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ABSTRACT: Carbon nanomaterials are desirable candi-
dates for lightweight, highly conductive, and corrosion-
resistant current collectors. However, a key obstacle is their
weak interconnection between adjacent nanostructures,
which renders orders of magnitude lower electrical
conductivity and mechanical strength in the bulk
assemblies. Here we report an “epitaxial welding” strategy
to engineer carbon nanotubes (CNTs) into highly
crystalline and interconnected structures. Solution-based polyacrylonitrile was conformally coated on CNTs as “nanoglue”
to physically join CNTs into a network, followed by a rapid high-temperature annealing (>2800 K, overall ∼30 min) to
graphitize the polymer coating into crystalline layers that also bridge the adjacent CNTs to form an interconnected
structure. The contact-welded CNTs (W-CNTs) exhibit both a high conductivity (∼1500 S/cm) and a high tensile strength
(∼120 MPa), which are 5 and 20 times higher than the unwelded CNTs, respectively. In addition, the W-CNTs display
chemical and electrochemical stabilities in strong acidic/alkaline electrolytes (>6 mol/L) when potentiostatically stressing
at both cathodic and anodic potentials. With these exceptional properties, the W-CNT films are optimal as high-
performance current collectors and were demonstrated in the state-of-the-art aqueous battery using a “water-in-salt”
electrolyte.
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The crystalline allotropes of carbon nanomaterials such
as carbon nanotubes (CNTs) and graphene are widely
studied due to their high surface areas, superb electrical

and thermal conductivities, and excellent mechanical proper-
ties.1−8 Importantly, unlike metals, highly graphitic carbon
shows considerable stability in harsh chemical environments
such as highly concentrated acidic/alkaline solutions, owing to
the chemically inert carbon bonds that do not react with the
active H+ or OH− in these solutions.9−11 Therefore, highly
crystalline carbon nanomaterials are intensively exploited as
flexible, lightweight, highly conductive, and corrosion-resistant
current collectors to replace traditional metallic ones that are
bulky, heavy, and liable to erode in corrosive environ-
ments.5,12−17 Recently, the increasing market demand for
high-performance and safe aqueous batteries16,18,19 boosted the
research on carbon-based current collectors that are stable in
strongly acidic, alkaline, or corrosive aqueous electrolytes.20,21

The key obstacle lies in the orders of magnitude performance
degradation in bulk assemblies of carbon nanomaterials as
compared to their nanoscale building blocks,22−25 which can be

ascribed to the weak or even lack of effective interconnections
between individual nanostructures.23,24 Previously, heteroatoms
or amorphous carbon is employed to bridge adjacent CNTs by
two major approaches: (1) noncovalent physical bonding,
where a continuous layer of material is deposited to connect the
adjacent CNTs by physical means, such as atomic layer
deposition (ALD) of Al2O3 or chemical vapor deposition
(CVD) of amorphous carbon and SiC,24−27 and (2) covalent
chemical bonding, where divalent bonding elements such as B
or S are intentionally introduced to covalently join adjacent
CNTs into elbow structures during CNT synthesis.28−30

However, the introduced foreign elements, impurities, and
amorphous coating layers in these approaches can be a huge
problem in corrosive chemical and electrochemical environ-
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ments, which require highly graphitic carbon to achieve
stabilities.
Ideally, building intrinsic covalent carbon bonds among

CNTs is strongly preferred;31,32 yet considering the inertness
and high bond energy of C−C (ΔH = 85 kcal/mol), opening
and re-forming covalent carbon bonds between adjacent CNTs
presents a great challenge. Successful demonstration has only
been achieved through high energy radiation (by electron, ion
beam, or plasma)33−38 or by high pressure (up to 55 GPa)
combined with shear deformation.38−40 These approaches not
only have limited scalability owing to special equipment needed
but also can easily cause physical/radiative damages to the
original CNTs and introduce a lot of undesired defects into the
system. Therefore, a more constructive and scalable method is
needed for the formation of interconnected CNT assemblies at
bulk scale.
Here we report an “epitaxial welding” method as a scalable

and cost-effective approach for the formation of highly
crystalline and interconnected CNT assemblies bearing the
merits required as high-performance current collectors.
Solution-based polyacrylonitrile (PAN) was dip-coated onto
CNTs as “nanoglue” to physically connect CNTs together. The
PAN-coated CNT film was rapidly annealed at a high
temperature (>2800 K, in ∼30 min) via electrical Joule
heating, which in situ graphitizes the polymer coating on CNTs
into continuous graphitic layers through epitaxial growth. These
graphitic layers effectively bridge adjacent CNTs together and
contribute to both high electrical conductivity (∼1500 S/cm)
and mechanical strength (∼120 MPa), which are 5 and 20
times higher than the unwelded CNT assemblies, respectively.
Moreover, the high-temperature graphitization also effectively
removes the defects and helps the formation of highly
crystalline carbon that possesses chemical and electrochemical
stabilities in corrosive environments. The proposed “epitaxial
welding” method can be generally applied to other graphitic
carbon nanomaterials as an effective strategy to form highly
crystalline and interconnected carbon nanostructures.

RESULTS AND DISCUSSION

A dry-processed CNT film drawn from vertically aligned CNT
forest was selected as a model system for this study owing to its
simple and ordered structure.2,14,41−44 The as-grown CNTs are
continuous and partially parallel with each other in the length
direction and have an average diameter of 43 ± 7.5 nm

(Supporting Information, Figures S1 and S2). Due to the weak
van der Waals interaction among individual CNTs, the CNT
film presents a porous and loosely packed structure that could
be easily pulled apart when handling. By applying polymer
coating through immersion into 2% PAN/dimethylformamide
(DMF) and subsequent drying, PAN chains can assemble on
the surface of CNTs to form a conformal coating (Figure 1a).
Also, the structure becomes dense and compact after polymer
coating (Figures S3 and S4). The epitaxial growth of the PAN
layer into highly crystalline carbon was initiated by high-
temperature annealing using embedded CNTs as the template,
which is achieved by electrically triggered Joule heating to over
2800 K in ∼26 min and holding for 5 min in an argon-filled
glovebox (Figure 1a inset, heating process in Figure S5).45,46 As
PAN conformally coats along the outer surface of CNTs and
binds adjacent CNTs together at the intersections, the derived
graphitic layer can also simultaneously weld CNTs together as a
graphitic welder, namely, a welded CNT film (W-CNT). This
process will be denoted as “epitaxial welding”.
In the “epitaxial welding” process, the polymer coating

provides the carbon source for graphitic welding, and PAN was
chosen owing to its simple structure and high yield in graphitic
carbon production.47 Meanwhile, the Joule heating process is
especially effective, as it directly heats the samples other than
the bulky chamber/furnace, and therefore is both fast and
energy efficient: a typical heating process to >2800 K takes less
than 30 min (heating rate ∼100 K/min) with a consuming
power less than 20 W (Figure S5). Additionally, as the
temperature in the Joule heating process is directly related to
resistance (P = I2R), the junctions or contact points between
CNTs having higher resistance will be selectively heated to
higher temperature, facilitating the effective/targeting graphiti-
zation at the junctions.
The microstructure evolution from pristine CNT to CNT-

PAN and W-CNT during the “epitaxial welding” process is
examined by scanning electron microscope (SEM) images
(Figure 1b−d). It is clear that the pristine CNT film shows a
porous and loosely packed structure due to poor physical
contact; after PAN coating, CNTs are densely packed together
through polymer binding, showing significantly reduced gaps
among the CNT bundles. After Joule heating at above 2800 K,
the W-CNT film remains compact and forms interconnected
networks of CNTs (Figure 1d).

Figure 1. “Epitaxial welding” for the formation of interconnected W-CNTs. (a) Schematic of CNTs with a conformal polymer coating and
after high-temperature heating. The inset shows a picture of CNT-PAN film under high-temperature (2800 K) Joule heating. SEM images of
(b) CNT, (c) CNT-PAN, and (d) W-CNT, showing the microstructure evolution at each step.
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The structural evolution over the entire “epitaxial welding”
process was examined in further detail in Figure 2. The pristine
CNT film is porous and loosely packed (Figure 2a), which is
difficult to handle and lacks the performance required for
practical implementation. After coating with PAN solution,
pressing, and drying, the individual CNTs were effectively
glued, and the PAN-CNT film has a much denser packing
structure, showing at least 2−4 times thinner thicknesses in
CNT-PAN (from 20 to 30 μm to 5−10 μm) (Figure 2b). The
densely packed structure facilitates the intimate contact and
subsequent welding of adjacent CNTs. This densely packed
structure is also well maintained after high-temperature
annealing, indicating that all CNTs remain bound with each
other without losing the structure integrity (Figure 2c).
Electrically triggered Joule heating is adopted as a facile

means for high-temperature annealing of carbon materials, with
several advantages as compared to furnace heating: (1)
ultrahigh temperatures up to 3000 K inside the sample,
which is critical to achieve a highly graphitized carbon structure
(most annealing furnaces have a maximum temperature of 1500
K or lower); (2) rapid heating and cooling rates up to 104−105
K/s, enabling fast ramping and efficient heating (the rate for
furnace heating is roughly ∼10 K/min); (3) easily controllable
and programmable temperature, duration, and heating ramp
rate by an electrical power source; and (4) highly energy
efficient through directly heating the sample.
The CNT-PAN film was connected to an electrical power

source through conductive silver paste and copper tape,
spanning across a trench between two separated glass slides
to prevent contamination and damage at high temperature
(Figure 2d). High-temperature annealing was achieved by
slowly increasing the current from 0 to 3.15 at 0.002 A/s in a
gradual annealing process performed in an argon-filled glovebox
(Figure S5). During the annealing, the film lit up as a high-
temperature blackbody radiation source above 1000 K (Figure
2d).10,11,23,48 The emitted light spectrum was directly related to
the temperature reached in the sample and thus can be used to

estimate the temperature according to the blackbody radiation
equation:49

λ γ
λ

=
−λ λB T

hc
( , )

2 1
e 1hc k T

2

5 / B (1)

where kB is the Boltzmann constant, h the Planck constant, c
the speed of light, and λ wavelength, and the constant γ is
introduced for fitting. The emitted spectrum was collected by
an optical fiber from 350 to 950 nm (Figure 2e) and then fitted
to the blackbody radiation equation (eq 1) to obtain T (fitting
parameter) as a close approximation of temperature reached in
the sample (Figure 2f). By using direct Joule heating, the CNT
samples can be heated above 2800 K by simply increasing the
input power with a heating rate of 100 K/s.
Figure 2g−i show the compositional and structural

evolutions from CNT, to CNT-PAN, to W-CNT revealed by
Raman, X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). Overall, these characterizations show that
PAN coating initially introduces impurities (N, O) and
amorphous structures into CNT films, while after high-
temperature annealing, the W-CNT films show similar or
even better purity and crystallinity than a pristine CNT film. In
the Raman spectra, typical D-mode (D) and G-mode (G) peaks
can be seen for all samples, where the D peak represents the
disordered or defective carbon bonds and the G peak indicates
the graphitic sp2 carbon bonds.23,50 The W-CNT film shows a
lower D peak and correspondingly reduced D/G ratio of ID/IG
= 0.1 compared with the ID/IG = 0.3 for the pristine CNT film,
which is a strong indication of increased graphitic structures in
W-CNT after high-temperature annealing, even compared with
the pristine CNT. Note the decrease in 2D peak intensity
comes from the increased diameter of W-CNTs.50 In XRD
(Figure S6), the (002) peak for graphitic carbon is obvious for
all three CNT samples, and the peak widths are narrow,
indicating high crystallinity in these samples. Additionally, in
the XPS spectra, the typical C, N, and O peaks were detected
and their ratio evolved from (98.8:0:1.2) for CNT, to

Figure 2. “Epitaxial welding” process and associated structural evolution. (a−c) SEM cross-section images of CNT, CNT-PAN, and W-CNT.
(d) Picture of Joule heating setup, and the lighting pictures during Joule heating at 1500 and 2000 K. (e, f) Emitted light spectra at increased
power input and corresponding fitted temperatures according to the blackbody radiation equation. Structural evolutions observed in (g)
Raman and (h, i) XPS for CNT, CNT-PAN, and W-CNT.
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(79.8:8.9:11.3) for CNT-PAN, and to (98.9:0:1.1) for W-CNT,
confirming slightly improved purity (reduced O content) in W-
CNT after high-temperature annealing. It should be noted that
N is introduced from the air-stabilized PAN and is only
observed in the CNT-PAN sample. The above characterizations
prove the effectiveness of high-temperature annealing by Joule
heating and also confirm the highly crystalline and graphitic
carbon achieved in the W-CNT film.
The aforementioned structural evolution was further

corroborated by the high-resolution TEM images. The pristine
CNT shows a highly crystalline structure with fiber diameter
averaging around 40 nm (Figure 3a and Figures S1 and S2).

After polymer coating and high-temperature annealing, a radial
growth of 10−20 nm was found for CNTs with a fiber diameter
of around 60 nm (Figure 3b and Figures S7 and S8).
Importantly, these additional graphitic layers have the same
atomic stacking and alignment as the initial CNTs, showing the
growth of epitaxial layers via high-temperature annealing
(Figure S7). Here, the embedded CNTs act as templates for
the epitaxial growth of PAN layers along the CNT direction
during the high-temperature graphitization. The graphitic layers
can also successfully bridge CNTs together (Figure 3c for
pristine CNTs and Figure 3d for W-CNTs). The epitaxial
graphitic layers continue to grow from one CNT to the other,
behaving as a bridge to connect adjacent CNTs. The
interconnected CNTs form a continuous pathway for electron
conduction and mechanical force transfer, leading to increased
electronic conductivity and mechanical strength that will be
discussed in the following section.
To validate the effectiveness of the high temperature in

epitaxial growth of the graphitic layer, annealing of the CNT-
PAN film at a lower temperature (1273 K) by conventional
tube furnace was investigated. Only amorphous carbon layers
were observed after carbonization (TEM in Figure S9). It is
well-known that high temperature is critical in the graphitiza-
tion of carbon-based materials to remove defects and form
highly crystallized graphitic carbon,51,52 as also confirmed by
our TEM result.

To further prove the effectiveness of epitaxial welding, the
electrical conductivity and mechanical properties of W-CNT
films were measured and compared with those of pristine CNT
films. Figure 4a−c show the electrical conductivity and
mechanical stress−strain curves for CNT, W-CNT-0.5 (using
0.5% PAN solution), and W-CNT-2 (using 2% PAN solution).
The conductivity of the CNT film increased from 314 S/cm to
900 S/cm for W-CNT-0.5 and up to 2000 S/cm for W-CNT-2
(averaged around 1500 S/cm). Similarly, the mechanical yield
strength also increased from 5.6 MPa (CNT), to 22.5 MPa (W-
CNT-0.5), and to 126 MPa (W-CNT-2) (Figure 4b), with the
maximum Young’s modulus reaching ∼30 GPa for W-CNT-2.
Thus, after epitaxial welding, the W-CNT film forms compact
and interconnected structures that simultaneously boost the
electrical conductivity and mechanical performance. It is worth
noting that both the conductivity and mechanical properties of
W-CNT-2 are higher than those of W-CNT-0.5, which can be
explained by the limited available welding agent and graphitic
coatings for using dilute 0.5% PAN. Decreasing the polymer
concentration (0.5% PAN) resulted in only noncontinuous,
partially graphitic layers formed on CNT (Figure S10). We also
tried 5% PAN for polymer coating. As the concentration of
PAN increased to 5%, it becomes more viscose and will cause
problems for the conformal coating into CNT film (Figure
S11).
Besides the improved conductivity and mechanical strength,

the highly graphitic carbon in the W-CNT film also ensures
excellent chemical and electrochemical stabilities in acidic and
alkaline solutions. Figure 4d shows the schematic of the T-cell
setup for corrosion evolution to mimic the actual aqueous
battery cells. The fixed electrode geometry in the T-cell setup
also guarantees the accuracy of repeated measurements. The
electrochemical corrosion was evaluated by measuring the
cyclic voltammograms (CVs) of the W-CNT film before and
after potentiostatically stressing (Figure 4e). The chemical and
electrochemical stabilities of W-CNT were investigated in
highly concentrated acidic (5 mol/L H2SO4) and alkaline (5
mol/L KOH + 1 mol/L LiOH) electrolytes at both cathodic
and anodic potentials (1.7 and −0.5 V vs Ag/AgCl for acid;
0.65 V and −0.9 V vs Hg/HgO for alkaline). These potentials
were chosen to mimic the voltage limits in typical acidic and
alkaline batteries. The highly concentrated electrolytes and
aggressive holding potentials were chosen to accelerate the
corrosion of those electrodes.
Figure 4f shows CVs before and after holding the W-CNT

film at fixed cathodic and anodic potentials in both acidic and
alkaline electrolyte solutions. In the alkaline electrolytes, the W-
CNT shows excellent stability with minor changes in CV area
and peak height after potentiostatically holding. The minute
differences between the 0 and 48 h curves are due to an initial
wetting process of the electrodes. Under acidic conditions,
there are redox peaks at ∼0.5 V, which is characteristic of a
quinone−hydroquinone (Q−HQ) redox reaction and can be
used for measuring carbon corrosion along with an overall
increase in voltammetric current. At the anodic potential, CVs
of W-CNT show no increase in Q−HQ peak height or CV area
after stressing, indicating that the W-CNT is very stable under
the anodic holding in acidic conditions under these reduction
potentials. For the cathodic potential hold of 1.7 V in acid, the
current associated with the Q-HQ region as well as the area
under the CV curves increased slightly after stressing, indicating
minute unstable corrosion in the W-CNT film under cathodic
potential in acidic electrolytes.

Figure 3. Microstructures of pristine CNTs and W-CNTs. (a) TEM
image of pristine CNT with a diameter around ∼35 nm. (b) TEM
image of W-CNT to show the epitaxial growth of graphitic layers
from PAN using CNT as a template. EL stands for epitaxial layer.
The epitaxial layer is clear and has the same atomic packing as the
embedded CNT. (c, d) TEM images of pristine CNTs and W-CNTs
at junctions to show the junction welding and formation of
crossover layers between CNTs after “epitaxial welding”.
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As a comparison, a commercially available carbon-based
current collector, activated carbon cloth (ACC), was used for
the corrosion test under the same conditions (Figure S12). The
ACC carbon is not as stable as W-CNT films in either acid or
alkaline aqueous solutions, as indicated by the large value of
current in CVs as well as the increase of areas inside the C−V
curves after longtime holding. During the 48 h potential hold in
acidic electrolyte at cathodic potential, the total peak height of
the Q−HQ redox reaction increased by a factor of 4.8 times for
commercial ACC current collectors, as compared to an increase
of 1.5 times for W-CNT films, demonstrating higher stability of
W-CNT compared to ACC when used in harsh aqueous
conditions. We also tried a corrosion test for a pristine CNT
film at the cathodic potential in acid, and the film broke after
prolonged stressing owing to the poor interconnection among
CNTs (Figure S13). Note that the W-CNT film still maintains
its crystalline and welded structure after stressing (Figure S14).
The above performance data clearly show the effectiveness of

the epitaxial welding process and also the potential of W-CNT
films to be used as lightweight, highly conductive, mechanically
strong, and corrosion-resistant current collectors. Here we
demonstrate using W-CNT films as current collectors for a
state-of-the-art “water-in-salt” aqueous battery. Figure 5a shows
the CV of W-CNT films in highly concentrated “water-in-salt”
electrolyte: 21 mol/kg lithium bis(trifluoromethane sulfonyl)-
imide (LiTFSI) in water.19,53 The LiTFSI possesses high
solubility in up to 21 mol/kg high concentration aqueous
solution, which shows high stability against hydrolysis. This,
therefore, enables a larger electrochemical stability window,
ranging from ∼2 to 4.5 V (vs Li+/Li), corresponding well with a
measured window of stable performance shown by the W-CNT
film in Figure 5a. A full cell of the lithium-ion battery was
evaluated using LiMn2O4 as a cathode, Mo6S8 as the anode
material (denoted as LMO/MS), and W-CNT films as current
collectors for both electrodes. Figure 5b shows a typical

charge−discharge curve for the full cell in conventional coin cell
configuration. The battery shows great stability in this highly
concentrated “water-in-salt” aqueous electrolyte with a high
capacity of 120 mAh/g (based on the mass of the anode) at 2 C
rate (1 C = 125 mA/g) and a Coulombic efficiency of >99.5%
after the first few cycles (Figure 5c). The exceptional
electrochemical performance should be attributed to the
stability of the “water-in-salt” electrolyte as well as the W-
CNT current collector in the extremely concentrated electro-
lyte solution with a wide electrochemical window.

Figure 4. Properties of W-CNT films. (a, b) Electrical conductivities of CNT and W-CNT films (using 0.5% and 2% PAN solutions,
respectively). The inset is the film used in four-point conductivity measurement. (c) Mechanical stress−strain properties of CNT and W-CNT
films. (d) Schematic of three-electrode T-cell setup for corrosion evaluation. (e) Evaluation process: I. CVs measured at the beginning; II.
Potentiostatically stressing at various conditions for 48 h; III. CVs measured after 48 h stressing. (f) CVs before and after holding the W-CNT
film and commercial ACC carbon at cathodic and anodic potentials in the acidic or alkaline electrolyte, as indications for the degree of surface
corrosion after potentiostatically stressing.

Figure 5. W-CNT films as current collectors for a “water-in-salt”
aqueous battery. (a) CV curve showing the electrochemical stability
window of the W-CNT film in the “water-in-salt” electrolyte at 10
mV/s. (b) Stable (5th) charge−discharge curve and (c) cycling
performance of the full battery cell (LMO/MS) using W-CNT films
as current collectors.
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CONCLUSION

In this work, we demonstrate an “epitaxial welding” process as
an effective method to form highly crystalline and inter-
connected CNTs by utilizing thin and epitaxial graphitic layers
to bridge adjacent CNTs together, which can subsequently lead
to improvement of both electrical conductivity and mechanical
properties in the bulk CNT assemblies without sacrificing the
structural and compositional purity. The resultant W-CNT film
is highly conductive (∼1500 S/cm), mechanically strong (∼120
MPa), and chemically and electrochemically stable in acidic/
alkaline solutions, showing great promises as high-performance
current collectors for various applications. Both the solution-
based polymer coating and high-temperature annealing in the
“epitaxial welding” process are considerably simple and scalable
for industrial-scale production and can also be generally applied
to various carbon materials (e.g., Figures S15 and S16) where
the interconnection between carbon nanostructures is a
problem.

METHODS
CNT Synthesis. First, vertically aligned CNTs (CNT forest) were

grown on quartz through chemical vapor deposition from acetylene
(600 sccm), argon (395 sccm), and Cl2 (5 sccm), using FeCl2 as the
catalyst at 760 °C, 3 Torr for 15 min.43 Dry-processed CNT film (20−
30 μm thick) was directly drawn from the as-grow CNT forest through
a tail-to-head manner.43

PAN Coating and Joule Heating. A piece of CNT film (typical
geometry 2 cm × 0.5 cm, for battery current collector geometry 2 cm
× 2 cm) was immersed into a 2% PAN/DMF solution for 1 min, and
then the fully saturated film was pressed between glass slides to
remove the excess polymer and solvent, resulting in a compact CNT-
PAN film. The film was then heated to 60 °C on hot plate in a fume
hood to evaporate absorbed solvent, leaving a PAN-coated CNT film
for the Joule heating experiment. For Joule heating, the CNT-PAN
film was bridged between two laterally separated glass slides, and both
ends of the film were connected to copper electrodes using conductive
silver paste. The film was heated in an argon-filled glovebox by
introducing increasing electrical current from 0 to 3.15 A (0.002 A/s),
kept at 3.15 A for 5 min, and then cooled to room temperature slowly
at a rate of 0.01A/s.
Property Characterization. The microstructure and morphology

of all films are observed by a Hitachi SU-70 FEG-SEM at 10 kV and a
JEOL 2100F FEG TEM/STEM operated at 200 kV. Raman spectra
were obtained on a Horiba Jobin-Yvon using a 532 nm laser and an
integration time of 5 s repeated five times. XPS analysis was performed
on a Kratos Axis 165 X-ray photoelectron spectrometer. The
conductivity of films was measured by the four-point probe approach
by a Keithley 2400 (voltage measurement) and a Keithley 2182A
(current source). The strain−stress measurements were performed on
a TA DMA Q800 with the sample size of 2 cm (L) × 0.5 cm (W) ×
5−30 μm (T) using tension clamps. The thickness of all films was
determined from SEM cross-sectional images to avoid any errors that
could be introduced by the micrometers.
Corrosion Test. Electrochemical measurements were conducted

using a perfluoroalkoxy alkane (PFA) T-cell in a three-electrode
configuration. Graphite rods were used to hold the CNT-PAN film as
a working electrode and Pt-coated activated carbon cloth counter
electrode (0.5 in diameter) in place, sealing the T-cell and acting as a
current collector. The T-cells were filled with 5 mL of 5.0 mol/L
H2SO4 for testing in acidic conditions or 5 mL of 5.0 mol/L KOH +
1.0 mol/L LiOH for testing in basic conditions. Silver/silver chloride
(Ag/AgCl) and mercury/mercury oxide (Hg/HgO) reference electro-
des were used for testing in acidic and basic electrolytes, respectively.
A BioLogic EC-Lab VSP modular potentiostat was used to hold the
CNT-PAN at fixed cathodic and anodic potentials of 1.7 and −0.5 V vs
Ag/AgCl, respectively, for tests with acid electrolyte. In basic
electrolyte, CNT-PAN was held at cathodic and anodic potentials of

0.65 and −0.9 V vs Hg/HgO, respectively. The CV scan rate is 0.5
mV/s. Due to oxygen and hydrogen evolution during electrochemical
tests, the electrolyte solution was periodically refilled with water.

Battery Test. The high-concentration aqueous electrolyte was
prepared by dissolving LiTFSI (Tokyo Chemical) in purified water to
its solvation limit of about 21 mol/kg. The anode material Mo6S8 was
prepared according to the previously reported leaching method from
Cu2Mo6S8.

19 The cathode material LiMn2O4 was purchased from
MTI. The mass ratio of cathode and anode was set to 2:1 to
compensate for the capacity loss at the anode due to the formation of a
solid electrolyte interface at the first few cycles. The battery electrodes
were fabricated by mixing active materials, carbon black, and
poly(vinylidene difluoride) (PVDF) binder at a weight ratio of 8:1:1
and then coated on W-CNT films by conventional slurry coating with
good wetting and attachment. Cyclic voltammetry measurement was
performed on the CHI 600E electrochemical workstation at a scanning
rate of 10 mV/s to determine the electrochemical stability window.
The full cell was assembled in a CR2032-type coin cell and evaluated
on a Land BT2000 battery test system (Wuhan, China) at room
temperature.
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