
3D Hierarchical Ti3C2TX@PANI-Reduced Graphene Oxide
Heterostructure Hydrogel Anode and Defective Reduced Graphene
Oxide Hydrogel Cathode for High-Performance Zinc Ion Capacitors
Peng Liao, Zenghui Qiu,* Xin Zhang, Wenjie Yan, Haijun Xu,* Colton Jones, and Shaowei Chen*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 48416−48430 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The practical application of supercapacitors (SCs) has
been known to be restricted by low energy density, and zinc ion
capacitors (ZICs) with a capacitive cathode and a battery-type anode
have emerged as a unique technology that can effectively mitigate the
issue. To this end, the design of electrodes with low electrochemical
impedance, high specific capacitance, and outstanding reaction
stability represents a critical first step. Herein, we report the synthesis
of hierarchical Ti3C2TX@PANI heterostructures by uniform deposi-
tion of conductive polyaniline (PANI) polymer nanofibers on the
exposed surface of the Ti3C2TX nanosheets, which are then assembled
into a three-dimensional (3D) cross-linking framework by a graphene
oxide (GO)-assisted self-convergence hydrothermal strategy. This
resulting 3D Ti3C2TX@PANI-reduced graphene oxide (Ti3C2TX@
PANI-RGO) heterostructure hydrogel shows a large surface area (488.75 F g−1 at 0.5 A g−1), outstanding electrical conductivity, and
fast reaction kinetics, making it a promising electrode material. Separately, defective RGO (DRGO) hydrogels are prepared by a
patterning process, and they exhibit a broad and uniform distribution of mesopores, which is conducive to ion transport with an
excellent specific capacitance (223.52 F g−1 at 0.5 A g−1). A ZIC is subsequently constructed by utilizing Ti3C2TX@PANI-RGO as
the anode and DRGO as the cathode, which displays an extensive operating voltage (0−3.0 V), prominent energy density (1060.96
Wh kg−1 at 761.32 W kg−1, 439.87 Wh kg−1 at 9786.86 W kg−1), and durable cycle stability (retaining 67.9% of the original
capacitance after 4000 cycles at 6 A g−1). This study underscores the immense prospect of the Ti3C2TX-based heterostructure
hydrogel and DRGO as a feasible anode and cathode for ZICs, respectively.
KEYWORDS: Ti3C2TX@PANI heterostructure, intercalation, defective graphene, 3D porous hydrogel, high energy density,
zinc ion capacitor

■ INTRODUCTION
Supercapacitors (SCs) represent a unique energy storage
technology for diverse applications,1−3 which are divided into
3 categories, double-layer capacitors (EDLCs), pseudocapaci-
tors, and asymmetric supercapacitors (ASCs), on the
foundation of the energy storage principles.4 EDLCs store
charge by electrostatic attraction between positive and negative
ions without a Faraday process.5 Pseudocapacitors store charge
through Faraday redox reactions, which are related to valence
state changes caused by electron transfer.6,7 ASCs are SCs with
a pseudocapacitive positive electrode and a double-layer
capacitive negative electrode.8 Yet, while SCs possess marked
advantages, such as fast charging and discharging rates, good
rate capability, and reliable stability, the energy density of SCs
has remained limited by the electrolyte ions.9 ZICs represent a
unique architecture which combines a capacitive cathode with
an ion battery anode and can significantly enhance the energy
density.10−12

In electrochemical energy storage systems,13−15 lithium ion-
based devices typically entail a strict battery assembly caused by
the use of toxic and flammable organic electrolytes; for sodium
ion devices, the performance is known to be hampered by a low
operating voltage, large radius of sodium ions, slow reaction
kinetics, and poor stability of electrodes,16 whereas for the
potassium ion-based system, the large ionic radius of K leads to
a serious limitation of ion transport and cycling stability.17

These issues can be effectively mitigated with ZICs.11,18

Received: July 27, 2023
Accepted: September 19, 2023
Published: October 4, 2023

Research Articlewww.acsami.org

© 2023 American Chemical Society
48416

https://doi.org/10.1021/acsami.3c11035
ACS Appl. Mater. Interfaces 2023, 15, 48416−48430

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 S

A
N

T
A

 C
R

U
Z

 o
n 

O
ct

ob
er

 2
4,

 2
02

3 
at

 0
3:

51
:3

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zenghui+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjie+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haijun+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colton+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaowei+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c11035&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/15/41?ref=pdf
https://pubs.acs.org/toc/aamick/15/41?ref=pdf
https://pubs.acs.org/toc/aamick/15/41?ref=pdf
https://pubs.acs.org/toc/aamick/15/41?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c11035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


Two-dimensional (2D) nanomaterials have been used
comprehensively as SC electrodes on the foundation of a
large reaction plane and double-layer capacitance, with
pseudocapacitance from the corners.19,20 MXenes,3,19 a group
of 2D transition metal carbides, nitrides, or carbonitrides (with
a formula of Mn+1XnTZ, where M represents a transition metal,
X represents C and/or N, n typically ranges from 1 to 3, and TZ
represents the external functional group), are prepared by
removing the A atomic thickness of MAX phases.21,22 Among
these, Ti3C2TX has emerged as an effective material for SC
electrodes, owing to its high metallic conductivity, excellent
hydrophilicity, adjustable layer spacing, and rich redox active
sites. Additionally, the abundant surface functional groups/
defects and unique 2D hierarchical structure of Ti3C2TX render
it possible to construct unique heterostructures, which can not
only strengthen the individual properties of each constituent
but also exhibit a synergistic effect of excellent structural
stability, ultrahigh specific capacitance, and good electrical
conductivity.19,23

Nevertheless, stacking of the Ti3C2TX layers may occur due
to the van der Waals interactions, which can seriously limit the
specific surface area and pore distribution and hence the
electrochemical performance.24−26 To mitigate this issue,
aniline (ANI) monomers can be chemisorbed onto the surface
of the Ti3C2TX nanosheets and polymerized in situ to prepare
the Ti3C2TX@PANI heterostructure. This effectively increases
the interlayer spacing, provides abundant ion/electron trans-
port channels and active sites, and dramatically boosts the
electrochemical reaction kinetics.27,28 Notably, the resultant
fiber-shaped polyaniline (PANI) possesses high electric
conductivity and large relative molecular mass29−32 and can
store a large amount of charge under an electric field through
fast invertible doping and dedoping redox reactions of p-type or
n-type elements.29

GO is another 2D-layered material33 and can be used as a
cross-linker to prepare Ti3C2TX@PANI-RGO heterostructure
hydrogels via a low-temperature hydrothermal self-assembly
method.34,35 The 3D porous structure can not only effectively
prevent self-restacking but also provide abundant electro-
chemical active sites and fast ion/electron transport channels to
further boost the reaction kinetics.36 Additionally, the
disordered structure formed from the GO-assisted self-
convergence hydrothermal procedure can inhibit the structure
expansions of MXene-based hydrogels during the repeated
charge/discharge process, which can effectively improve the
inherent problems of dendrite growth compared with tradi-
tional metal zinc anodes, resulting in an excellent electro-
chemical stability. It is therefore envisioned that Ti3C2TX@
PANI-RGO hydrogels may be used as high-performance ZIC
anodes.23,37

The π−π interactions between the RGO layers are known to
result in serious stacking of the nanosheets,38,39 which can
compromise the mesopore distribution, reduce active sites,
impede ion transport, and slow reaction kinetics.40,41 Yet, with a
wide distribution of mesoporous defects on the surface of
RGO,42,43 the agglomeration can be effectively mitigated, and
active sites can be created providing rich pathways for ion
penetration.44 Defects can be effectively generated by the
catalytic gasification of Co particles with C atoms on the surface
of RGO, and then the 3D DRGO hydrogel is prepared by acid
etching.45 Compared to traditional carbon-based materials, the
3D DRGO hydrogels possess a large specific surface area and an

abounding mesoporous structure and can be used as a
promising ZIC cathode.46,47

In this study, the 3D-stratified Ti3C2TX@PANI-RGO
heterostructure hydrogel was synthesized through a convenient
and effective strategy and used as an anode for ZICs. The
hierarchical Ti3C2TX@PANI heterostructure was prepared by
chemisorption and polymerization and pieced into highly
conductive 3D porous cross-linked hydrogels by a low-
temperature hydrothermal GO-assisted self-interacting ap-
proach producing hierarchical Ti3C2TX@PANI-RGO hetero-
structure hydrogels. Moreover, DRGO hydrogels were
prepared by defect engineering with metal Co cocatalytic
gasification and used as the cathode for ZICs. The resulting
DRGO//Ti3C2TX@PANI-RGO ZIC device possessed a
potential window up to 3.0 V (0−3.0 V), a remarkable specific
capacitance (848.77 F g−1 at 0.5 A g−1), an ultrahigh energy
density (1060.96 Wh kg−1 at 761.32 W kg−1), and considerable
circulation stability (retaining 67.9% of the original capacitance
after 4000 periods).

■ EXPERIMENTAL SECTION
Material Preparation. Ti3C2TX MXene. The Ti3AlC2 MAX-phase

precursor was prepared by ball-milling the Al, C, and TiH2 mixture at a
3:1.2:2 molar ratio for 24 h using zirconia balls, and the mixture was
heated to 1350 °C under an Ar atmosphere for 2 h. Subsequently, the
Al layers of the resulting Ti3AlC2 powders (<38 μm) were etched to
produce Ti3C2TX MXene in the shape of a multilayer accordion.
Specifically, 1 g of LiF (99%) was added to 20 mL of 9 M HCl (36%)
containing 1 g of Ti3AlC2 powder under vigorous stirring in an ice bath
for 1 h, followed by stirring at 40 °C for 40 h to etch Ti3AlC2. Repeated
centrifugation of the Ti3C2TX suspension was carried out with distilled
water and anhydrous ethanol at 6000 rpm until the pH became neutral.
The well-proportioned Ti3C2TX solution was acquired by sonicating
the suspension under an Ar gas stream and centrifuging at 6000 rpm
for 2 h. The dark green supernatant was collected and freeze-dried to
obtain Ti3C2TX.
Ti3C2TX@PANI Heterostructure. 0.1 g amount of Ti3C2TX MXene

was added into 15 mL of 1 M HCl, and then 0.1 mL of aniline (99.5%)
was added under magnetic stirring at 3 °C for 25 min, followed by 10
mL of 1 M HCl and 1.34 g of ammonium persulfate (APS, 98.0%).
This solution was stirred magnetically at 3 °C for 8 h. This product was
obtained by centrifugation (6000 rpm) for 8 times with distilled water
and absolute ethanol. Ti3C2TX@PANI heterostructures were obtained
by lyophilization for 24 h. PANI was prepared in the same manner but
without the addition of Ti3C2TX.
3D Ti3C2TX@PANI-RGO Heterostructure Hydrogel. GO nanosheets

were first prepared from graphite flakes (90%) using a modified
Hummer’s method.48 The obtained GO was dispersed in distilled
water under sonication for 5 h to prepare a uniform colloidal
suspension (2 mg mL−1). Centrifugation was performed at 6000 rpm
for 30 min to isolate the thin-layer components. Eight mg of the
Ti3C2TX@PANI powder was then dispersed in 2 mL of the colloidal
suspension of GO under magnetic stirring for 1 h. Subsequently, 8 mg
of L-ascorbic acid (mass ratio 1:2 with GO) was added to the mixture
under sonication for 1 h. Ti3C2TX@PANI-RGO hydrogels were
generated after 6 h of hydrothermal treatment at 90 °C. The obtained
products were rinsed with distilled water until the pH was about 7. As a
control, RGO and Ti3C2TX-RGO hydrogels were prepared in the same
way.
3D DRGO Hydrogel. A homogeneous GO/Co mixture (mass ratio

9:1) was formed by dispersing 0.2 mg of Co pellets (99.9%) into 0.9
mL of GO (2 mg mL−1) solution under stirring and sonication for 2 h
each. RGO/Co hybrid hydrogels were prepared via hydrothermal
treatment at 90 °C for 6 h after the addition of L-ascorbic acid (3.6 mg)
at a ratio of 1:2, rinsed with distilled water and absolute ethanol, and
freeze-dried. The above products were oxidized at 350 °C for 0.5 h,
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and the byproducts were removed by acid leaching in concentrated
HNO3 (98.0%) for 1 h to obtain a 3D DRGO hydrogel.
Structural Characterization. The topography of samples was

investigated by scanning electron microscopy (SEM) (Zeiss,
GeminiSEM 300) and transmission electron microscopy (TEM)
(FEI, Talos F200S) measurements. X-ray diffraction (XRD) patterns
were obtained with a Rigaku Ultima IV X-ray diffractometer (λ =
0.15418 nm). Raman spectra were acquired by using a HORIBA
Scientific LabRAM HR Evolution spectrometer with laser excitation at
532 nm. X-ray photoelectron spectroscopy (XPS) analysis was
performed by using a Thermo Scientific K-Alpha spectrometer.
Thermogravimetric analysis (TGA) was conducted with a TGA5500
instrument. N2 adsorption/desorption isotherms were collected with a
Micromeritics ASAP2460 instrument, where the specific surface area
was estimated via the Brunauer−Emmett−Teller (BET) theory, and
the pore size distribution was obtained via the adsorption branch
isotherm via the Barrett−Joyner−Halenda (BJH) method.
Electrochemical Measurements. Electrochemical tests, includ-

ing cyclic voltammetry (CV), constant current charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS), were
conducted in a two-electrode system using a CHI 660E electro-
chemical workstation. A zinc foil was used as the counter electrode,
with RGO, Ti3C2TX-RGO, Ti3C2TX@PANI-RGO, and DRGO
hydrogels as the working electrodes, along with 2 M ZnSO4 (99.0%)
as the electrolyte and a glass fiber filter paper as the separator to
assemble a half cell in the CR2032 button cell. The active material was
vacuum-dried at 55 °C (24 h) and subsequently immersed in 2 M
ZnSO4 for 24 h to reach electrolyte equilibrium. Due to the excellent
mechanical strength of RGO, Ti3C2TX-RGO, Ti3C2TX@PANI-RGO,
and DRGO hydrogels, the active materials were loaded directly onto
the nickel foam current collector as working electrodes (loading mass

ca. 1.0 mg and active surface area ca. 0.6 cm−2) without binders, which
avoids the cumbersome electrode preparation process.
The specific capacitance (Ca), specific capacity (Cy), energy density

(E), and power density (P) of the electrode were analyzed by GCD
tests using the following equations:

=C It mU/a (1)

=C It m/(3.6 )y (2)

=E CU0.5 /3.62 (3)

=P E t/( /3600) (4)

where I refers to the current (A), t refers to the discharge time (s), m
refers to the mass (g) of active materials of electrodes, and U refers to
the potential difference (V).
ZIC Device. A ZIC full cell was constructed using Ti3C2TX@PANI-

RGO as the negative electrode and DRGO as the positive electrode.
ZICs balanced the relative mass of the positive and negative electrodes
by conserving the positive and negative charges, as shown in the
following equations

=Q CVm (5a)

=+Q Q (5b)

=+ + +m m C V C V/ / (5c)

where Q+ and Q− stand for the charge stored at the anode and cathode,
C+ and C− are the specific capacitance of the anode and cathode in half
cells, V+ and V− are the voltage windows, and m+ and m− are the active
material mass in the anode and cathode, respectively.

Figure 1. (a) Schematic illustration of the preparation procedure of Ti3C2TX@PANI. Representative SEM images of (b) Ti3C2TX, (c) PANI, and (d)
Ti3C2TX@PANI. Representative TEM images of (e) Ti3C2TX and (f) Ti3C2TX@PANI. (g) Representative HRTEM image of Ti3C2TX@PANI, the
inset within being the SAED patterns.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c11035
ACS Appl. Mater. Interfaces 2023, 15, 48416−48430

48418

https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Ti3C2TX@PANI-RGO Anode. The schematic diagram, as

shown in Figure 1a, illustrates the synthesis process of the
hierarchical Ti3C2TX@PANI heterostructures. First, the
Ti3C2TX MXene was prepared by designedly removing the
aluminum atomic layers of the MAX phase (Ti3AlC2). Next,
aniline was adsorbed and chemically oxidized on the surfaces of
the Ti3C2TX nanosheets in an ice bath, followed by APS-
initiated polymerization in an acidic medium, resulting in the
formation of hierarchical 2D Ti3C2TX@PANI heterostructures.
Figure 1b depicts the 2D multilayer accordion structure of the
Ti3C2TX MXene, where the layers were tightly stacked due to
the interlayer attraction, likely due to a synergy of van der Waals
forces, electrostatic interactions resulting from surface func-
tional groups, and Coulombic interactions stemming from high
terminal surface charge densities. High-resolution TEM
measurements (Figure 1e) showed that the Ti3C2TX nano-
sheets possessed a wrinkled sheet structure with a two-
dimensional crystal structure. From Figure 1c, one can see
that PANI was mostly produced in the form of nanofibers and
uniformly intercalated between the layers of the Ti3C2TX
nanosheets (Figure 1d) and on the surface of Ti3C2TX (Figure
1f). This led to an expansion of the interlayer spacing and an
enhanced specific surface area. In the high-resolution TEM
(HRTEM) image (Figure 1g), the Ti3C2TX@PANI hetero-

structures exhibit clearly defined lattice fringes with a distinct
interlayer spacing of 0.37 nm, most likely due to Ti3C2TX as
PANI is noncrystalline. In the selected area electron diffraction
(SAED) patterns (the inset of Figure 1g), three strong rings
were identified, corresponding to interplanar distances of 0.25,
0.15, and 0.13 nm, which can be ascribed to the (111), (220),
and (311) lattice planes of Ti3C2TX, respectively.
EDX analysis provides more structural details of the

Ti3C2TX@PANI heterostructure. As shown in Figure 2a and
the inset, the elements of C, N, O, and Ti can be readily
identified, with a rather uniform distribution (Figure 2b),
confirming the organized assembly of PANI nanofibers into the
Ti3C2TX nanosheets. Further structural insights were gained
from XRD and Raman analyses. The XRD patterns of Ti3C2TX,
PANI, and Ti3C2TX@PANI are shown in Figure 2c. The
Ti3C2TX@PANI heterostructures entail six major diffraction
peaks at 2θ = 6.6, 15.6, 24.8, 36.2, 41.0, and 58.3°, consistent
with the (002), (004), (006), (111), (200), and (110)
crystalline planes of Ti3C2TX,

21 respectively, with four addi-
tional ones at 15.3, 18, 19.2, and 25.4° due to PANI. Notably,
the former were clearly broadened and shifted to lower angles,
as compared to those of Ti3C2TX alone, likely due to the
intercalation of PANI nanofibers into the Ti3C2TX layers. As
shown in Figure 2d, both Ti3C2TX and Ti3C2TX@PANI
exhibited vibrational peaks at 283, 423, and 614 cm−1 due to

Figure 2. (a) TEM image of Ti3C2TX@PANI and (b) related elemental maps of C, N, O, and Ti, with the corresponding EDX spectra in the inset.
(c) XRD patterns and (d) Raman spectra of Ti3C2TX, PANI, and Ti3C2TX@PANI.
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the Ti−C vibrations, and the peaks at 1180, 1338, and 1495
cm−1 likely arose from the C−H bending of the quinoid ring,
C−N stretching of the benzenoid ring, and C�N stretching of
the quinoid of PANI and Ti3C2TX@PANI, respectively.
Notably, no additional peaks were detected, confirming the
homogeneous deposition of PANI nanofibers onto the entire
exposed surface of the Ti3C2TX nanosheets.
XPS surveys were then conducted to discuss the elemental

composition and chemical bonding of the examples.49 From the
survey spectra, as shown in Figure 3a,b, the C 1s, N 1s, Ti 2p,
and O 1s electrons can be detected at approximately 284, 399,
459, and 530 eV in the Ti3C2TX and Ti3C2TX@PANI samples,
respectively. Notably, an evident increase in the intensity of the
N 1s peak is observed in the latter due to the incorporation of
PANI into the Ti3C2TX nanosheets. The high-resolution scans
of the C 1s, N 1s, O 1s, and Ti 2p electrons for the Ti3C2TX@
PANI sample are shown in Figure 3c−f. Four peaks can be
resolved in the C 1s spectrum at 283, 284.4, 285.9, and 288.1
eV (Figure 3c) and assigned to C−Ti, C−C, C−N, and C�O,
respectively. From the N 1s spectrum (Figure 3d), the N−Ti, −
N�, −N−, and −N+− peaks can be found at 398.1, 398.9,
399.9, and 401.5 eV, respectively, arising from the PANI
nanofibers. The spectra of the O 1s electrons are shown in
Figure 3e, with two peaks at 531.3 eV (C−O) and 533 eV (C�
O). Figure 3f presents the Ti 2p spectrum, where the 2p3/2/
2p1/2 doublets can be deconvoluted at 451.9/458.5 eV for
metallic Ti, 454.4/460.7 eV for Ti−C, 455.9/462.4 eV for Ti−
N, and 458.6/464.6 eV for Ti4+.
GO, a strong gelatinous cross-linking agent, was then

employed to assemble the Ti3C2TX@PANI heterostructures
into 3D porous cross-linked RGO hydrogels via a hydrothermal
approach (Figure 4a). A 3D Ti3C2TX@PANI-RGO hydrogel
was synthesized by chemically interacting exterior oxygen-
containing groups of Ti3C2TX with RGO nanosheets reduced

from GO by using L-ascorbic acid (Figure 4b). The superior
mechanical properties of the hydrogels enabled the direct
preparation of electrode sheets, avoiding the complex
preparation of slurries and the interference with electrochemical
properties by conductive agents and inert adhesives. In
comparison to Ti3C2TX@PANI, Ti3C2TX@PANI-RGO hydro-
gels show a broadened half-peak width of several XRD
diffraction peaks, along with a leftward shift in the peak
position (Figure 4c), suggesting a further enlarged interlayer
spacing of the Ti3C2TX@PANI-RGO hydrogel.
The N2 adsorption/desorption isotherms of Ti3C2TX@PANI

are depicted in Figure 4d. The absence of a mesoporous
distribution within the medium pressure range is evident from
the low adsorption volume, and the isotherms indicate a
supreme adsorption capacity at P/P0 = 1, indicative of the
formation of macropores. By contrast, the Ti3C2TX@PANI-
RGO hydrogel exhibited a type IV isotherm and a pronounced
type H2 hysteresis loop (Figure 4e), suggesting the formation
of mesopores in the relative pressure range of 0.1−1.0. And the
BET specific surface area of the Ti3C2TX@PANI-RGO
hydrogel was estimated to be 264.79 m2 g−1, about 60 times
that of Ti3C2TX@PANI (4.86 m2 g−1). These results show that
the specific surface area of the Ti3C2TX@PANI nanosheets was
expanded by the 3D frameworks of RGO. The BJH theory was
used to analyze pore size distributions of Ti3C2TX@PANI and
the Ti3C2TX@PANI-RGO hydrogel. The inset of Figure 4d
shows that the Ti3C2TX@PANI powder was mainly composed
of micropores at 1.72 and 2.04 nm. For comparison, the
Ti3C2TX@PANI-RGO hydrogel possessed a broad mesoporous
size distribution, with significantly larger pore volumes at pore
sizes of 3.57, 7.75, and 20.39 nm (the inset of Figure 4e). These
findings suggest that the combination of Ti3C2TX@PANI and
RGO consisted of a 3D porous cross-linked structure
characterized by random pores and thin pore walls. This

Figure 3. XPS survey spectra of (a) Ti3C2TX and (b) Ti3C2TX@PANI. High-resolution spectra of Ti3C2TX@PANI: (c) C 1s, (d) N 1s, (e) O 1s, and
(f) Ti 2p electrons.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c11035
ACS Appl. Mater. Interfaces 2023, 15, 48416−48430

48420

https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11035?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


unique architecture offers several benefits, including reduced
aggregation of Ti3C2TX, improved conductivity, and increased
employment of active surface areas of the Ti3C2TX@PANI-
RGO hydrogel in electrochemical applications.
Figure 5a depicts the CV curves of RGO, Ti3C2TX-RGO, and

Ti3C2TX@PANI-RGO electrodes in a two-electrode system at a
potential scan rate of 10 mV s−1. All CV curves exhibited a
closed figure with no crossing or coincidence. The voltage range
of the Ti3C2TX@PANI-RGO heterostructure hydrogel electro-
des was 0−2.0 V, obviously larger than that of RGO and
Ti3C2TX-RGO (0−1.6 V). Moreover, the Ti3C2TX@PANI-
RGO heterostructure hydrogel electrode exhibited a signifi-
cantly larger CV curve integration area than that of RGO and
Ti3C2TX-RGO (approximately 5.91 times the former and 4.51
times the latter), indicating a drastically stronger capacitance
performance and faster reaction kinetics. This confirms the
feasibility of imbedding PANI nanofibers between the Ti3C2TX
nanosheets. Distinct redox peaks appear in the CV plots of the
Ti3C2TX@PANI-RGO heterostructure hydrogels, demonstrat-
ing that RGO and Ti3C2TX mainly provided EDLC during the

charge/discharge process, while the complex internal structure
of PANI provided pseudocapacitance due to the redox
reactions. Figure 5b shows the CV curves of the Ti3C2TX@
PANI-RGO heterostructure hydrogel electrodes at different
scan rates. As the potential scanning rate increased, there was a
slight shift of the oxidation−reduction peak due to inevitable
irreversible polarization. However, the lack of a significant
change in the curves indicated significant reaction rate stability,
high reversibility, and low equivalent series resistance.
As shown in Figure 5c, the charge storage capacity is further

examined by measuring the GCD curves at a current density of
1 A g−1. Although the Ti3C2TX@PANI-RGO hydrogel
electrodes showed a wider potential window, the discharge
time was longer. Furthermore, the specific capacitance of the
Ti3C2TX@PANI-RGO hydrogel electrodes (406.52 F g−1) was
significantly higher than that of the Ti3C2TX-RGO electrode
(153.12 F g−1) and RGO electrode (90.83 F g−1) at a current
density of 1 A g−1. This indicates enhanced charge storage of
the highly conductive 3D RGO configuration for gelling
Ti3C2TX@PANI heterostructures, in agreement with CV

Figure 4. (a) Schematic illustration of the producing approach of Ti3C2TX@PANI-RGO. (b) Photos of the Ti3C2TX@PANI/GO colloid before and
after reaction. (c) XRD patterns of Ti3C2TX@PANI and the Ti3C2TX@PANI-RGO hydrogel. Typical N2 adsorption/desorption isotherms of (d)
Ti3C2TX@PANI and (e) the Ti3C2TX@PANI-RGO hydrogel. The insets are the corresponding pore size distributions.
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analysis. All GCD curves of the RGO, Ti3C2TX-RGO, and
Ti3C2TX@PANI-RGO hydrogels are quasitriangular, indicating
the synergy of EDLC and pseudocapacitance. Figure 5d
displays the GCD curves of the ZIC with Ti3C2TX@PANI-
RGO heterostructure hydrogels as the anodes at different
current densities. In the current density range of 0.5−6 A g−1,
the GCD curves of the Ti3C2TX@PANI-RGO heterostructure
hydrogels showed no significant iR reduction, evidencing fast
electron transfer and electrolyte ion diffusion within the
electrodes. Moreover, the high symmetry of the GCD curves
suggests a small irreversible equivalent resistance and low
electrical energy loss during charging and discharging and
hence a favorable electrochemical performance of the electrode
under high current density. The rate performance of the RGO,
Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO hydrogels is shown
in Figure 5e. With the increase of the current density, the
attenuation of the specific capacitance accelerates. RGO,
Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO showed a specific

capacitance of 90.83, 153.12, and 488.75 F g−1 at the current
density of 0.5 A g−1, respectively, and 50.49, 32.80, and 72.34%
of the specific capacitance was retained at 6 A g−1, respectively.
This shows the stable and outstanding rate performance of the
Ti3C2TX@PANI-RGO hydrogels. The specific capacitance of
the Ti3C2TX@PANI-RGO heterostructure hydrogel at different
current densities is shown in Figure 5f.
The samples then underwent EIS tests within the frequency

range of 10−2−105 Hz (Figure 5g, with the equivalent circuit
shown in the inset). The semicircle in the high-frequency
region is attributed to the charge-transfer resistance (Rct),
whereas the linear portion of the low-frequency region is due to
the Warburg resistance (Wd) of material diffusion. From the
EIS data, the RGO, Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO
hydrogels can be seen to exhibit an Rct of 229.7, 168.5, and
150.1 Ω, respectively. This suggests enhanced electron-transfer
kinetics and reduced reaction irreversibility. Additionally, the
serial resistances (Rs) of RGO, Ti3C2TX-RGO, and Ti3C2TX@

Figure 5. (a) CV profiles of RGO, Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO at a scan rate of 10 mV s−1. (b) CV profiles of Ti3C2TX@PANI-RGO
at different scan rates. (c) GCD profiles of RGO, Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO at a current density of 1 A g−1. (d) GCD curves of
Ti3C2TX@PANI-RGO electrodes at different current densities. (e) Plots of specific capacitance vs current density of RGO, Ti3C2TX-RGO, and
Ti3C2TX@PANI-RGO. (f) Specific capacitances calculated via the GCD data at diverse current densities. (g) Nyquist impedance plots of RGO,
Ti3C2TX-RGO, and Ti3C2TX@PANI-RGO, with the equivalent circuits shown in the inset. (h) Ragone curve of Ti3C2TX@PANI-RGO.
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PANI-RGO hydrogels were estimated to be 0.76, 0.70, and 0.64
Ω, respectively, indicative of good electrical conductivity of the
samples. Furthermore, the linear segment shows that the
Ti3C2TX@PANI-RGO hydrogel showed a slope lower than that
of RGO and Ti3C2TX-RGO, indicating more significant
pseudocapacitance characteristics. As shown in the Ragon
plot of Ti3C2TX@PANI-RGO (Figure 5h), an ultrahigh energy
density of 271.53 Wh kg−1 was obtained at 516.0 W kg−1 and
196.55 Wh kg−1 at 6725.98 W kg−1.
It is well known that the high electric conductivity of active

materials is conducive to fast electrochemical reaction kinetics,
a key contribution to the excellent cycling capability and quick
rate charge−discharge property. Thus, the remarkable electro-
chemical performance of the Ti3C2TX@PANI-RGO hetero-
structure hydrogel can be attributed to the synergistic effect
among the structural components and the 3D architecture.
Specifically, the conductive Ti3C2TX substrate provided both
abundant transport channels for ions and active interfacial
centers, while the fiber-shaped PANI increased the pseudoca-
pacitance and promoted the diffusion of electrolyte ions. In
addition, the 3D structure allowed for fast electrolyte ion
diffusion and intimate contact of the Ti3C2TX@PANI-RGO
hydrogel with the electrolyte solution, leading to a high rate
capability.
DRGO Cathode. 3D DRGO hydrogels were synthesized by

using a simple cobalt-catalyzed gasification strategy, as depicted
in Figure 6a. First, a mild hydrothermal self-assembly strategy
was employed to prepare a Co-doped graphene oxide colloid
solution at 90 °C. Subsequently, at 350 °C, the metal Co was
oxidized into Co oxide and then catalytically gasified with C to
generate plentiful defects on the surface of RGO (6CoO + O2
→ 2Co3O4; Co3O4 + C → 3CoO + CO). Finally, the products
were subjected to boiling nitric acid washing to remove
impurities. In the SEM image (Figure 6b), the RGO nanosheets
can be seen to possess a morphology of wrinkled layers and a

clear cross-linked structure. DRGO exhibited a similar structure
with abundant mesopores (Figure 6c,d). Prior to the patterning
process, the graphitic structure of RGO appeared almost intact
(Figure 6e). And after defect engineering, a large amount of
cavities was evenly distributed on the surface of DRGO (Figure
6f,g). These results indicate that DRGO retained the stable
graphite structure of RGO while simultaneously increasing the
specific surface area and porosity, a unique structural feature for
enhanced capacitance performance.
XRD and Raman measurements were carried out to examine

the functional alterations of RGO and DRGO. From the XRD
patterns of RGO and DRGO, as shown in Figure 7a, the
diffraction peaks at 2θ = 25.04 and 43.06° of RGO can be
attributed to the (002) and (100) planes of graphite,
respectively;38 while the diffraction peaks of DRGO were
somewhat widened and shifted to a lower angle at 2θ = 23.68
and 42.99°. This indicates an expanded layer spacing of 3D
DRGO that was conducive to inhibiting graphene layer
stacking. From the Raman spectra, as shown in Figure 7b, the
D band (1350 cm−1), G band (1586 cm−1), and 2D band (2697
cm−1) can be readily identified. The corresponding D and G
band intensity ratio (ID/IG) was estimated to be 1.15 for
DRGO, significantly higher than that of RGO (0.92),
suggesting increasingly defective structures in the former due
to the cocatalytic cavity generation. Figure 7c,d show the N2
adsorption/desorption isotherms of RGO and DRGO. The
former is a type II isotherm that rose rapidly at relatively low
pressures, with a certain number of macropores (Figure 7c). In
contrast, the medium relative pressure range of DRGO showed
a type IV isotherm, indicating the formation of mesopores
(Figure 7d). 3D DRGO exhibited a type H1 hysteresis loop,
indicating an even mesoporous pore size distribution and
inerratic pore structure. According to the BET method, the
specific surface area was estimated to be 78.73 m2 g−1 for the

Figure 6. (a) Schematic diagram of the fabrication procedure of DRGO. SEM images of (b) RGO and (c) DRGO. (d) Zoom-in image of the circular
region in panel (c). TEM images of (e) RGO and (f) DRGO. (g) Zoom-in image of the circular region in panel (f).
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3D DRGO hydrogel, approximately 2.46 times that of RGO
(31.97 m2 g−1).
The pore size distributions of RGO and DRGO were

calculated using the BJH method and are depicted in Figure
7e,f. The primary distribution of RGO (Figure 7e) had a
mesoporous pore size of 3.44 and 35.12 nm and a large pore
size of 186.00 nm, and the pore volume and average pore sizes
were 0.0566 cm3 g−1 and 3.44 nm, respectively. Besides, the
pore sizes of 3D DRGO (Figure 7f) were primarily at 3.42, 7.79,
17.56, and 30.86 nm, and the pore volume and average pore size
were 0.2901 cm3 g−1 and 3.42 nm, respectively. The pore
volume of DRGO was 1 order of magnitude larger than that of
RGO and more widely distributed in the mesoporous range
(2−50 nm). These results suggest that 3D DRGO helped
alleviate tight stacking between sheets, increase electrochemi-
cally reactive surfaces, and improve conductivity.

The TGA curves are illustrated in Figure 8a, with RGO and
DRGO retaining 72.67 and 48.23% of their weight, respectively.
At temperatures below 260.93 °C, the weight losses of RGO
and DRGO were similar. However, at higher temperatures, the
decline of the RGO curve was significantly greater than that of
DRGO, indicating the superior thermal stability of 3D DRGO.
This may be ascribed to the unstable functional groups around
the edges of RGO and oxygen-containing groups on the surface,
which were susceptible to water adsorption and easily
decomposed at high temperatures. Yet, after washing and
high-temperature treatment, these groups vanished from 3D
DRGO, leading to improved thermal stability.
Figure 8b shows the CV graphs of the RGO and DRGO

hydrogels at 10 mV s−1, which display a closed loop. The
potential window of DRGO (0−1.8 V) was greater than that of
RGO (0−1.6 V) and the integrated area of the CV curve was
approximately 4 times that of RGO. This suggests that DRGO

Figure 7. (a) XRD patterns and (b) Raman spectra of RGO and DRGO. N2 adsorption/desorption isotherms of (c) RGO and (d) DRGO. Pore size
distributions of (e) RGO and (f) DRGO.
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possessed faster ion transport kinetics and superior charge
storage capacity. The CV of DRGO also exhibited clear redox
peaks, indicating both capacitance contribution and diffusion
control contribution during charge storage.
The CV curves of the 3D DRGO hydrogel electrodes at

different scan rates are depicted in Figure 8c. The similarity in
the curvature of all CV curves indicates excellent rate stability of
3D DRGO during the charge and discharge processes. This
suggests that the patterning process of 3D DRGO was selective
and occurred mostly on the carbon atoms that interacted with
Co oxide, thereby preserving the fundamental structure and
high conductivity of the graphite carbon. Nevertheless, there is
no crossover or overlap of the curves, demonstrating that 3D
DRGO facilitated fast ion diffusion, low irreversibility, and low
series resistance.
The GCD curves of RGO and DRGO at a current density of

1 A g−1 are presented in Figure 8d. The 3D DRGO hydrogel
electrodes exhibited a considerably longer discharge time and
higher capacitance (169.28 F g−1) than RGO. These results
indicate that the introduction of defects through the Co

cocatalytic gasification strategy markedly improved the charge
storage performance, which is consistent with the findings from
the CV profiles. Figure 8e shows the GCD curves of the 3D
DRGO hydrogels acting as the positive electrode at a current
density of 0.5−6 A g−1. These GCD graphs showed no
significant iR drop, indicating efficient electron transfer and
electrolyte ion diffusion within electrodes. Moreover, all GCD
curves exhibited high symmetry, signifying a high degree of
reaction reversibility and the absence of considerable polar-
ization during charge/discharge.
The specific capacitance of RGO and 3D DRGO at a current

density of 0.5−6 A g−1 is shown in Figure 8f. The specific
capacitance of 3D DRGO at a current density of 0.5 A g−1 was
223.52 F g−1, while 51.36% of the specific capacitance was
retained at 6 A g−1, substantially better than that of RGO. This
shows the excellent chemical stability and rate performance of
the 3D DRGO hydrogels. Figure 8g shows the specific
capacitance of the 3D DRGO hydrogels at different current
densities. Nyquist plots of the RGO and DRGO hydrogels are
similar in form (Figure 8h, the inset shows the equivalent

Figure 8. (a) TGA curves of the original RGO and DRGO. (b) CV profiles of RGO and DRGO at a scan rate of 10 mV s−1. (c) CV profiles of DRGO
at different scan rates. (d) GCD profiles of RGO and DRGO at a current density of 1 A g−1. (e) GCD profiles of DRGO at different current densities.
(f) Specific capacitance vs current density curve of RGO and DRGO. (g) Specific capacitances calculated via GCD data at different current densities.
(h) Nyquist impedance curves of RGO and DRGO, with the equivalent circuit shown in the inset. (i) Ragone plot of DRGO.
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circuit). The Rct and Rs after the 3D DRGO hydrogel treatment
were 141.3 and 0.69 Ω, respectively, which were smaller than
those of RGO. This shows that defect engineering led to a
markedly reduced series resistance of DRGO and enhanced
performance of electrolyte ion transfer. As shown in the Ragon
plot (Figure 8i), 3D DRGO exhibited a high energy density of
100.58 Wh kg−1 at 501.87 W kg−1 and retained an energy
density of 51.66 Wh kg−1 even at 8453.34 W kg−1.
In summary, the high performance of the 3D DRGO

hydrogel electrode can be ascribed to the mesoporous structure
that not only provided abundant pathways for speedy ionic/
electron diffusion but also impeded the restacking of DRGO
and increased the surface utilization.
DRGO//Ti3C2TX@PANI-RGO ZIC. A ZIC with a potential

window of 3.0 V was constructed by using Ti3C2TX@PANI-
RGO and DRGO as the negative and positive electrodes,
respectively, 2 M ZnSO4 as the electrolyte, and glass fiber filter

papers as the diaphragms (Figure 9a). This DRGO//
Ti3C2TX@PANI-RGO ZIC device exhibited the best electro-
chemical performance when the charge of the positive and
negative electrodes was conserved. According to the charge
balance formula (eq 4), the positive to negative electrode mass
ratio was optimized to 2.4:1 (total active material of 3.4 mg).
During the charging/discharging processes of the ZIC, the
electrolyte ions underwent a capacitance process of adsorption/
desorption at the cathode and a diffusion-controlled process of
intercalation/deintercalation at the anode. The Zn2+ ions of the
ZnSO4 electrolyte were transferred to the anode during
charging and to the cathode during discharging. As shown in
Figure 9b, the potential window of the Ti3C2TX@PANI-RGO
and DRGO electrodes was 2.0 and 1.8 V, respectively, which
largely determined the potential window of the DRGO//
Ti3C2TX@PANI-RGO ZIC device.

Figure 9. (a) Schematic illustration of the DRGO//Ti3C2TX@PANI-RGO ZIC device. (b) CV profiles of an individual DRGO cathode and a
Ti3C2TX@PANI-RGO anode at a scan rate of 10 mV s−1. (c) CV profiles of the ZIC device at 50 mV s−1 with diverse potential windows. The inset is
the zoom-in image of the CV curves. (d) CV profiles of the ZIC device at different scan rates. (e) Fitting plots between log(i) and log(v). (f) CV
profile with the related capacitive contribution at 50 mV s−1. (g) Capacitive and diffusion contributions at diverse sweep rates.
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Figure 9c shows the CV plots of the DRGO//Ti3C2TX@
PANI-RGO ZIC within different voltage windows at 50 mV s−1,
and it is worth noting that the curves did not close or cross
when the operating voltage range was no more than 3.0 V (in
the voltage window of 0−3.2 V, the CV curve crossed). This
shows that the operational potential of the ZIC device could be
stably extended to 0−3.0 V. The CV profiles of this DRGO//
Ti3C2TX@PANI-RGO ZIC at scan rates of 5, 10, 20, and 50
mV s−1 are shown in Figure 9d. It can be seen that the redox
peak positions of the CV curves showed a slight shift as the
scanning rate increased, due to the small uncompensated
resistance that is inevitable in the time of the charging/
discharging process. The CV curve of the ZIC exhibited 5
distinct redox peaks, indicating that the electrochemical
reaction of the device underwent a continuous multistep
phase transition. At the same time, this is closely related to the
synergistic effect of electric double-layer capacitance, pseudo-
capacitance, and diffusion control of the ZIC during charging
and discharging. In addition, the shape of the CV curve
remained almost unchanged as the scanning rate increased,
indicating that this ZIC device displayed rapid electrolyte
permeation and ion transfer.
The CV curves at different scanning rates can further explore

the electrochemical reaction mechanism of the ZIC. The charge
storage behavior can be analyzed using the following equation, i
= avb, where i stands for peak current, v is sweeping rate, and a
and b are two adjustable parameters. Generally, it is b = 0.5 for a
diffusion-controlled process, 0.5 < b < 1 for both diffusion-
controlled and capacitance-controlled processes, and b ≥ 1 for a
capacitance-controlled process. The fitting results of the b
values of the DRGO//Ti3C2TX@PANI-RGO ZIC are shown in
Figure 9e, and all were greater than 0.5 but less than 1. This
confirmed that the charge storage mechanism of the ZIC

involved a capacitance effect and diffusion control process, and
the high coefficient of determination R2 close to 1 indicated that
the error of the fitting result was extremely small.
In the ZIC device, the contributions of the capacitance and

diffusion-controlled processes can also be quantified through
the CV curves at different scan rates. The capacitance
contribution can be quantified using the following equation, I
= k1v + k2v1/2, where I is the current, k1v stands for the
capacitive contribution, and k2v1/2 stands for the diffusion-
controlled process. As shown in Figure 9f, the DRGO//
Ti3C2TX@PANI-RGO ZIC showed a high capacitance
contribution of up to 42% at a scan rate of 50 mV s−1. As
shown in Figure 9g, as the scan rate increased, the capacitance
contribution of the DRGO//Ti3C2TX@PANI-RGO ZIC was
positively correlated, and the diffusion control contribution was
negatively correlated. The high capacitance contribution greatly
enhanced the rate performance of the ZIC.
The GCD profiles of the DRGO//Ti3C2TX@PANI-RGO

ZIC at current densities of 0.5, 1, 2, 4, and 6 A g−1 (abscissa as
the specific capacity) are shown in Figure 10a. In the current
density range of 0.5−6 A g−1, the specific capacity of this ZIC
was as high as 696.81−269.83 mAh g−1. The discharge capacity
of the ZIC was close to the charging capacity, indicating its
excellent Coulombic efficiency. With an increase in the current
density, the charging and discharging platforms of the ZIC were
relatively flat and did not change significantly. The small
charge−discharge platform difference means lower irrever-
sibility during cycling. Figure 10b shows the GCD curve of the
DRGO//Ti3C2TX@PANI-RGO ZIC at different current
densities (abscissa as time). In the GCD curve at different
current densities, the ZIC showed no significant iR drop, and
the shape of the curve did not change dramatically. At the same
time, the curvature of the GCD curve also confirmed the

Figure 10. (a) GCD profiles of the ZIC device at different current densities, with the horizontal axis representing specific capacity. (b) GCD profiles
of the ZIC device at different current densities, with the horizontal axis representing time. (c) Rate performance plot of the ZIC device. (d) Specific
capacitance vs current density plot of the ZIC device. (e) Ragone plot of the ZIC device. (f) Cycling stability of the ZIC device at 6 A g−1 for 4000
cycles.
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stability of the device. The GCD curve of the ZIC was
nonlinear, which was closely related to the rapid transfer of Zn2+
ions in the electrolyte between the positive and negative
electrodes during the charge/discharge possess. However, as
the current density increased, the ZIC underwent some
polarization and the curvature inevitably shifted. In fact, the
specific capacitance decreased as the current density increased
(Figure 10c). ZnSO4 reacted with OH− in the aqueous solution
during charge−discharge, forming Zn4SO4(OH)6·5H2O. The
reactions can be expressed as follows, H2O ↔ H+ + OH−;
4Zn2+ + 6OH− + SO42− + 5H2O ↔ Zn4SO4(OH)6·5H2O↓.
After several charge−discharge cycles, Zn4SO4(OH)6·5H2O
precipitated on the electrode surface. This weakened the
electrochemical reaction dynamics, resulting in a low
Coulombic efficiency and rate performance. However, with
such a wide potential difference (0−3.0 V), the DRGO//
Ti3C2TX@PANI-RGO ZIC retained 41.46% more capacitance
than 848.77 F g−1 at 0.5 A g−1 and 41.46% at 6 A g−1,
confirming its obvious rate performance and stability.
As shown in Figure 10d, the specific capacitance of the

DRGO//Ti3C2TX@PANI-RGO ZIC at 0.5, 1, 2, 4, and 6 A g−1

was 848.77, 638.82, 609.07, 360.89, and 351.89 F g−1,
respectively. Compared to other ZICs, the DRGO//
Ti3C2TX@PANI-RGO ZIC showed a high specific capacitance
(Table 1),50−57 likely due to the balanced matching of the ZIC
capacitance effect and the battery effect. As shown in the Ragon
plot (Figure 10e), the Ti3C2TX@PANI-RGO//DRGO ZIC
exhibited an ultrahigh energy density of 1060.96 Wh kg−1 at a
power density of 761.32 W kg−1 and 439.87 Wh kg−1 at 9786.86
W kg−1. Compared to other ZICs, the energy density of the
DRGO//Ti3C2TX@PANI-RGO ZIC was also very high,

58−65

which confirmed the feasibility of increasing the SC energy
density by rational device designs. As shown in Figure 10f, the
cycle stability of the DRGO//Ti3C2TX@PANI-RGO ZIC
device was detected by repeating the GCD measurements
4000 times at 6 A g−1. ZICs retained 67.9% of the initial
capacitance, indicating long-lasting stability and a low leakage
rate in its cycling. Nevertheless, the cycle stability of ZIC
remained nonideal, and in future work, it is necessary to
continue to explore other strategies to improve the cycle
stability of the device for practical applications.

■ CONCLUSIONS
In this study, 3D porous hierarchical Ti3C2TX@PANI-RGO
heterostructure hydrogels were prepared using a simple
strategy. PANI conductive polymer nanofibers were deposited
onto the surface of the highly conductive Ti3C2TX matrix via a
uniform chemical adsorption and polymerization reaction to
inhibit dense stacking, and the Ti3C2TX@PANI heterostruc-
tures were synthesized. Subsequently, by a GO-assisted low-

temperature self-convergence hydrothermal strategy, the
Ti3C2TX@PANI heterostructure was assembled into the porous
3D cross-linked framework of hydrogels, and the Ti3C2TX@
PANI-RGO heterostructure hydrogels were prepared. The 3D
porous-layered Ti3C2TX@PANI-RGO heterostructure hydro-
gels demonstrated a wide electrochemically active surface area,
exceptional electrolyte permeation and ion diffusion, and rapid
chemical reaction kinetics, hence leading to a specific
capacitance of 848.77 F g−1 at 0.5 A g−1. Moreover, the
patterning processes of the cocatalytic gasification of metal Co
particles produced defects in RGO hydrogels via a low-
temperature hydrothermal method. As a result, 3D DRGO
hydrogels were prepared and they exhibited a high specific
capacitance of 223.52 F g−1 at 0.5 A g−1, owing to the extensive
and uniform distribution of mesopores on the surface. A ZIC
device was then constructed using the 3D Ti3C2TX@PANI-
RGO heterostructure hydrogels and DRGO hydrogels as
anodes and cathodes, respectively. This DRGO//Ti3C2TX@
PANI-RGO ZIC exhibited a wide potential window (0−3.0 V),
high specific capacitance (848.77 F g−1 at 0.5 A g−1), ultrahigh
energy density (1060.96 Wh kg−1 at 761.32 W kg−1, 439.87 Wh
kg−1 at 9786.86 W kg−1), and long-lasting cycle stability
(maintenance of 67.9% of the initial capacitance after 4000
cycles at 6 A g−1). This proposed approach for designing and
manufacturing MXene-based hydrogels as anodes and DRGO
as cathodes demonstrates a creative strategy to attain a high
energy density of ZICs.
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