mV/s) recorded
in three-electrode configuration, in which the negative
electrode (Ti;C,T, MXene) works at -0.35-0.3 V while the
positive electrode (CPH) works at 0-0.8 V. This indicates
the possibility to enlarge the overall potential window
of individual cell by assembling CPH//Ti;C,T, ASC. CV
curves of as-assembled CPH//Ti;C,T, ASC with different
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electrode of Ti;C,T, MXene and CPH tested in three-electrode system, (D) CV and (E) GCD curves of as-assembled CPH//Ti;C, T, ASC. (F)
The log(i) versus log(v) plot of the cathodic and anodic peak current of CV curves. (G) Quantitative survey of diffusion and
non-diffusion-limited current contributions at different scan rates of 5-20 mV/s. (H) The energy density of CPH//Ti;C,T, ASC and Ti;C, T,

symmetric supercapacitor versus different current density

scan rates ranging from 5 mV/s to 100 mV/s are depicted
in Figure 4D, which demonstrate an enlarged potential
window of 1.15 V of asymmetric configuration. Two pairs
of redox peaks can be clearly observed in these profiles,
which are ascribed to the transitions between different
redox states of PANI (leucoemeraldine base, emeraldine
base, and pernigraniline base).”” With the scan rate
increasing from 5 to 100 mV/s, the redox peaks can still be
traced, indicating the considerable rate capability of this
ASC.*® Galvanostatic charge or discharge (GCD) curves
of the ASC recorded at different current densities, ranging
from 1 to 10 mA/cm? based on the specific area of ASC_ are
exhibited in Figure 4E. It is noteworthy that the GCD pro-
files exhibit a distinct plateau located at 0.6-0.8 V, which
is attributed to the pseudocapacitive characteristic of both

CPH and MXene. Due to the high pseudocapacitance of
the electrodes, the CPH//Ti;C,T, ASC delivers a large
areal capacitance of 90.3 mF/cm? at a current density of
1 mA/cm?. Even when the current density increases to
20 mA/cm?, the areal capacitance can still be maintained
at 43.4 mF/cm? (Supplementary Figure S11). Such a high
areal capacitance surpasses most previous MXene-based
supercapacitors and is comparative with many state-of-
the-art works (Supplementary Figure S12).1%:13:16-18,20.23

Sweep voltammetry can shed light into the charge stor-
age kinetics of electrochemical procedure. To inspect
the electrochemical kinetics for charge storage of
as-assembled CPH//Ti;C,T, ASC, CV tests are con-
ducted and analyzed using the power-law relationship
(Equation 6):
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ip,= av®, (6)

where ip is the peak voltammetric current, v is the sweep
rate, a and b are adjustable parameters. To point it out,
b = 0.5 suggests a diffusion-controlled charge storage pro-
cess, and b = I suggests a non-diffusion-controlled process
(so-called capacitive behavior).*” In Figure 4F, the log(i,)
versus log(v) plot for the anodic peak (0.74 V) and cathodic
peak (0.66 V) shows the current dependence on the sweep
rate. The b value for the anodic and cathodic peak current
is calculated to be 0.78 and 0.83, respectively. From the per-
spective of b value, the charge stored in ASC is contributed
by both diffusion-limited and non-diffusion-limited pro-
cess.

To quantitatively distinguish capacitive contribution
(non-diffusion-controlled) ratios at different scan rates,
the following equation (Equation 7) can be effectively
employed:

i(V) = kv + kyv'/2, @)

where i(V) is current response at a fixed potential (V), v
is the sweep rate, k;v is described as the capacitive contri-
bution, and k,v"? is described as the diffusion-controlled
insertion.’” By determining the value of both k; and k., the
fraction of each charge storage mechanism can be differen-
tiated. As shown in Figure 4G and Supplementary Figure
S13, the capacitive contribution (non-diffusion limited) is
calculated to be 75% at 5 mV/s. With the scan rate increas-
ing to 20 mV/s, the capacitive contribution increases to 83%
correspondingly. The capacitive contribution analysis sug-
gests that the non-diffusion limited charge storage mech-
anism plays the dominant role in the ASC. Notably, the
small fraction of diffusion-controlled contribution can be
ascribed to the ion intercalation into MXene lattice. Cyclic
performance of as-prepared ASC is investigated by GCD
technique at a fixed current density of 15 mA/cm?. Even
after 30,000 charge and discharge cycles, the ASC can well
maintain its performance with no trackable capacitance
decay (Supplementary Figure S14). Such a promising cyclic
stability can be ascribed to the unblocked ion/mass trans-
fer channels in both CPH and MXene electrode, which
can mitigate the volume expansion/shrinkage effect dur-
ing cycling. Notably, a distinct capacitance increment can
be observed in the initial cyclic stage, which is attributed to
the activation of electrode materials. On one hand, more
active sites located on MXene flakes are exposed to elec-
trolyte with cycling. On the other hand, the full swelling of
the CPH is a time-consuming process. During the cycling
process, more and more PANI polymeric chains become
accessible to electrolyte due to the swelling of CPH. There-
fore, the specific capacitance of CPH//Ti;C,T, ASC seems
to be increased during the initial cycling stage. Interest-

ingly, this phenomenon was also reported in previous
works regarding MXene and CPs electrodes.’’>* Energy
density of CPH//TizC,T, ASC and Ti;C,T, symmetric
supercapacitor (with the same MXene loading mass on
each electrode) serving as reference device are depicted
in Figure 4H. The ASC delivers a high energy density
of 16.6 uWh/cm? at 0.6 mW/cm?, which is 10 times the
energy density of TizC,T, symmetric supercapacitor with
the same loading mass (1.6 uWh/cm? at 0.3 mW/cm?). The
output of this ASC is also benchmarked with some recent
works regarding MXene and CP-based supercapacitors
(Supplementary Figure S15). As a result, the performance
of the CPH//Ti;C,T, ASC outperforms many MXene and
CP-based supercapacitors, and its performance is even
comparable with some state-of-the-art works.?**">3=° The
remarkable improvement in energy density suggests that
employing CPH cathode is an effective way toward high
energy demand.

To verify the integratable potential of the CPH//Ti;C, T,
ASC, the parallel and serial connecting ASC circuits were
further fabricated and studied in detail. Figure 5A and B
depicts the CV (20 mV/s) and GCD (galvanostatic current
of 1 mA) curves of ASC unit, two ASCs serial connecting
circuit, and three ASCs serial connecting circuit. By
connecting ASCs in series, the potential window can be
effectively broadened to 2.3 and 3.45 V. However, the volta-
metric current of serial circuits are recorded to be reduced
compared with ASC unit because of the serial resistance. In
Figure 5C, the equivalent series resistance (ESR) of serial
circuit is found to be enhanced with the increasing number
of ASC unit, which is consistent with the intrinsic charac-
teristics of serial circuit. According to the fitted EIS data, an
individual ASC unit can be regarded as electrical double-
layer capacitance Cg in parallel with a charge transfer
resistance R, and then the mentioned part in series with
the ESR R, and the faradaic pseudocapacitance C origi-
nated from PANI and MXene. As aresult, the R, containing
electrode active materials resistance, electrolyte resistance,
and interfaces resistance is calculated to be 3.9 Q. The R,
is fitted to be 1.2 Q, indicating promising charge transfer
dynamics (Supplementary Figure S16). CV curves of ASC
unit and parallel circuits with fixed potential window of
0~1.15 V (shown in Figure 5D) indicate the output current
can be correspondingly enlarged through parallel connect-
ing. In comparison with ASC unit, the larger capacitance
provided by parallel circuit is demonstrated by enduring
much longer discharge time at a fixed discharge current
(Figure 5E). By determining the x-intercept of the Nyquist
plots (Figure 5F), the ESR of three ASCs parallel circuit (1.4
Q) and two ASCs parallel circuit (1.9 Q) are demonstrated
to be much smaller than that of ASC unit (3.7 Q). As a
visualized demo, a “SWJTU” bulb panel containing 318
green LED bulbs can be successfully lightened by four
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FIGURE 5 Electrochemical performance of different integrated CPH//Ti;C, T, ASC circuits. (A) CV curves, (B) GCD curves, and (C)

EIS plots of ASC unit and serial ASC circuits. Inset picture of Figure 5C indicates 318 green LED bulbs can be effectively lightened by four
ASCs serial circuits. (D) CV curves, (E) GCD curves, and (F) EIS plots of ASC unit and parallel ASC circuits. Inset picture in Figure 5F
indicates an LCD timer can be successfully powered by two ASCs serial circuits

ASCs serial circuits (inset of Figure 5C), and a LCD timer
can be easily powered by two ASCs serial circuits (inset
of Figure 5F). The above-mentioned data unambiguously
demonstrate that the Ti;C,T,//CPH ASC can be used as a
promising candidate for portable electronics and wearable
devices in the approaching era of Internet of Things.
Through employing 3D CPH cathode and 2D Ti;C,T,
anode, the ASC with a collection of merits, such as high
energy density, large areal capacitance, and promising
cyclic stability, can be elaborately fabricated. The above-
mentioned merits of device should be mainly attributed
to the following reasons: (i) The CPH shows high pseudo-
capacitance under positive potential in acidic electrolyte.
It can thus match well with pseudocapacitive MXene
(Ti3C,T,) that works under negative potential. Conse-
quently, the CPH//Ti3;C,T, ASC exhibits promising com-
prehensive electrochemical performance. (ii) The highly
interconnected 3D frameworks of CPH and large inter-
layer space of 2D MXene naturally form unblocked ion
or mass transfer channels, which can give rise to effi-
cient electrochemical dynamics. (iii) The considerable
electronic conductivity of CPH and MXene electrode ben-
efits electron transfer. As a result, good rate capability and
cycling stability can be obtained. (iv) The synergistic effect
between enhanced potential window and high pseudoca-
pacitance of electrode materials make the device exploit its

advantages to the full in acidic electrolyte. Therefore, the
CPH//TizC,T, ASC shows remarkably enhanced energy
density compared with symmetric MXene supercapacitor.

4 | CONCLUSIONS

In summary, we had elaborately designed the CPH
with distinct 3D architectures via a supramolecular strat-
egy, in which the PANI polymeric chains are efficiently
crosslinked by CA molecules. The CPH positive elec-
trode with promising pseudocapacitance can match well
with pseudocapacitive Ti;C,T, negative electrode. Con-
sequently, an aqueous ASC with enlarged potential win-
dow of 1.15 V can be successfully assembled. In the mean-
while, the CPH//Ti;C,T, ASC demonstrates remarkably
enhanced energy density of 16.6 uWh/cm?, which is nine
times higher than that of aqueous symmetric Tiz;C,T,
supercapacitor. Additionally, the as-assembled ASC can
be further integrated to drive different daily electronics
such as LED scroll and LCD timer. In conclusion, this
work sheds new lights into the synthesis of pseudocapaci-
tive materials that match with Ti;C, T, negative electrode.
It thus gives inspiration for the design of future MXene-
based ASCs with enhanced energy density and application
potential.
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