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Thickness-independent capacitance of vertically
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The scalable and sustainable manufacture of thick electrode films
with high energy and power densities is critical for the large-scale
storage of electrochemical energy for application in transportation
and stationary electric grids. Two-dimensional nanomaterials have
become the predominant choice of electrode material in the pursuit
of high energy and power densities owing to their large surfacearea-to-volume ratios and lack of solid-state diffusion1,2. However,
traditional electrode fabrication methods often lead to restacking
of two-dimensional nanomaterials, which limits ion transport in
thick films and results in systems in which the electrochemical
performance is highly dependent on the thickness of the film1–4.
Strategies for facilitating ion transport—such as increasing the
interlayer spacing by intercalation5–8 or introducing film porosity
by designing nanoarchitectures9,10—result in materials with low
volumetric energy storage as well as complex and lengthy ion
transport paths that impede performance at high charge–discharge
rates. Vertical alignment of two-dimensional flakes enables
directional ion transport that can lead to thickness-independent
electrochemical performances in thick films11–13. However, so far
only limited success11,12 has been reported, and the mitigation of
performance losses remains a major challenge when working with
films of two-dimensional nanomaterials with thicknesses that are
near to or exceed the industrial standard of 100 micrometres. Here
we demonstrate electrochemical energy storage that is independent
of film thickness for vertically aligned two-dimensional titanium
carbide (Ti 3C 2T x), a material from the MXene family (twodimensional carbides and nitrides of transition metals (M), where X
stands for carbon or nitrogen). The vertical alignment was achieved
by mechanical shearing of a discotic lamellar liquid-crystal phase of
Ti3C2Tx. The resulting electrode films show excellent performance
that is nearly independent of film thickness up to 200 micrometres,
which makes them highly attractive for energy storage applications.
Furthermore, the self-assembly approach presented here is scalable
and can be extended to other systems that involve directional
transport, such as catalysis and filtration.
In this work we chose Ti3C2Tx, the most widely studied MXene1, as
a model material to demonstrate an electrode design that is capable
of thickness-independent electrochemical energy storage (Fig. 1).
Two-dimensional flakes dispersed in an aqueous solution can produce
spontaneous long-range orientational order, forming mesophases
known as discotic liquid crystal phases, including discotic nematic14,15,
smectic (or lamellar) and columnar phases16. Among them, the discotic
smectic, or lamellar, phase and the discotic columnar phase have a
higher order, with molecules aligning in one- and two-dimensional
lattices, respectively. First, to prepare MXene liquid crystals, we synthesized Ti3C2Tx nanosheets with an average lateral size of approximately
219 ± 47 nm (Fig. 2a and Extended Data Fig. 1). As shown in Extended
Data Fig. 2, at a concentration of 250 mg ml−1 the nanosheets form the
discotic nematic phase in water, which can be well aligned vertically

using microchannels (see Extended Data Fig. 2c, d, Supplementary
Video 1) at a small liquid-crystal-cell thickness of around 6 µm.
However, the surface-anchoring effect decreases markedly with the
thickness of the liquid crystal, making it challenging to maintain the
vertical alignment in thicker films.
To address this, we created the higher-order discotic lamellar phase
(Fig. 1c). Previous theoretical and neutron scattering studies have
suggested that the coherent lamellar layers could be aligned vertically under an external mechanical shearing force17,18 (see schematic
in Fig. 1d). This phenomenon is attributed to torque arising from
flow-induced fluctuation in the lamellar or smectic phase, which is
perpendicular to the shear direction17–20. To minimize the elastic
distortion energy, lamellae reorient to be vertically aligned; this is in
sharp contrast with the alignment of molecules (or discs) in the conventional nematic phase, which is mostly horizontal under the flow
field18 (Extended Data Fig. 3).
Although vertical alignment has been demonstrated in the discotic lamellar phase for decades, mainly for small-molecule organic
compounds, achieving such a high-order phase in two-dimensional
inorganic nanosheets is generally problematic owing to the large polydispersity in the shape and size of the nanosheets, which considerably reduces the packing symmetry of the system. To circumvent this
intrinsic limitation, we introduced a non-ionic surfactant, hexaethylene
glycol monododecyl ether (C12E6), to enhance molecular interactions
between the nanosheets, thereby increasing the packing symmetry
(Fig. 1c). The sample preparation process is shown in Extended Data
Fig. 4. Hydrophilic colloidal surfaces are known to have high affinities towards C12E6, typically forming a double layer on the surface of
the colloids21. In the case of MXene–C12E6, it is expected that strong
hydrogen bonds will form between the –OH groups of C12E6 and –F or
–O groups on the surface of the MXene22 (Fig. 1c). The incorporation
of C12E6 between MXene nanosheets is confirmed by the observation
of a new fan-like texture under a polarized optical microscope (POM;
Fig. 2b), characteristic of the discotic lamellar phase; this is denoted
hereafter as an MXene lamellar liquid crystal (MXLLC). Single-walled
carbon nanotubes (SWCNTs; 10 wt%) were added as conductive spacers between the MXene layers to improve the structural stability and
the conductivity of the electrodes5.
The birefringence of the MXene–C12E6 composite is completely
different to that of the C12E6–H2O system (Fig. 2c), and small-angle
X-ray scattering (SAXS) confirms the lamellar nature of the MXLLC
(Fig. 2d). Without the MXene, C12E6–H2O is in a hexagonal phase with
three characteristic peaks in a relative positional ratio of 1 : 3 : 2 .
These peaks nearly disappear in the MXLLC and three new peaks are
present in a positional ratio of 1:2:3 (Fig. 2d), clearly indicating the
lamellar structure of the MXLLC. The value of the scattering vector q
of the (100) peak is 0.108 Å, from which the layer spacing d is calculated
to be approximately 5.8 nm. This is consistent with the sandwiched
structure illustrated in Fig. 1c, with the double-layer C12E6 (around
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Fig. 1 | Schematic illustration of ion transport in Ti3C2Tx MXene films.
a, b, Ion transport in horizontally stacked (a) and vertically aligned (b)
Ti3C2Tx MXene films. The blue lines indicate ion transport pathways.
c, Illustration of the surfactant (C12E6)-enhanced lamellar structure of
the MXLLC. Red indicates the hydrophilic tail and green indicates the
hydrophobic part of the surfactant. The hydrogen bonding between C12E6

and the MXene surface is shown on the right. The director of the MXLLC
is labelled with an arrow. d, Illustration of the alignment method used
in this work. The blue plates at the top and bottom represent the shear
plates. Under mechanical shear flow, the randomly aligned structure of
the MXLLC can be aligned with the flow direction, with the director of the
MXLLC being perpendicular to the shear direction.

4.9 nm thick21) between the MXene nanosheets (around 0.95 nm
thick23).
We then aligned the MXLLC by applying a uniaxial in-plane
mechanical shear force. The required shear rate of alignment is closely
related to the particle size: large particles that have slower relaxation
times will align at a lower shear rate24,25 (γ ; see Methods). For small
molecules (less than 10 nm in diameter), vertical alignment has been
obtained with shear rates of approximately 100–1,000 s−1 in the lamellar
phase18. Therefore, for our large MXene sheets, a shear rate of approximately 50–100 s−1 should be sufficient. As shown in Fig. 2e, the strong

mechanical shear force aligns the MXLLC almost unidirectionally, with
high birefringence that is mostly maintained after the removal of C12E6
(Extended Data Fig. 5b). The stark contrast in transmitted light intensity between the POM images at polarizer angles of 45° and 0°
(Extended Data Fig. 5b) clearly suggests that the liquid-crystal director
is either parallel or perpendicular to the shear direction. We then
imaged the same sample area using scanning electron microscopy
(SEM). The top-view image (Fig. 2f) clearly shows that the majority of
the MXene flakes align vertically with their lateral direction following
the shear field, which is consistent with literature18, and partial
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Fig. 2 | Characterization of MXene nanosheets and the high-order
MXLLC. a, SEM image of MXene flakes drop-cast from a colloidal
solution on an alumina membrane, depicting the shape and size of the
nanosheets. The inset shows the structure of a single MXene layer.
b, POM image of the MXLLC showing the fan-like texture of the lamellar
phase. The inset illustrates the assembled structure that gives rise to the
birefringent image. c, POM image with the light retardation plate of the
MXLLC shown in b after mechanical shear. The inset shows the C12E6–
H2O system after shear. R represents the direction of light retardation.
In the case of the C12E6–H2O system, the fast axis is along the shear
direction. In the MXLLC, the slow axis is parallel to the shear. d, SAXS of
the C12E6–H2O system (red) and the MXLLC (blue). The lamellar peaks

500 nm

Flat MXene

10 μm

are marked with blue arrows, and the hexagonal peaks are marked with red
arrows. A small portion of coexisting hexagonal phase (marked with red
circles) could be attributed to residual C12E6 that is not fully mixed with
the MXene. a.u., arbitrary units. e, POM image of the MXLLC with shear
direction at 45° to the polarizer angle. The inset illustrates the orientation
of the MXLLC under shear flow. f, Top view of SEM image of the MXLLC,
characterizing the structure shown in e. g, h, Bottom (g) and side (h) views
of vertical nanosheets on the horizontally aligned MXene current collector.
The red dashed line in h illustrates the ion transport path after the
bending of the MXene layers in the vertical direction. The insets of f–h are
illustrations of MXene orientation from different viewpoints, as labelled.
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Fig. 3 | Electrochemical analysis of vacuum-filtered MXene papers and
MXLLC films. a, Cyclic voltammograms of the indicated samples at a scan
rate of 100 mV s−1. b, Cyclic voltammograms for a 200-µm-thick MXLLC
film at different scan rates. c, Plot of the anodic peak current against the
scan rate for MXLLC films with different film thickness. d, Nyquist plots
for different MXene films taken at 0 V versus the resting potential. The
inset shows a magnification of the high-frequency region.

reorientation of the nanosheets is attributed to capillary forces during
drying. The bottom-view image (Fig. 2g) shows slightly tilted (polar
tilting angle of around 20°) vertical nanosheets relative to the bottom
layer, which is purposely coated with horizontally stacked MXene as a
current-collector layer to improve electron transport1. The bottom layer
is designed to be extremely thin—30 nm as measured by atomic force
microscopy (AFM, Extended Data Fig. 6)—such that it will not interfere with the electrochemical performance of the vertically aligned
MXLLC. The cross-sectional views (Fig. 2h and Extended Data Fig. 5e–h;
see red dashed line) show continuous bending of the MXLLC layers,
which could originate from elastic distortion of MXene lamellae during
mechanical shearing. Nevertheless, as we show subsequently, the slight
distortion has a negligible effect on the overall electrochemical
performance.
To demonstrate the possibility of using vertically aligned MXene
nanosheets as electrodes in electrochemical energy storage devices,
we investigated their electrochemical performance as supercapacitor
electrodes. Vacuum-filtered MXene films with the same amount
(10 wt%) of SWCNTs as interlayer spacers were used as a reference
(Extended Data Fig. 7). At a medium scan rate of 100 mV s−1 (Fig. 3a),
the cyclic voltammogram of a 6-µm-thick, filtered MXene paper shows
clear redox peaks at approximately −0.6 V and −0.8 V versus an Hg/
Hg2SO4 reference electrode, whereas a 35-µm-thick filtered MXene
paper loses most of the pseudocapacitive characteristic of Ti3C2Tx. This
disparity, however, is not observed in the MXLLC films. The redox
peaks of the MXLLC remain mostly independent of film thickness from
40 µm to 200 µm, a clear indication of substantially enhanced ion-transport
properties and thickness-independent behaviour. Additionally,
for the MXLLC samples, a pair of redox peaks appears at −0.4 V and
−0.6 V, which could originate from additional redox reactions of the
MXene (Extended Data Figs. 8, 9). In the case of the MXLLC, this process is thought to be more prominent owing to the increased amount
of accessible MXene surface area. This second pair of peaks shows a
similar dependence of the peak current on the scan rate (Extended
Data Fig. 8a) to that of the characteristic peaks of Ti3C2Tx seen in
the MXLLC electrodes (Fig. 3c), but this second pair of peaks does
deviate from the quasi-equilibrium behaviour seen previously at low
scan rates19. The main reason for this is likely to be the large difference in thickness of the MXLLC electrodes (200 μm) compared with
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Fig. 4 | Electrochemical performance of vacuum-filtered MXene papers
and MXLLC films. a, Rate performance of vacuum-filtered MXene
papers and MXLLC films at scan rates ranging from 10 to 100,000 mV s−1.
For comparison, we replotted the specific capacitance of a 180-µmthick macroporous MXene film that has been previously reported27.
b, Capacitance retention of a 200-µm-thick MXLLC film tested by
galvanostatic cycling at 20 A g−1. The inset depicts galvanostatic cycling
profiles at 2, 5, 10, 20, 50 and 100 A g−1, respectively. c, Areal capacitance
of vacuum-filtered MXene papers and MXLLC films at scan rates ranging
from 10 to 100,000 mV s−1. d, Areal capacitance as a function of the mass
loading of the film at scan rates of 1,000 and 2,000 mV s−1. The orange box
indicates the plateau area at which areal capacitance is almost independent
of mass loading.

previous reports of thin Ti3C2Tx electrodes (90 nm). It has been shown
that the storage mechanism involves the reduction and oxidation of
titanium26, but the precise nature of redox peak-splitting here needs
further investigation.
We then cycled the samples at scanning rates from 10 to
10,000 mV s−1 (Fig. 3b and Extended Data Fig. 9c, d), and observed
negligible distortion of the cyclic voltammetry curves for rates up
to 1,000 mV s−1. Figure 3c shows a plot of the peak-current density
against the scan rate for the pseudocapacitive peaks from films of varying thicknesses. The peak currents are directly proportional to the
scan rate following the power law (see Methods), with the characteristic parameter b being nearly 1 in the scan-rate window between 5
and 2,000 mV s−1 for films up to 200 µm thick. The high values of b
indicate that the charge-storage kinetics of the MXLLC films are controlled by surface reactions. The diffusion-limited mechanism becomes
more prominent in the thicker (320 µm) MXLLC film with a b value of
around 0.69. The maximum film thickness, before ion transport limitations become considerable, is approximately 200 µm for the present
system.
Analysis of impedance measurements (Fig. 3d) offers further
insights into the charge transfer and ion transport in the electrodes.
As expected, the series resistance of the MXene electrodes in the acidic,
aqueous electrolyte is low (approximately 0.07 Ω cm2) for both filtered
MXene papers and MXLLC films, regardless of electrode architecture. However, there is a clear difference in ion transport between the
two electrode architectures. The Nyquist plots of the filtered paper
electrodes show a clear 45° Warburg-type impedance element in the
mid-frequency region, whereas plots of the MXLLC electrodes are
nearly vertical at all frequencies, a strong indication that fast ion diffusion is critical for thickness-independent performance.
The thickness-independent rate performance is further demonstrated in Fig. 4a. The rate performance of the MXLLC films declines
only slightly when the film thickness is increased from 40 µm to
200 µm, especially for scan rates below 2,000 mV s−1, in sharp contrast
to the pronounced decrease seen for the filtered MXene papers. All
MXLLC electrodes demonstrate excellent retention of capacitance,
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especially when film thicknesses are less than 200 µm: over 200 F g−1
is retained at a high scan rate of 2,000 mV s−1 (also see Extended Data
Fig. 10), which surpasses some of the best values reported in literature27–29. We note that, to our knowledge, this thickness-independent
rate performance has not been reported previously, and for comparison
we have replotted (Fig. 4a) literature data for a 180-µm-thick macroporous MXene film27, which shows a much faster decay with scan rate
than is seen in the MXLLC samples. We note that the as-fabricated
MXLLC electrodes are extremely stable, retaining almost 100% of
their capacitance after 20,000 cycles of galvanostatic cycling at a rate of
20 A g−1 (Fig. 4b). Moreover, our vertically aligned MXenes have excellent areal capacitances (Fig. 4c). For the 200-µm-thick MXLLC film,
an areal capacitance greater than 0.6 F cm−2 (the standard for supercapacitor electrodes) is maintained at scan rates of up to 2,000 mV s−1.
Although higher areal capacitances are obtained from thicker (245 µm
and 320 µm) films at low scan rates, the films lose capacitance much
faster with increasing scan rate in comparison to films with thicknesses
of 200 µm or less, and finally plateau (see Fig. 4d). As a result, the areal
capacitance at scan rates of 1,000–2,000 mV s−1 is about the same for
mass loadings in the range of 2.80 to 6.16 mg cm−2. Our results show
the possibility of using vertically aligned MXenes to enable thick electrodes to operate at very high charge–discharge rates.
The precise control of directional ion transport is of fundamental
importance to fields besides electrochemical energy storage, including
filtration, fuel cells, catalysis and photovoltaics. Therefore, the vertical
alignment of functional nanomaterials through the manipulation of
their liquid crystal mesophase demonstrated here offers a new and
powerful technique to construct advanced architectures with exceptional performance. Of equal importance is that the formation of liquidcrystal phases can be achieved by means of self-assembly, which is
highly scalable for low-cost and large-area fabrication, as evidenced by
the success of block copolymer nanolithography in computer chips30.
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Methods

Data reporting. No statistical methods were used to predetermine sample size.
The experiments were not randomized and the investigators were not blinded to
allocation during experiments and outcome assessment.
Materials. Hexaethylene glycol monododecyl ether (C12E6) was purchased from
TCI Chemicals. Cetyltrimethylammonium bromide (CTAB), cyclopentanone and
cellulose acetate (Mw ≈ 30,000) were purchased from Sigma-Aldrich and used as
received. SWCNTs (diameter ~1–4 nm, length ~5–30 µm, purity >90 wt%, ashes
<1.5 wt%) were purchased from Cheaptubes and used without further purification.
Synthesis and delamination of Ti3C2Tx MXene. Ti3AlC2 MAX phase powder
(average particle size ≤30 µm) was chemically etched by slowly adding 2 g of
Ti3AlC2 powder into a mixture of 2 g of lithium fluoride powders in 20 ml of 9 M
hydrochloric acid31. The reaction was kept at 35 °C under magnetic stirring for
24 h. The reaction products were washed with deionized water, then subjected to
centrifugation, after which the supernatant was decanted. The washing process was
repeated until the pH of the supernatant reached approximately 6, and spontaneous
delamination of the Ti3C2Tx began to occur. At this point, the Ti3C2Tx sediment
was redispersed in deionized water and the resulting slurry was sonicated at 20 kHz
using a probe sonicator (Fisher Scientific) in a cooling bath at 0 °C for 15 min, to
ensure that the final Ti3C2Tx slurry contained only delaminated Ti3C2Tx flakes. The
resulting slurry was used without further modification or processing.
Preparation of CTAB-grafted SWCNTs. CTAB-grafted SWCNTs were prepared
following a procedure reported in the literature32. SWCNTs were dispersed in
a 0.1 wt% CTAB aqueous solution by probe sonication (Ultrasonic Processor,
FS-450N) at 135 W for 30 min. The solution was then centrifuged at 10,000g
(Eppendorf 5804 R, Fisher Scientific) for 20 min to collect the SWCNT slurry at
the bottom of the tube, followed by washing the slurry with distilled water. The
centrifugation and washing steps were repeated three times until the residual CTAB
in the solution was fully removed. The final CTAB-grafted SWCNTs were dispersed
in deionized water at a concentration of around 2.5 mg ml−1.
Preparation of MXene films by vacuum-assisted filtration. Freestanding, binder-free Ti3C2Tx–SWCNT films were fabricated using vacuum-assisted filtration,
in which the delaminated Ti3C2Tx slurry was mixed directly with CTAB-grafted
SWCNTs and then filtered. The Ti3C2Tx slurry and SWCNTs were mixed such
that the final mixture contained 10 wt% SWCNTs. The Ti3C2Tx–SWCNT mixture
was filtered through a surfactant-coated polypropylene membrane (Celgard 3501,
Celgard). After vacuum filtration, the resulting Ti3C2Tx–SWCNT films were dried
under vacuum at room temperature.
Preparation of MXLLC films. The liquid-crystal phase that is usually observed
in two-dimensional nanomaterials is the discotic nematic phase33–45, in which the
nanomaterials are usually dispersed in an aqueous solution. However, nanomaterials in this phase are mostly aligned horizontally when subjected to mechanical
shear fields36,46,47. Therefore, we intended to create high-order lamellar liquid
crystals (MXLLC) in this work.
To prepare MXLLC, 10 mg MXene and 1.1 mg SWCNTs (10 wt%) were dispersed in an aqueous solution by mixing their corresponding solutions with calculated volumes. The SWCNTs were added to improve both the mechanical stability
and the electric conductivity of the MXLLC32,48. The mixture was then sonicated
using a probe sonicator for 30 min. After fully mixing the MXene and SWCNTs,
40 µl of the surfactant C12E6 was added, followed by additional sonication in a water
bath sonicator (Branson, model 2210) for 30 min. The mixture was then transferred
to a vacuum oven to evaporate water at 40 °C overnight. The final MXLLC mixture
of MXene, SWCNTs and C12E6 was obtained by adding 50 µl water, followed by
sonication in a water bath for 2 h.
Preparation of liquid-crystal cells. Glass slides were rinsed twice with acetone, followed by drying with an air gun. A dilute MXene aqueous solution (~50 mg ml−1)
was then spin-coated onto one of the glass slides at 3,000 rpm for 30 s (Brewer
Science, Cee precision spin coater) to obtain an ultrathin layer (30–40 nm) of flat
MXene coating on the glass slide. Another acetone pre-cleaned glass slide was
spin-coated with 5 wt% solution of cellulose acetate in cyclopentanone at 3,000 rpm
for 30 s, followed by drying on a hotplate at 95 °C for 10 min to fully remove the
solvent. The roles of the flat MXene layer and cellulose acetate will be discussed
in the next section.
Preparation of free-standing MXLLC films. The gel-like MXLLC was sandwiched
between the flat MXene-coated and cellulose-coated slides with thickness controlled by a Mylar spacer. The liquid-crystal cell was then heated (1 °C min−1) to
42 °C on a Mettler FP82 and FP90 hotplate system and slowly cooled (1 °C min−1)
to 32 °C. This process allowed MXene liquid crystal to release internal stress in
the low-order phase and then reform in the high-order phase structure at a lower
temperature.
After thermal annealing, the MXLLC cell was mechanically sheared uniaxially
at a shear rate (γ) of ~50–100 s−1 (see ‘Determination of the shear rate to align
MXLLC’ for further details) to align the MXene flakes in an aqueous solution. The
liquid-crystal cell was then flash-frozen in liquid nitrogen to solidify the aqueous

phase, followed by opening of the cell with a razor blade. Owing to the weak layer
interaction between MXene sheets, the MXLLC delaminated from the MXene
coated glass, leaving them supported on the cellulose acetate layer. It should be
noted that, after delamination, the flat MXene layer was bonded to MXLLC, serving as an additional current collector in the electrochemical tests.
The MXLLC along with the supported glass was immersed into acetone
immediately after opening the liquid-crystal cell, and the cellulose sacrificial
layer was instantly dissolved by the acetone (less than 10 s), leaving MXLLC as a
free-standing film suspended in acetone. The MXLLC film was kept in acetone
for 30 min to completely remove the organic components. It was then carefully
removed and transferred into ethanol for solvent exchange.
The MXLLC film suspended in ethanol was transferred to a supercritical-CO2
drier (Tousimis Samdri-PVT-3D), to ensure that ethanol was removed without
collapse of the MXene sheets due to surface tension during the drying process.
The final MXLLC films were obtained by heating the samples in a furnace
(TA Instruments SDT-Q600) under argon gas (flow rate, 100 ml min−1) at
550 °C for 20 min to remove the surfactant. A weight loss of around 10 wt% was
recorded.
Determination of the shear rate to align MXLLC. Shear is known to have a profound effect on the structure of liquid crystals, and typically the change of macroscopic alignment happens when the Deborah number, D = γτ
 , approaches one17.
Here, τ is the structural relaxation time of the molecule. The relaxation time has
been found to be roughly cubically proportional19 to the molecular size a, τ ~ a3,
in simple liquids. For typical small liquid-crystal molecules with average sizes of
around 1–10 nm, reported values of τ are between 10−3 and 10−4 s, when the liquid-crystal system approaches the nematic-to-smectic phase transition19.
Considering the average size of MXene nanosheets as ~200–300 nm, the relaxation
time of the MXene could be estimated to be of the order of seconds. Therefore, the
critical value to achieve alignment for MXLLC could be estimated as 1 s−1.
However, owing to the large size distribution of MXene nanosheets, we applied a
higher shear rate (γ = v ≈ 50–100 s−1) to ensure the macroscopic alignment of
d
MXene nanosheets, where v is the shear velocity and d is the sample thickness.
Fabrication of liquid-crystal cell with patterned substrates. Patterned one-dimensional microchannels made of commercially available epoxy (D.E.R. 354,
Dow Chemicals) were fabricated by replica moulding from polydimethylsiloxane
moulds on glass slides following a reported procedure49. An aqueous solution of
MXene was sandwiched between one patterned substrate and another flat glass
slide, at a thickness (controlled by the Mylar spacer) of ~6 µm.
Characterization. Liquid-crystal phases and alignments were confirmed from
POM images under an Olympus BX61 motorized optical microscope with crossed
polarizers using CellSens software.
The alignment of MXene nanosheets was also examined by SEM on a dual-beam
FEI Strata DB 235 Focused Ion Beam/SEM instrument with a 5-kV electron beam.
The nanostructure of MXLLC was further characterized by SAXS with a Bruker
Nonius FR591 rotating-anode X-ray generator (Cu Kα) together with Osmic MaxFlux optics. Samples were kept at a distance of 54 cm from the detector, and were
scanned with angles (2θ) from 0.3°–5.4°, corresponding to momentum transfer (q)
ranging from 0.02–0.38 Å−1. The intensity of the X-rays was measured using a 2D
Bruker Hi-Star multiwire detector, and reported data were azimuthally averaged
and background subtracted.
Electrochemical measurements. Electrochemical measurements were performed
in three-electrode Swagelok-type cells using glassy carbon as the current collector
for both the working and the counter electrodes. Ti3C2Tx–SWCNT films prepared
by vacuum filtration and MXLLC films were used directly as the working electrodes, and over-capacitive activated carbon films (YP50, Kuraray) were used as
the counter electrodes. An aqueous mercury sulfate (Hg/Hg2SO4) electrode in saturated potassium sulfate (K2SO4) was used as the reference electrode. Surfactantcoated polypropylene membranes (Celgard 3501) were used as the separators, and
deaerated 3 M sulfuric acid (H2SO4) was used as the electrolyte. Electrochemical
measurements, such as cyclic voltammetry, electrochemical impedance spectroscopy and galvanostatic cycling were performed using a VMP3 potentiostat
(BioLogic). Scanning rates ranging from 5 mV s−1 to 100 V s−1 were used for the
cyclic voltammetry experiments with a working potential window of 0.9 V (−0.1 to
−1.0 V versus Hg/Hg2SO4). Specific capacitances were calculated by integration of
the discharge curves in the cyclic voltammetry plots using the following formula:

C=

∫ I dt
mΔV

where C is the specific capacitance, I is the discharging current, m is the mass of
the working electrode and ∆V is the voltage scan window which is 0.9 V for all of
the cyclic voltammetry scans in this work. Galvanostatic charging and discharging
was performed with the same potential window of 0.9 V, and capacitance was also
calculated from the discharging curve. Electrochemical impedance spectroscopy
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was performed at the resting potentials of the cells with a signal peak-to-peak
amplitude of 10 mV and frequencies ranging from 10 mHz to 200 kHz.
Ion-diffusion mechanism. The ion-diffusion mechanism in MXLLC films was
investigated by analysing the function curves of peak current (ip) against scan
rate (v) from the cyclic voltammograms, following the power law dependence of
ip on v, ip = avb, where a and b are adjustable parameters. The value of b provides
important insights into the charge-storage kinetics: when b is close to 1, it indicates
a high-rate capacitive storage mechanism, and b ≈ 0.5 is the signature of slow
semi-infinite diffusion. The values of b for the MXLLC films are 0.95, 0.91 and
0.69 for film thicknesses of 40 μm, 200 μm and 320 μm, respectively, for scan rates
ranging from 5 to 2,000 mV s−1.
Data availability. The data supporting the findings of this study are available
within the paper, the Supplementary Information and its Extended Data files. Raw
data are available from the authors upon reasonable request.
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Extended Data Fig. 1 | Size statistics of MXene nanosheets.
a, SEM image of the nanosheets. The flake dimensions used to report the
length and width of the sheets are marked. b, Size distribution of MXene

nanosheets, measured from SEM over 250 sheets. c, Average sizes of the
nanosheets.
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Extended Data Fig. 2 | POM images of MXene aqueous solutions.
a, At a concentration of 50 mg ml−1, the MXene solution shows a nearly
isotropic phase with low birefringence under crossed polarizers. b, At a
concentration of 250 mg ml−1, higher birefringence starts to appear. A
nematic phase is formed, as clearly indicated from the Schlieren texture
shown in the inset. c, d, POM images of the slow-appearing MXene liquidcrystal phase on top of one-dimensional microchannels at two polarizer
angles: 45° (c) and 0° (d). Higher birefringence starts to appear when water
evaporates, and the resulting nematic liquid-crystal phase of MXene can
be well aligned with microchannels. The microchannels used here have the
following dimensions: diameter 2 µm, spacing 2 µm and depth 1.5 µm. The
Onsager theory of liquid crystals predicts the formation of the liquidcrystal phase as a function of the volume fraction of molecules in a media:
low volume fraction gives an isotropic phase, and high volume fraction

gives a liquid-crystal phase. The empirical value of the critical volume
fraction of liquid-crystal phase formation can be estimated by ϕ ≈ 4WT ,
where Φ is the critical volume fraction, W and T are the width and
thickness of the nanosheet, respectively. In our MXene system, Φ is
estimated to be around 2 vol%, which is equivalent to about 80 mg ml−1 of
MXene nanosheets in aqueous solution. However, because the MXene
nanosheets are highly polydisperse in terms of size, and the surface
charges differ from system to system, the critical value of Φ could vary in
experiments. In this work, we demonstrated the isotropic phase of MXene
liquid crystal at around 50 mg ml−1, in good agreement with theory, and
we showed the nematic phase of MXene at around 250 mg ml−1. This
concentration was chosen to be sufficiently high above the critical value of
Φ such that a liquid-crystal phase could be ensured.
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Extended Data Fig. 3 | SEM image of nematic MXene liquid crystal after
mechanical shear. Horizontally aligned MXene nanosheets are obtained.
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Extended Data Fig. 4 | Schematic of the preparation of MXLLC films.
a, Preparation of the MXLLC slurry. b, Fabrication of the liquid-crystal
cell. c, Separation of the MXLLC layer from the liquid-crystal cell. d, The
free-standing MXLLC film obtained after supercritical drying.
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Extended Data Fig. 5 | POM and SEM images of MXLLC films.
a, b, POM images of MXLLC before (a) and after (b) shear. The inset of
b shows the POM image of the MXLLC with the shear direction parallel
to the polarizer. c–h, Views of the MXLLC film from SEM: random
alignment before shear (c), vertical alignment after shear (d), lateral views
(e, f), front views (g, h). Dashed red lines indicate the bending directions
of the MXene layers.
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Extended Data Fig. 6 | AFM images of the spin-coated flat MXene film. a, Height map. b, Film thickness measured across the boundary of the film and
the glass. The thickness of the flat MXene film is estimated to be about 30 nm.
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Extended Data Fig. 7 | SEM images of a vacuum-filtered MXene–
SWCNT paper with a thickness of around 35 µm. a, The full crosssection of the freestanding film. b, A higher-magnification image of the

top portion of a. Both images show horizontally stacked layers of MXene
nanosheets interpenetrated with SWCNTs, a configuration that has been
reported to facilitate ion diffusion1.
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Extended Data Fig. 8 | Plots of the anodic peak current against scan
rate and peak separation against scan rate. a, Plot of the peak current
of the second pair of redox peaks seen at −0.4 V and – 0.6 V versus
Hg/HgSO4 in the voltammograms for the MXLCC electrodes in Fig. 3a.
b, Plot of the peak separation (ΔEp) for the second pair of redox peaks; the
dashed line corresponds to the expected trend for a quasi-electrochemical
process2. From a it can be seen that the trend of the current against scan
rate of the anodic peak of the second pair of redox peaks is similar (Fig. 3c)
to that of the main peaks at – 0.8 V versus Hg/HgSO4 (Fig. 3a), which are

characteristic of Ti3C2Tx. The main difference in behaviour for this second
pair of peaks compared with previous reports on Ti3C2Tx can be seen in
b. Previous characterization of the peak separation against the scan rate
for the redox peaks in thin (around 90 nm) Ti3C2Tx electrodes showed a
region at low scan rates that corresponds to quasi-equilibrium behaviour3;
it is clear from b that this is not the case for the second pair of redox peaks
of the MXLLC electrodes. The primary reason for this is probably the large
difference in thickness of the MXLLC electrodes (200 μm) compared with
previous reports of thin Ti3C2Tx electrodes (90 nm).
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Extended Data Fig. 9 | Cyclic voltammograms of pure Ti3C2Tx
vacuum-filtered paper and MXLLC film. a, For the second pair of redox
peaks at 0.6 V versus the reference, the current grows slightly during
cycling and then stabilizes during continuous cycling. b, The current will
fade if the cell is allowed to rest. This pair of peaks is thought to originate
from changes occurring in the transition-metal surface of the MXene
during cycling and will be the subject of further studies. It is thought that
these peaks are more pronounced in the cyclic voltammograms of the

MXLLC samples owing to the large amount of active material surface that
is exposed to the electrolyte in the MXLLC samples relative to the vacuumfiltered papers. c, d, Cyclic voltammograms of a 35-µm-thick vacuumfiltered MXene paper (c) and a 40-µm-thick MXLLC film (d). For similar
film thicknesses, MXLLC films have much better rate-handling ability
compared to the vacuum-filtered papers, as only a small decay of the cyclic
voltammogram is observed until high scan rates are used.
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Extended Data Fig. 10 | Capacitance retention as a function of scan
rate for both vacuum-filtered films and MXLLC films. All data points
are normalized to the capacitance value at 10 mV s−1 for each sample
curve, respectively. At 2,000 mV s−1, vacuum-filtered MXene papers retain
around 14% (35 µm thick) and 30% (6 µm thick) capacitance, whereas

MXLLC films maintain more than 75% capacitance over a wide range
of film thickness from 40 µm to 200 µm. However, in thicker (320 µm)
MXLLC films, the retention curve starts to behave similarly to that of thin
vacuum-filtered paper (6 µm). These data again suggest that the optimal
thickness of the working-electrode film of MXLLC is 200 µm.
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