
Vol:.(1234567890)

Advanced Fiber Materials (2022) 4:820–831
https://doi.org/10.1007/s42765-022-00140-z

1 3

RESEARCH ARTICLE

Compressible and Lightweight MXene/Carbon Nanofiber Aerogel 
with “Layer‑Strut” Bracing Microscopic Architecture for Efficient 
Energy Storage

Yongpeng Liu1 · Dan Wang1 · Chao Zhang2 · Yan Zhao3 · Piming Ma1 · Weifu Dong1 · Yunpeng Huang1   · Tianxi Liu1

Received: 22 October 2021 / Accepted: 23 January 2022 / Published online: 4 March 2022 
© Donghua University, Shanghai, China 2022

Abstract
Two-dimensional MXene has recently captured widespread research attention in energy storage and conversion fields due to 
its high conductivity, large specific surface area, and remarkable electro-activity. However, its performance is still hindered 
by severe self-restacking of MXene flakes. Herein, conductive Ti3C2Tx/carbon nanofiber (CNF) composite aerogel with 
typical “layer-strut” bracing 3D microscopic architecture has been fabricated via synergistic assembly and freeze-drying 
process. In virtu of the strong interfacial interaction between polymeric precursor nanofibers and MXene mono-layers, 
gelation capability and 3D formability of Ti3C2Tx is greatly reinforced, as resulted Ti3C2Tx/CNF aerogels possess a highly 
ordered microporous structure with interlayered CNF penetrating between large size MXene lamellae. This special configu-
ration guarantees the stability and pliability of the composite aerogels. Furthermore, the 3D form interconnected conduc-
tive network and the parallell alignment of the pores allow  free electrical carriers motion and ion migration. As a result, the 
prepared Ti3C2Tx/CNF aerogel-based electrode exhibits an exceptional gravimetric specific capacitance of 268 F g−1 at a 
current density of 0.5 A g−1 and an excellent cycling stability of 8000 cylcles, and the assembled symmetric supercapacitor, 
delivers a high energy density of 3.425 W h kg−1 at 6000 W kg−1. This work offers a new route for the rational construction 
of 3D MXene assembly for advanced energy storage materials.
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Introduction

Advancing of portable electronics fueled a revolutionary 
development of flexible and high-power density storage sys-
tems. Compared with other energy storage systems, super-
capacitors (SCs) offer the advantages of fast charging and 
discharging speed, high power density, and reliable cycle 
life, thus have recently attracted excessive attention for rapid 
discharge applications [1–5]. Generally, the energy storage 
in supercapacitors is based on two principles: (1) electric 
double layer capacitance (EDLC) due to the electrostatic 
separation of charges at the interface, between electrode and 
electrolyte without faradaic reactions; (2) pseudocapacitance 
due to the faradaic reactions, intercalation, or electrosorption 
at or near the surface of electrode materials. Carbon materi-
als are currently the most popular electrode materials for 
EDLC, including but not limited to fullerenes, carbon nano-
tubes, carbon fiber, graphene, and conductive carbon black. 
Although carbon materials possess the decent capacity and 
cycling stability, their energy density and power density are 
relatively low. Pseudocapacitive materials including metal 
oxides/sulfides [6], hydroxides [7, 8], and conductive conju-
gated polymers [9, 10] always exhibit high specific capacity 
and energy/power densities, while their cycling performance 
is still poor. Hence, developing the new electrodes for flex-
ible and high-performance supercapacitors with a simple and 
cost-effective approach is highly demanded.

MXene is a rising star among two-dimensional (2D) 
nanomaterials with the general formula Mn+1XnTx (n = 1–3), 
where represents an early transition metal, X stands for car-
bon and/or nitrogen, and T stands for the exposed surface 
terminations, including hydroxyl (–OH), oxygen (–O), and 
fluorine (–F) groups. Owing to it's distinctive composition 
and structure, MXene has found tremendous new applica-
tions in energy storage and conversion  [11, 12], electro-
magnetic shielding and absorption [13, 14], sensors and 
actuators [15, 16] and so on [17–19]. In particular, MXene  
specimens demonstrate various superior chemical/physical 
properties including high metallic conductivity, large spe-
cific surface area, and strong mechanical strength, endowing 
MXene with promising performance in energy storage appli-
cations. However, MXene nanosheets potentially undertakes  
irreversible restacking or spontaneously collapse, due to 
the strong Van der Waals interactions between individual 
layers, originated from their 2D nano-structure [20]. These 
structural deformation greatly reduces the specific surface 
area of the MXene-based electrode materials, and severely 
constrains the diffusion speed and intercalation efficiency 
of the electrolyte ions in the MXene electrodes. In addi-
tion to the limited ion transport in pyknotic structures, the 
conductivity of electrons between multiple-layered MXene 
is largely hindered by anisotropic nature of MXene flakes. 

There are two main strategies to solve these problems; one 
is to introduce intercalators, such as carbon nanotubes, gra-
phene oxides [21, 22], conducting polymers, etc. [23, 24], 
to prevent MXene mono-layer from re-stacking. A more 
promising approach is to engineer the structure of MXene, 
to construct a porous three-dimensional macroscopic lattice 
[25, 26]. Nonetheless, the 3D assembly of MXene with both 
structural integrity and excellent electrochemical properties 
currently remains a great challenge due to the poor gelation 
ability of MXene flakes [27].

In this work, a Ti3C2Tx/CNF composite aerogel with typi-
cal “layer-strut” bracing 3D microscopic architecture is pre-
pared by the synergistic assembly and freeze-drying process 
utilizing the shortened polyacrylonitrile (PAN) nanofibers as 
crosslinking and intercalating building blocks. Based on the 
strong interfacial interaction between 2D Ti3C2Tx flakes and 
polymeric PAN fibers, the gelation capability and 3D form-
ability of Ti3C2Tx is greatly improved, resulting in a robust 
and pliable Ti3C2Tx/CNF composite aerogels with highly 
ordered microporous structure composed of CNF, penetrat-
ing between large size MXene lamellae. The special “layer-
strut” bracing 3D microscopic structure provides convenient 
channels for electron transport and ion migration, hence, the 
Ti3C2Tx/CNF electrode exhibits an outstanding gravimetric 
specific capacitance of 268 F g−1 at a current density of 
0.5 A g −1, and excellent cycling stability of 8000 cycles. 
Moreover, the fabricated Ti3C2Tx/CNF symmetric superca-
pacitor device even delivers a high energy density of 3.425 
W h kg−1 at 6000 W kg−1 together with excellent cycling 
stability. Therefore, this work may provide a promising 
approach for the development of robust MXene assemblies 
for high-performance electrode material.

Experimental Section

Materials

Polyacrylonitrile (PAN, Mw = 150,000 g mol−1) was pur-
chased from Sigma-Aldrich. Ti3AlC2 (400 mesh) was bought 
from 11 technology, co., Ltd. Hydrochloric acid (HCl, 
36–38%) and N,N-dimethylformamide (DMF) were obtained 
from Sinopharm Chemical Reagent Co., Ltd. Lithium fluo-
ride (LiF) was provided by Aladdin Reagent Company.

Fabrication of Shortened PAN Nanofibers

In a typical process, 1 g PAN powder was dissolved in 10 
mL DMF under vigorous stirring in an 80 oC oil bath. After-
ward, electrospinning was carried out on a commercial elec-
trospinning system (UCALERY Beijing Co., LTD, China) at 
an applied voltage of 15–18 kV, the feeding speed and ori-
fice to collector distance were set as 2.5 mL h−1 and 15 cm, 
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respectively. Obtained free-standing PAN nanofiber web was 
pre-oxidized in the air under 250 °C for 2 h, followed by the 
homogenization process under 10,000 rpm for 30 min to 
obtain shortened PAN nanofibers.

Synthesis of Ti3C2Tx MXene

The mono-layered Ti3C2Tx MXene was prepared by etching 
MAX phase Ti3AlC2 with LiF and HCl. Briefly, 2 g LiF was 
first dissolved in 30 mL HCl (9 mol L−1) under vigorous 
stirring for 20 min, 1 g Ti3AlC2 was then slowly added into 
the mixed solution, followed by reaction at 35 °C under mild 
stirring for 24 h, resulted black product was washed with DI 
water for 7–8 times until the pH of the supernatant beyond 
6. The remained sediment of multi-layered MXene was then 
exfoliated under 240 W ultrasonication for 60 min under the 
protection of N2 and ice bath. Mono-layered Ti3C2Tx pow-
der was acquired by freeze-drying and preserved by vacuum 
packing.

Preparation of Ti3C2Tx/CNF Composite Aerogel

To begin with, Ti3C2Tx powder was dispersed in deionized 
water under ultrasonication, for 30 min to prepare stable 
MXene suspension, shortened PAN nanofibers were then 
added to the above suspension and treated with magnetic 
stirring to obtain the homogeneously mixed dispersion with 
different Ti3C2Tx/PAN mass ratios (6:2, 4:4, and 2:6). After 
24 h gelation and assembly under mild stirring, 10 mL of 
the above mixture was transferred to cylindrical moulds 
and freezing in a − 90 °C ethanol refrigerant, followed by 
freeze-drying in a lyophilizer (− 80 °C, 0.1 mbar) for 72 h 
to achieve Ti3C2Tx/PAN aerogels, which were further car-
bonized at 100 °C for 1 h and 600 °C in H2/Ar for 1 h to 
obtain Ti3C2Tx/CNF composite aerogels. For comparison, 
pure PAN nanofiber assembly was also prepared by freeze-
drying under the same conditions.

Materials Characterization

Morphologies of the assembled composites were evaluated 
by field emission scanning electron microscope (FESEM, 
Hitachi, S4800). TEM images were captured using a JEM-
2100 plus transmission electron microscope (Japan). AFM 
images were obtained using a MultiMode 8 system from 
Bruker. XRD measurement was conducted on a Bruker D8 
X-ray diffractometer with a Cu Kα X-ray source (λ = 1.5418 
Å). XPS was carried out on ESCA 2000 (VG Microtech, 
UK) using a monochromic Al Ka (hn ¼ 1486.6 eV) X-ray 
source.

Electrochemical Measurements

During three-electrode electrochemical tests, self-supported 
aerogels pressed on the nickel foam were directly used as 
the binder-free working electrodes. All the electrochemical 
experiments, including cyclic voltammetry (CV), galvano-
static charge–discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS) measurements were performed on 
a Gamry Interface 5000P workstation (Gamry Instruments, 
America) to evaluate their electrochemical performance. Pt 
plate and Ag/AgCl electrodes were used as the counter elec-
trode and the reference electrode. The gravimetric specific 
capacitance (C, F g−1) and capacity (Q, C g−1) were calcu-
lated from their discharge curves according to the following 
equations:

 where I is the discharge current (A), Δt is the discharge time 
(s), m is the mass loadings of the working electrode (g), and 
ΔV is the discharge voltage (V).

The symmetric supercapacitor device was assembled 
using the self-supported Ti3C2Tx/CNF composite aerogel 
as the positive electrode and the negative electrode, a 1 M 
H2SO4 solution was used as electrolyte, and a cellulose paper 
as the separator (obtained device was named as Ti3C2Tx/
CNF//Ti3C2Tx/CNF SSCs).

The mass-specific energy density (E, W h kg−1) and 
power density (P, W kg−1) of the SSCs device were calcu-
lated using the following equations:

where C is the gravimetric specific capacitance (F g−1), V 
is the discharge voltage (V), and Δt is the discharge time (s).

Results and Discussion

Figure 1 schematically illustrates the fabrication process 
of Ti3C2Tx/CNF composite aerogel. Through etching and 
exfoliation of the Ti3AlC2 (MAX), mono-layered Ti3C2Tx 
MXene dispersion with obvious Tyndall effect can be 
observed in Fig. 2A. It is well-known that the removal of 
Al atoms in Ti3AlC2 can result in substantial surface-active 
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groups (e.g.  –F, –O, and –OH) on MXene, thus poten-
tially improves the interfacial interaction between MXene 
and polymeric nanofibers. TEM, AFM images, and corre-
sponding height distribution in Fig. 2B, D show that the 

obtained Ti3C2Tx MXene has a lateral size of about 1 um 
and a thickness of about 2.5 nm, implying the mono-layered 
structure of prepared MXene. Freshly-prepared electrospun 
PAN nanofibers treated with high-speed homogenization 

Fig. 1   Schematic illustration of the fabrication process of Ti3C2Tx/CNF composite aerogel

Fig. 2   A Digital photo of as-prepared MXene aqueous dispersion. B–D TEM and AFM images of synthesized Ti2C2Tx MXene. E, F Digital 
photographs of prepared aerogels before and after thermal treatment
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possess a homogeneous length distribution of 40–60 μm 
(Figure S1A), which can be well dispersed in water due to 
the numerous hydrophilic groups on the PAN fiber (Figure 
S1B). The excellent aqueous processability of shortened 
PAN fibers will facilitate their subsequent hybridization and 
gelation with MXene flakes.

The lamellar Ti3C2Tx dispersion and pre-oxidized PAN 
short fibers were mixed and assembled with different 
Ti3C2Tx:PAN mass ratios, followed by freeze-drying and 
carbonization to obtain macroscopic aerogels. As displayed 
in Fig. 2E, Ti3C2Tx/PAN aerogels with different mass ratios 
all show excellent formability with no cracks and collapse on 
the monoliths, contrarily, numerous holes and voids can be 
clearly observed by naked eyes in pure PAN assembly, dem-
onstrating the superior gelation between Ti3C2Tx flakes and 
short PAN fibers. After carbonization at argon atmosphere, 
to convert polymeric nanofibers into carbon nanofibers and 
producing the Ti3C2Tx/CNF aerogels,  all samples appear 
with shirankage (Fig. 2F), which is ascribed to decomposi-
tion of polymers and formation of cylindrical pores. It is 
notable that the carbonized PAN monolith shows conspicu-
ous cracks,  which highly contribute in superior structural 
stability of the Ti32x composite aerogels.

The microstructures of different aerogels, i.e., Ti3C2Tx/
CNF6-2, Ti3C2Tx/CNF4-4, and Ti3C2Tx/CNF2-6 were 
assessed by SEM. As shown in Fig. 3A, D, Ti3C2Tx/CNF6-2 
composite aerogel manifests a “layer-strut” bracing 3D 
microscopic architecture with carbon nanofibers interca-
lating between parallelly aligned MXene flakes. It can be 
inferred that the CNF strut can largely improve the mechani-
cal performance of the composite aerogels by absorbing the 
external loading, as well as facilitating the efficient charge 

transfer through the inter-connected conducting networks. 
It is also worth mentioning that the voids and porosity in 
the microscopic architecture are highly beneficial for the 
fast transportation of electrolyte ions. Hence, this special 
“layer-strut” bracing 3D microporous structure holds great 
potential in the application of energy storage applications. 
Further increasing of the mass ratio of carbon nanofibers, 
this is the main reason of disordered porous structures of 
the composite aerogels. Based on Fig. 3, the parallel struc-
tures can hardly be observed in Ti3C2Tx/CNF4-4 (Fig. 3B, 
E) and Ti3C2Tx/CNF2-6 (Fig. 3C, F) samples due to the sig-
nificantly decreased amount of MXene flakes. Absence of 
the “layer-strut” bracing 3D microporous structure in the 
latter two aerogels potentially degrade their mechanical 
and electrochemical properties. However, intimate bind-
ings between MXene and nanofibers can be identified in all 
samples (Fig. 3D, F), the tight connection derived from the 
strong interfacial interaction between PAN and Ti3C2Tx can 
ensure the great structural integrity and mechanical strength 
of the composite aerogels. Homogenized electrospun PAN 
nanofibers were also freeze-dried and carbonized as pre-
sented in Fig. 2, obtained CNF assembly is constructed by 
randomly inter-weaved short nanofibers without any bind-
ings between fibers (Figure S2). The cracks in CNF block 
are mainly created by this specific morphology. It is worth 
to mention that assemblies with higher MXene content 
manifest poor formability due to the lack of sufficient CNF 
supporting building blocks.

The crystal structures of different samples were charac-
terized using wide-angle X-ray diffraction (XRD). As illus-
trated in Fig. 4A, pure Ti3C2Tx powder and Ti3C2Tx/CNF 
aerogels all reveal the characteristic 002 crystal plane of 

Fig. 3   SEM images of A, D Ti3C2Tx/CNF6-2, B, E Ti3C2Tx/CNF4-4, and C, F Ti3C2Tx/CNF2-6 aerogels at different magnifications
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Fig. 4   A XRD patterns of Ti3C2Tx and different Ti3C2Tx/CNF aerogels. B Survey spectrum, C C 1s and D Ti 2p spectra of Ti3C2Tx/CNF6-2 
aerogel

Fig. 5   The stress-strain curves of A Ti3C2Tx/CNF6-2, B Ti3C2Tx/CNF4-4, and C Ti3C2Tx/CNF2-6 composite aerogel upon various strains. 
D Comparison on the compressive modulus and strength between different samples. Inset of A is the photographs of aerogel at original, com-
pressed and released state
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Ti3C2Tx at about 6.5°. However, the intensity of the 002 
diffraction peak of Ti3C2Tx/CNF aerogels becomes weaker 
and their half-peak width also increases, which is caused by 
the hybridization of the two building blocks. Meanwhile, 
all Ti3C2Tx/CNF aerogels display the obvious amorphous 
carbon peaks at 14°, indicating the complete carbonization 
of polymeric nanofibers after sintering under Ar/H2 atmos-
phere. Notably, other inconspicuous diffraction peaks at 26° 
and 57° can be indexed to the TiO2 formed from the inevi-
table oxidation of Ti in Ti3C2Tx during the carbonization 
process. XPS analysis was employed to further understand 
the chemical composition of Ti3C2Tx/CNF composite aero-
gel. As shown in Fig. 4B, the survey spectrum of Ti3C2Tx/
CNF6-2 displays the elemental peaks of C, Ti, O, F, and N, 
corresponding to the composition of MXene and residual 
nitrogen in CNF after thermal decomposition of PAN. Bond-
ing states of C 1s were further analyzed at high resolution, 
as shown in Fig. 4C, the appearance of C–Ti–N clearly indi-
cates the chemical interaction between CNF and MXene 
building blocks. It is worth noting that, the high-resolution 
Ti 2p spectra of MXene present a sharp Ti–O peak at a bind-
ing energy of 458.3 eV (Fig. 4D), revealing the oxidation of 
Ti3C2Tx during high-temperature treatment, in accordance 
with the XRD results.

Aerogel electrode materials are of great interest because 
of their compressibility and flexibility. Here, a series of com-
pression tests were conducted at a compression rate of 10 
mm min−1 to study the mechanical properties of Ti3C2Tx/

CNF6-2, Ti3C2Tx/CNF4-4, and Ti3C2Tx/CNF2-6 composite 
aerogels. As shown in Fig. 5A–D, Ti3C2Tx/CNF6-2 displays 
the highest stress at 50% compressive strain. Contrarily, 
Ti3C2Tx/CNF2-6 and Ti3C2Tx/CNF4-4 counterparts can only 
withstand lower stress and show lower modulus. Specifi-
cally, two different stages can be clearly observed during the 
loading process of all Ti3C2Tx/CNF composite aerogel under 
different strains. The first linear part is below 40% strain 
corresponding to the elastic region of the aerogels, when the 
stress increases gradually with a relatively lower speed due 
to the slow compression of large size pores. Following that, a 
sharp increase in the stress at higher strain (beyond 40%) can 
be identified arising from the tight contact between building 
blocks in the composite aerogels (as shown in Fig. 3). The 
superior mechanical properties of Ti3C2Tx/CNF6-2 is defi-
nitely stem from its special “layer-strut” bracing 3D micro-
scopic architecture, where carbon nanofibers intercalating 
between parallelly aligned MXene flakes can function as 
struts to withstand large-scale deformation and rebound to 
their initial state after unloading. The lower modulus and 
strength manifested by Ti3C2Tx/CNF4-4 compared with 
Ti3C2Tx/CNF2-6 can be ascribed to the structural difference 
between two samples (Fig. 5D). Ti3C2Tx/CNF2-6 contains 
more CNF, which serve as supporting building blocks to 
assure higher rigidity, thus results in the better mechanical 
properties of Ti3C2Tx/CNF2-6.

The electrochemical properties of as-prepared electrodes 
were evaluated in three-electrode cells by directly using the 

Fig. 6   Electrochemical performance of different electrodes. A  CV 
curves of Ti3C2Tx, Ti3C2Tx/CNF6-2, Ti3C2Tx/CNF4-4, Ti3C2Tx/
CNF2-6, CNF electrodes at a scan rate of 50 mV s−1. B CV curves 
of the Ti3C2Tx/CNF6-2 aerogel electrode at different scan rates. 
C  Charge–discharge curves of the Ti3C2Tx/CNF6-2 aerogel elec-

trode at various current densities. D  Specific capacitance of differ-
ent electrodes at various current densities. E EIS analysis of different 
electrodes in 1 M H2SO4 electrolyte. F Cycling stability of Ti3C2Tx/
CNF6-2 aerogel electrode at a current density of 1 A g−1
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self-supported composite aerogels as binder-free working 
electrodes. Figure 6 A shows the CV profiles of pure Ti3C2Tx, 
pure CNF, Ti3C2Tx/CNF6-2, Ti3C2Tx/CNF4-4, and Ti3C2Tx/
CNF2-6 composite aerogels, recorded in a potential window 
of − 1.0 to − 0.4 V, with a scan rate of 50 mV s−1. Obvi-
ous double-layer capacitive behavior can be confirmed for all 
electrodes by presenting near rectangular shapes of their CV 
curves. Out of the examined samples Ti3C2Tx/CNF6-2 and 
Ti3C2Tx/CNF4-4 composite electrodes manifest larger CV 
area than other electrodes, indicating the superior capaci-
tive performance of the composite aerogel, which is possibly 
ascribed to the greatly improved surface area and fast charge 
transfer paths constructed by few-layered Ti3C2Tx sheets and 
CNF nanofibers. It is remarkable that Ti3C2Tx/CNF2-6 pos-
sesses inferior capacitive performance compared with pure 
Ti3C2. This might be due to  the dominance of amorphous 
carbon in this electrode. It is also notable that Ti3C2Tx/
CNF6-2 exhibits the best capacitive performance among 
three aerogels, indicating the well-defined “layer-strut” brac-
ing 3D microscopic architecture of Ti3C2Tx/CNF6-2 can 
effectively enhance its electrochemical properties. Further-
more, the CV curves of the Ti3C2Tx/CNF6-2 composite 
electrode at different scan rates ranging from 10 to 100 mV 
s−1 are presented in Fig. 6B, from which the area of the CV 
curves can be observed increasing with the increase of the 

scan rate. Galvanostatic charge–discharge (GCD) tests were 
further conducted to determine the capacitive performance 
of the Ti3C2Tx/CNF6-2 composite electrode. As revealed in 
Fig. 6C, the GCD curves of the Ti3C2Tx/CNF6-2 electrode 
at various current densities within the potential window of 
− 1.0 to − 0.4 V, show the typical triangular configuration, 
confirming the characteristics of electric double-layer capaci-
tors (EDLC). The well-symmetric GCD curves also suggest 
a reversible capacity and an excellent coulombic efficiency of 
the electrodes. The GCD curve of Ti3C2Tx/CNF4-4, Ti3C2Tx/
CNF2-6, Ti3C2Tx, and CNF (Figure S3A–3D) also exhibit 
a similar trend. According to the GCD results, the specific 
capacitances of the three electrodes are calculated based on 
Eq. (1). Figure 6D presents the specific capacitance versus 
discharge current density for all prepared electrodes, the gravi-
metric specific capacitance of the Ti3C2Tx/CNF6-2 electrode 
reaches 268 F g−1 (161 C g−1) at 0.5 A g−1, which is the high-
est among Ti3C2Tx/CNF4-4 (187 F g−1 (112 C g−1)), Ti3C2Tx/
CNF2-6 (61 F g−1 (37 C g−1)), Ti3C2Tx (152 F g−1 (91 C g−1)) 
and CNF (14 F g−1 (8 C g−1)) electrodes. Note that the specific 
capacitance of the Ti3C2Tx/CNF6-2 electrode still remains 
200 F g−1 at a high current density of 20 A g−1, demonstrating 
the excellent rate capability of the aerogel electrode.

Electrochemical impedance spectroscopy (EIS) was per-
formed at the open-circuit potential to further assess the 

Fig. 7   Capacitive performance of Ti3C2Tx/CNF6-2//Ti3C2Tx/CNF6-2 SSC. A CV curves at different scan rates. B Charge–discharge curves of 
at various current densities. C Plot showing the variation of capacity retention under cycling test (inset shows the first and last five charge–dis-
charge curves). D Ragone plots of the assembled SSC device
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electrochemical performance of the electrodes in a frequency 
range of 0.01–100 kHz. As shown in the obtained Nyquist 
plots (Fig. 6E), the intercept in high-frequency region cor-
responds to the intrinsic series resistance (Rs) within the 
electrode. The Rs of Ti3C2Tx/CNF6-2, Ti3C2Tx/CNF4-4, 
Ti3C2Tx/CNF2-6, Ti3C2Tx, and CNF are around 5 ohm, dem-
onstrating the low internal resistance for all the electrodes, 
benefiting from the desired electrical conductivity of MXene 
and carbon nanofibers (electrical conductivities were meas-
ured to be 1.29, 0.31, and 0.14 S m−1 for Ti3C2Tx/CNF6-
2, Ti3C2Tx/CNF4-4, and Ti3C2Tx/CNF2-6 aerogels). The 
diameter of the semicircle indicates the resistance of ions 
migration and electron transfer at the interface of the elec-
trode and electrolyte. Pure Ti3C2Tx shows an unnoticeable 
semi-circle in this region, indicating the fast ion migration 
and electron transfer in MXene flakes, rendering an excellent 
electrochemical performance by Ti3C2Tx/CNF6-2 electrode. 
The cycling function of the Ti3C2Tx/CNF6-2 electrode was 
further evaluated at a current density of 1 A g−1 (Fig. 6F). 
Notably, the specific capacitance of Ti3C2Tx/CNF6-2 still 
retains 82.4% of its initial value after 8000 cycles, imply-
ing the great long-term stability of the Ti3C2Tx/CNF6-2 
electrode.

In order to realize the feasibility of the assembled 
Ti3C2Tx/CNF composite aerogel, for energy-storage appli-
cations, a symmetric supercapacitor device was fabricated 
using the self-supported Ti3C2Tx/CNF6-2 aerogel as both 
positive and negative electrodes (denoted as Ti3C2Tx/CNF6-
2//Ti3C2Tx/CNF6-2 SSC). Figure 7 A shows the obvious 
enlargement of the CV area, with the increase of the scan 
rate, the rectangular-shaped CV curves of the SSC in various 
scan rates (10, 20, 30, 50, 100 mV s−1) suggest a favorable 
capacitive behavior in accordance with the results in three-
electrode tests. Figure 7B presents the charge/discharge 
graph of the symmetric supercapacitor device with a typical 
symmetric configuration, the great linear relationship of time 
versus voltage demonstrates the perfect capacitive character-
istic, ideal charge/discharge features, as well as great reversi-
bility of the assembled SSC device. The specific capacitance 
and capacity based on the total mass of the two electrodes 
were calculated according to the GCD results using Eqs. (1) 
and (2). Remarkably, the Ti3C2Tx/CNF6-2//Ti3C2Tx/CNF6-2 
SSC exhibit an impressive specific capacitance of 93.5 F g−1 
(specific capacity of 56 C g−1) at 1 A g−1. In addition, the 
electrochemical cycle stability of the SSC device was stud-
ied. As shown in Fig. 7C, the capacitance retention rate of 
the Ti3C2Tx/CNF6-2//Ti3C2Tx/CNF6-2 SSC reaches above 
95% after 5000 charge/discharge cycles at 10 A g−1, and 
the charge/discharge curves before and after the cycling test 
exhibit inconspicuous difference, indicating the remarkable 
cycling stability of the SSC device. According to Eqs. (3) 
and (4), the energy density (E) and power density (P) of 
the Ti3C2Tx/CNF6-2//Ti3C2Tx/CNF6-2 SSC was further 

calculated. Ragone plots shown in Fig. 7D compiles the 
energy density and power density of the as-assembled SSC 
and other previously reported supercapacitor devices. Prom-
isingly, Ti3C2Tx/CNF6-2//Ti3C2Tx/CNF6-2 SSC delivers a 
high energy density of 4.675 W h kg−1 at a power density 
of 300 W kg−1, and still approaches an energy density of 
3.425 W h kg−1 at a high power density of 6000 W kg−1, 
which is better than that of some recently reported MXene 
related SSCs, such as M/G-5% (2.6 W h kg−1 at 80.3 W 
kg−1) [28], BiOCl/MXene (6.2 W h kg−1 at 3756.8 W kg−1) 
[29], MXene-N2/H2 (3.437 W h kg−1 at 700 W kg−1) [30], 
Ti2CTx_Ar (2.19 W h kg−1 at 700 W kg−1) [31], MXene/ 
MoS2 (5.1 W h kg−1 at 298 W kg−1) [32], MXene/CNT 
(2.7 W h kg−1 at 311 W kg−1) [33], graphene/MXene (5.7 W 
h kg−1 at 5000 W kg−1) [34], and Ti3C2Tx-10 (4.7 W h kg−1 
at 242 W kg−1) [35]. This comparison proves  the great 
potential of fabricated Ti3C2Tx/CNF composite aerogel in 
high-performance energy storage applications.

Conclusions

In summary, Ti3C2Tx/CNF composite aerogels, with “layer-
strut” bracing 3D microscopic architecture were constructed 
by a gel–sol process, freeze-drying, and high-temperature 
carbonization treatments. 3D assembly of 2D Ti3C2Tx flakes 
and 1D PAN short nanofibers was realized via the strong 
interfacial interaction between two building blocks. This 
configuration can effectively control restacking of few-lay-
ered Ti3C2Tx flakes. As-fabricated Ti3C2Tx/CNF aerogels 
exhibit a highly ordered microporosity, with CNF pillars 
penetrating between lamellar MXene flakes, leading to the 
remarkable structural robustness and flexibility of the com-
posite aerogels, as well as a convenient channel for electron 
transport and ion migration. As a result, fabricated Ti3C2Tx/
CNF composite aerogel exhibited an outstanding gravimetric 
specific capacitance of 268 F g −1 at a current density of 
0.5 A g −1 and excellent cycling stability up to 8000 cycles. 
Moreover, the symmetric supercapacitor device using the 
composite aerogel as both electrodes delivers a decent 
energy density of 3.425 W h kg−1 at 6000 W kg−1 together 
with excellent rate performance. This research provides a 
new route toward improving the electrochemical perfor-
mance of MXene based energy storage materials.
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