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Dense, thick, but fast-ion-conductive electrodes are critical yet 
challenging components of ultrafast electrochemical capaci-
tors with high volumetric power/energy densities1–4. Here 
we report an exfoliation–fragmentation–restacking strategy 
towards thickness-adjustable (1.5‒24.0 μm) dense electrode 
films of restacked two-dimensional 1T-MoS2 quantum sheets. 
These films bear the unique architecture of an exceptionally 
high density of narrow (sub-1.2 nm) and ultrashort (~6.1 nm) 
hydrophobic nanochannels for confinement ion transport. 
Among them, 14-μm-thick films tested at 2,000 mV s−1 can 
deliver not only a high areal capacitance of 0.63 F cm−2 but 
also a volumetric capacitance of 437 F cm−3 that is one order of 
magnitude higher than that of other electrodes. Density func-
tional theory and ab initio molecular dynamics simulations 
suggest that both hydration and nanoscale channels play 
crucial roles in enabling ultrafast ion transport and enhanced 
charge storage. This work provides a versatile strategy for 
generating rapid ion transport channels in thick but dense 
films for energy storage and filtration applications.

High volumetric power/energy densities are indispensable when 
supercapacitors need to meet urgent demands in rapid-response 
and limited-space applications, such as regenerative braking, grid 
power buffers and burst-mode power delivery systems1–4. To real-
ize such requirements, it is crucial to achieve electrodes that can 
deliver high volumetric capacitances (Cv) under ultrahigh rates5–8.  
Additionally, the electrodes should also deliver industrially  
acceptable areal capacitances (Ca) for practical applications (for 
example, 0.6 F cm‒2 for currently commercialized activated-carbon 
electrodes at low rates)1,4,9. An electrode with a higher Ca allows  
for fewer passive components (for example, current collectors,  
separators and connectors) to achieve a definite total capacitance. 
This is critical for translating the electrode performance to a  
practical device1,4,10,11.

Unfortunately, electrodes operating under ultrahigh rates 
(≥1,000 mV s‒1) face tough challenges in simultaneously achieving  
high Ca and high Cv (refs. 12–15). It is difficult to enhance both mass 
loadings and packing densities of active materials in electrodes 
without obviously sacrificing ion transport dynamics5,16–19. To date, 
high Cv values at 1,000 mV s‒1 have been attained in some ultrathin 
dense electrodes of restacked large sheets (LSs, hundreds of nano-
metres in their lateral sizes) of two-dimensional (2D) materials, for 

example, 330 F cm‒3 for 330-nm-thick 2D TaS2 LS films20, 160 F cm‒3 
for 1-μm-thick 2D 1T-MoS2 LS films21 and 800 F cm‒3 for 3-μm-thick 
2D Ti3C2Tx LS films17. This is attributed to their sufficient interpla-
nar active sites and vertically short ion diffusion distances; however, 
low mass loadings (0.16‒1.17 mg cm‒2) of active materials therein 
cause low Ca values (~0.01‒0.24 F cm‒2). In contrast, well-tailored 
large channels for ion transport help achieve high Ca values at 
1,000 mV s‒1 in thick electrodes with high mass loadings of active 
materials (for example, 0.54 F cm‒2 for 180-μm-thick macroporous 
Ti3C2Tx films17 and 0.64 F cm‒2 for 320-μm-thick films of vertically 
aligned Ti3C2Tx LSs18); however, their loose structures (relative  
densities <6.0%) inevitably lead to low Cv values (~20‒30 F cm‒3).

The above dilemma is related to channel utilization for ion trans-
port, especially under high rates. For 2D material sheets, the verti-
cal stacking mode facilitates ion transport under electrical driving 
force22,23. This strategy could yield thickness-independent capaci-
tance in Ti3C2Tx electrodes18, but at the expense of Cv due to macro
pores. In contrast, the horizontal stacking mode is more efficient 
at building dense electrodes with atomically defined channels with 
widths approaching the diameters of hydrated ions14,16. This could 
enable fast ion transport via various enhancement mechanisms (for 
example, Grotthuss confinement transport for protons24 and config-
uration adjustment transport for hydrated alkali ions25). However, 
such transport abilities drastically decrease with the increased 
transport distance26,27. Thus, obtaining a large volume of fully inter-
connected ultrashort (for example sub-10 nm, ref. 26) nanochannels 
is attractive when looking to achieve dense electrodes with extraor-
dinary energy/power attributes28, but remains a challenge to date.

Here we generate 2D 1T-MoS2 quantum-sheet (QS) electrodes 
with mass densities comparable to their bulk materials but with 
ultrafast ion transport ability. These electrodes not only provide 
a tenfold increase in vertical ion transport nanochannels per unit 
area but also tenfold shorter horizontal interplanar-ion-diffusion 
lengths than their 2D LS counterparts (Fig. 1a). After hydration, 
these narrow (<1.2 nm) but short channels (~6.1 nm) exhibit a 
weaker degree of ionophilicity, for example, to hydronium (H3O+), 
which facilitates fast ion transport through a confinement transport 
mechanism. Thus, the optimal electrode architecture of fully inter-
connected ion-fast-transport structural units enables these dense 
electrodes to deliver an outstanding energy storage performance in 
various electrolytes.
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To realize this architecture, gram-scale single-layered 1T-MoS2 
QSs were first prepared via a quasi-full electrochemical Li inter-
calation plus water exfoliation approach on micrometre-sized 
2H-MoS2 particles. Here, we developed a full battery configuration 
(2H-MoS2//LiCoO2) in which 2H-MoS2 anodes and LiCoO2 cath-
odes (Supplementary Fig. 1) were premanufactured with an industry 
comparable roll-to-roll process (Fig. 1b and Supplementary Figs. 2 
and 3). We slowly charged (10‒3 A g‒1) the soft pack batteries to 3.2 V 
(Supplementary Fig. 4) to realize a quasi-full transition of the MoS2 
materials from semiconducting 2H phase to electrically conductive 
1T phase29. Next, we place the lithiated anodes in water and ultra-
sonicated them to fully shatter the MoS2 particles into 2D QSs29,30. 
By centrifuging the resulting suspensions, we obtained ~1.2 g of 
1T-MoS2 QSs (6.1 ± 1.1 nm in lateral size and ~93 wt% in 1T phase 
purity) from one soft pack battery (~27 wt% yield; Supplementary 
Figs. 5‒8).

Restacking 2D nanosheets with sizes below 10 nm to form pure 
QS films is challenging, as traditional filtration membranes that are 
widely used for restacking 2D LS films have larger pore sizes than 
these ultrafine QS materials. To address this challenge, we devel-
oped a graphene oxide (GO)-assisted vacuum filtration process to 
fabricate binder-free 1T-MoS2 QS films (Fig. 1c and Supplementary 
Fig. 9). Typically, a thin GO film (dozens of nanometres in thick-
ness) was preformed by filtrating a water suspension of GO LSs on 
a cellulose acetate membrane. After that, 1T-MoS2 QSs were gradu-
ally restacked on the GO film to form a dense layer (91–98% rela-
tive densities to bulk 1T-MoS2, depending on the mass loadings 
and the hydration status) by a second vacuum filtration treatment. 
The resulting 1T-MoS2/GO/cellulose sandwich film was immersed 
in water to collapse the GO layer and separate the 1T-MoS2 layer 
from the support (Supplementary Figs. 10 and 11a). The resulting 
1T-MoS2 QS film is negatively charged and can be easily transferred 
onto a substrate (Figs. 1d and 2a‒c and Supplementary Fig. 11b). 
The GO filtration membranes are crucial to the formation of 2D 
QS films: (1) they offer smooth surfaces to the deposition of QSs 
and interconnected interlayer channels for water filtration, allowing 
the gradually quasi-parallel arrangement of QSs on their surfaces;  
(2) they can be autoseparated in water, avoiding the usage of  
acetone as in the case of cellulose acetate membranes and ensuring  
water is confined in the resulting QS films. The confined water 
greatly reduces the contact angles of various liquids from 78‒82° on 

dehydrated films to 24‒38° here (Supplementary Fig. 12) and plays 
an important role in achieving fast ion transport.

The dehydrated 1T-MoS2 QS films with different thicknesses 
(1.5‒24.0 μm) exhibit a typical layered structure similar to other 
2D-material-based LS films17,21,31 obtained via vacuum filtration 
(Fig. 2d‒i). Quasi-parallel 1T-MoS2 QSs alternately stack approxi-
mately along the [001]1T-MoS2 direction via van der Waals forces 
between the neighbouring QSs (Supplementary Fig. 13). This  
vertical stacking behaviour is also supported by X-ray diffractom-
etry (XRD) results that exhibit only (00l)1T-MoS2 diffractions (Fig. 2b).  
However, unlike 2D LSs above 100 nm in lateral size17,21,31, several  
1T-MoS2 QSs prefer to pack up along the [001]1T-MoS2 direction 
and form a QS domain with a typical size of 4–6 nm (Fig. 2b, j, k). 
Zig-zag nanochannels exist between these domains (Fig. 2k and 
Supplementary Fig. 14a–c), and these might originate from water 
flowing during the filtration. A statistical analysis based on trans-
mission electron microscopy (TEM) observations quantitively 
reveals the inclined horizontal arrangement of QSs (Fig. 2l and 
Supplementary Fig. 14). The electrical conductivity of the 1T-MoS2 
QS films is ~2–10 S cm‒1 (measured using a four-probe method 
under ambient conditions), which is about one order of magnitude 
lower than that of the 1T-MoS2 LS films21 because of the increased 
interface resistance. Grazing-incidence wide-angle X-ray scatter-
ing analyses indicate that the stacking mode of QSs in hydrated 
samples is similar to that in the dehydrated films (Supplementary  
Fig. 15). The average (001) spacing of the restacked 1T-MoS2 QSs 
varies from 0.62 ± 0.04 nm for dehydrated films to 1.17 ± 0.15 nm 
for fully hydrated films (Fig. 2b) based on XRD measurements. The 
capillary widths for the dehydrated and hydrated films are estimated 
to be less than 0.685 and 1.235 nm (that is, sub-1.2 nm), respectively, 
based on TEM observations (Supplementary Fig. 16), which shows 
a channel width distribution of 0.3‒1.3 nm for the dehydrated films 
with a peak width around 0.62 nm.

We evaluated the electrochemical performance of hydrated 
1T-MoS2 QS films as supercapacitor electrodes in a 0.5 M H2SO4 
electrolyte (Fig. 3 and Supplementary Fig. 17). The cyclic voltam-
mograms of a 1.5-μm-thick QS electrode exhibits a typical elec-
tric double-layer capacitor (EDLC) behaviour with scan rates up 
to 10,000 mV s−1 (Fig. 3a). This delivers a capacitance of 254 F g−1 
or 1,248 F cm−3 at 5 mV s−1 (Fig. 3b and Supplementary Fig. 17h), 
which is nearly twice that of a 1-μm-thick electrode of 2D 1T-MoS2 
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Fig. 1 | Schematic of the design and fabrication of 2D 1T-MoS2 QS films. a, Comparison of electrolyte-ion transport in a 2D QS film and a 2D LS film under 
ultrahigh rates. b, Gram-scale 1T-MoS2 QSs fabricated by controlled charging of a 2H-MoS2//LiCoO2 soft pack battery and exfoliating the lithiated MoS2 
anode in water. c, 1T-MoS2 QS films formed via GO-assisted vacuum filtration and autoseparation from the support in water. d, An intact 1T-MoS2 QS film 
(38 mm in diameter).
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LSs21. The capacitance slightly decreases with increased scan rates, 
but remains at 143 F g−1 and 703 F cm−3 even under 2,000 mV s−1. A 
similar rate-dependent fading tendency in Cv was also observed on 
thicker (up to 24.0 μm) QS electrodes (Fig. 3b and Supplementary 
Fig. 17g). In comparison, the reported Cv for 1-μm-thick 1T-MoS2

21 
and 3-μm-thick Ti3C2Tx (ref. 17) LS-based dense electrodes faded 
rapidly when the scan rates were over 200 mV s−1. The Cv of 13- and 
40-μm-thick Ti3C2Tx dense electrodes17 exhibited this tendency at 
scan rates even down to 20 mV s−1. These results demonstrate the 
excellent rate performance of our dense 1T-MoS2 QS electrodes.

Electrochemical impedance spectroscopy (EIS) results offer 
insight into the electron transfer and ion transport properties of 
the hydrated 1T-MoS2 QS electrodes. The 1.5-μm-thick electrode 
exhibits a low charge transfer resistance (Rct) of 0.23 Ω cm2 and 
neglectable ion transport resistance (without a 45° Warburg-type 
impedance element) at all studied potentials (Supplementary  
Fig. 18). For thicker QS electrodes, the Rct increases (Supplementary 
Table 1; for example, 0.92 Ω cm2 for a 24-μm-thick sample, Fig. 3c) 
due to the presence of more QS interfaces per unit area. However, 
the ion transport resistance of these electrodes is still less than  
0.16 Ω cm2, illustrating the excellent ion transport dynamics. Our 

comprehensive studies indicate that these 1T-MoS2 QS films also 
exhibit high capacities in neutral electrolytes via the water-facilitated 
intercalation and transport of Li+, Na+ and K+ ions between their 
short interplanar gaps (Supplementary Figs. 19‒21), for example, 
1,197 and 1,237 F cm−3 at 5 mV s−1 for the 1.5-μm-thick electrode in 
0.5 M Na2SO4 and 1 M KCl, respectively (Supplementary Fig. 19g).

A kinetic parameter b determined from the power-law rela-
tionship helps to understand the charge storage kinetics of elec-
trodes32,33. Here, the b value for the 1.5-μm-thick QS electrode is 
calculated to be 0.93. This is quite close to 1.0 and demonstrates 
a surface-controlled capacitive process for the hydrated QS elec-
trodes (Fig. 3d). This behaviour is well retained for the 14- and 
24-μm-thick QS electrodes until ultrahigh scan rates of 3,000 and 
1,000 mV s−1, respectively. Ex situ X-ray photoelectron spectroscopy 
(XPS) analysis further suggests an EDLC energy storage mechanism 
for these electrodes (Supplementary Fig. 22). Ex situ Raman inves-
tigation indicates that the modes of 1T-MoS2 do not significantly 
change during cycling (Supplementary Fig. 23).

In 0.5 M H2SO4, the 1.5-μm-thick 1T-MoS2 QS electrode delivers 
Ca values of less than 0.2 F cm−2 over the entire scan rates because  
of its low 1T-MoS2 loading (0.75 mg cm−2, Supplementary Fig. 17b); 
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however, the Ca values at 1,000 mV s−1 reach 0.74 and 0.75 F cm−2 
for 14- and 24-μm-thick 1T-MoS2 QS electrodes (6.64 and 
10.87 mg cm−2 in 1T-MoS2 loadings), respectively. At 2,000 mV s−1, 
the 14-μm-thick electrode still delivers a Ca of 0.63 F cm−2 along with 
a high Cv up to 437 F cm−3, meeting the need for practical applica-
tions (Fig. 3e). In 1 M KCl, the 24-μm-thick electrode achieves a Ca 
of 0.61 F cm−2 and a Cv of 255 F cm−3 at 1,000 mV s−1 (Supplementary 
Figs. 20f, g). Its capacitance retention is 88% at 10 A g−1 after 10,000 
cycles (Fig. 3f).

We summarized the performance of the state-of-the-art elec-
trodes working under ultrahigh scan rates of 1,000 and 2,000 mV s−1 
(Fig. 4). The horizontal broken line indicates an industrially accept-
able Ca of 0.6 F cm−2 attained by commercialized activated-carbon 
electrodes (scan rates ≤200 mV s−1). This chart illustrates some 
breakthroughs (including our work here) in pursuing ultrahigh-rate 
electrodes with both high Ca and Cv towards miniaturized devices. 
For different electrodes with the same Ca value, from Ca = Cvd, 
where d is the electrode thickness, the thinner electrodes will have 
higher Cv values that are preferred for supercapacitors to achieve 
high volumetric energy densities. To date, only vertically aligned 
Ti3C2Tx LSs18 have approached a Ca about 0.6 F cm−2 at 1,000 mV s−1. 
However, the 200-μm-thick film has a Cv value of ~30 F cm−3. On 
the other hand, if a 1-μm-thick film is to achieve a Ca of 0.6 F cm−2 
under ultrahigh scan rates, its Cv must reach 6,000 F cm−3, which 
is far beyond the present record. Hence, there is a suitable thick-
ness range (~5‒50 μm) for an electrode to acquire an acceptable Ca 
of 0.6 F cm−2 and an accessible high Cv (~1200‒120 F cm−3). These 
require the electrode to have a unique architecture of dense active 
materials but abundant and highly connected fast-ion-transport 

channels. Historically, the 40-μm-thick restacked pseudocapacitive 
Ti3C2Tx hydrogel films17 have achieved a Ca of 0.46 F cm−2 and a Cv 
of 115 F cm−3 at 1,000 mV s−1. Now, our EDLC-type 1T-MoS2 QS 
electrodes illustrate improved performance through an optimized 
electrode architecture, which enhances the utilization of horizon-
tal nanochannels (Supplementary Fig. 24). This favours ultrafast 
supercapacitors with high volumetric and areal energy densities.

Our density functional theory (DFT) and ab initio molecu-
lar dynamics (AIMD) simulations (Supplementary Figs. 25‒32) 
and literature data26,27,34 suggest that both hydration and confine-
ment effects play crucial roles in achieving high capacitive perfor-
mance in our electrodes. More specifically, DFT calculations using 
an implicit solvation model show that the presence of solvation 
can greatly weaken the proton interaction with the MoS2 surface 
that in turn benefits ion diffusion. We found that proton binds 
strongly with surface sulphur atoms in vacuum while it prefers to 
form a hydronium ion with water in the presence of the solvation 
(Supplementary Fig. 26). This result is further supported by direct 
AIMD simulations, showing that protons always reside in the water 
layer confined within the hydrated MoS2 channel, and diffuse via the 
Grotthuss mechanism (Supplementary Fig. 27 and Supplementary 
Video 1). Similar conclusions were obtained for alkali metal cat-
ions, where we show that solvation effects significantly weaken the 
ion–MoS2 interaction (Supplementary Figs. 28‒30, Supplementary 
Table 2 and Supplementary Video 2), pointing to the importance 
of hydration effects in facilitating ion transport. In addition, we 
found that confinement enhances the interfacial charge transfer 
between the electrolyte and electrode (Supplementary Fig. 31 and 
Supplementary Table 3), which has been shown to be an important 
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factor in improving capacitive performance for porous materials35.  
This is in line with the observation that the calculated charge 
transfer increases with the ionic radius, a trend that is consistent 
with the measured capacitance (Supplementary Fig. 19f). We note 
that our conclusions on the hydration and confinement effects are  
not affected by whether 1T or 1T′ phases of MoS2 were used in the 
calculations, despite the fact that the 1T′ is thermodynamically 
more stable (Supplementary Figs. 28 and 32 and Supplementary 
Tables 2‒4).

Studies of proton transport in hydrophobic, ultrashort (<10 nm) 
nanochannels26 indicate an order of magnitude higher diffusion 
constant than the bulk value when the channel width D approaches 
1.0 nm, due to a unique Grotthuss ‘hop-turn’ confinement trans-
port mechanism36. When 1.0 nm< D < 1.5 nm (ref. 25), a significant 
enhancement of proton transport is still observed. For long nano-
channels, controlled studies of various cation transport mechanisms 
have suggested an increased ion resistance with channel length27, 
and thus a likely degradation of electrode performance in such 
channels. These results are in line with our observations and accen-
tuate the importance of using ultrashort and nanometre-wide chan-
nels to achieve ultrahigh transport rates in our electrodes.

We have demonstrated that the dense 2D QS films are high- 
performance supercapacitor electrodes under ultrahigh rates in 
various aqueous-based electrolytes. Their good performance is  
due to the unique electrode architecture of interconnected  
networks of narrow but short hydrated channels, achieved by the 
restacking of exfoliated QSs. As the restacking approach could  
generate a wide range of interlayer spacing by controlling the  

hydration degree and no longer has the size limitations of numer-
ous host materials, the platform offers a versatile tool to investigate  
the transport and storage mechanisms of a variety of ion species 
including single- and multi-valent ions37,38. We expect that our  
strategy is applicable to other metallic or semiconducting 2D  
materials, that is, lightweight materials that could achieve higher 
gravimetric capacitance. Further structural optimization (such as 
the size and shape of QSs and the degree of hydration) may help 
to improve the performance of 2D QS films for energy storage or 
filtration applications.
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Methods
Design and assembly of 2H-MoS2//LiCoO2 soft pack batteries. 2H-MoS2//LiCoO2  
soft pack batteries were fabricated using a commercial processing system. Typically, 
electrode slurries were first prepared by mixing LiCoO2 (99.8%, Aladdin) or 
MoS2 (99.5%, Aladdin) powders, super-P and polyvinylidene fluoride dissolved 
in N-methyl pyrrolidone (0.02 g ml‒1) with a weight ratio of 9:0.5:0.5 for 24 h. 
Afterwards, the cathode (LiCoO2) or anode (MoS2) slurries were coated to 
form films on both sides of continuous Al or Cu foils via a roll-to-roll process, 
respectively. The mass loadings of active materials (LiCoO2 or MoS2) were 
controlled by the gap distance between the blade and foils during the roll-to-roll 
process. The obtained electrodes were dried at 90 °C in vacuum for 12 h. The mass 
loadings (calculated as the total active material’s weight on both sides per unit area) 
for LiCoO2 and MoS2 were 44.2 and 7.4 mg cm‒2, respectively.

Then, the dried electrode films were punched into sheets with fixed sizes. The 
obtained LiCoO2 cathode and 2H-MoS2 anode sheets were alternately overlapped 
with Celgard membranes as separators to assemble soft pack batteries. For one 
battery, 15 and 14 pieces of cathode and anode sheets were used, respectively. The 
tabs of the overlapped electrodes were welded with outer metal tabs (Al for cathodes 
and Ni for anodes). After injecting the electrolyte (1 M LiPF6 in a mixture of 
ethylene carbonate, diethyl carbonate and dimethyl carbonate, with a volume ratio 
of 1:1:1) and heat-sealing the Al covers, we obtained the 2H-MoS2//LiCoO2 soft  
pack batteries. More details of the design and process are described in Supplementary 
Fig. 3. The mass content of 2H-MoS2 in one soft pack battery was ~4.4 g.

Preparation of the water suspension of 2D 1T-MoS2 QSs. Typically, one 
2H-MoS2//LiCoO2 soft pack battery was charged at a current density of 0.001 A g−1 
with a cut-off voltage of 3.2 V. Then, the charged battery was disassembled to 
collect well-lithiated MoS2 anode sheets. The sheets were first washed with acetone 
several times to remove the residual surface electrolyte. Then, the sheets were 
immediately immersed in water under ultrasonication for exfoliation (300 W, 1 h). 
After the exfoliation process, the obtained exfoliated solution was centrifugally 
purified (13,000 r.p.m., 30 min) four times to obtain a water suspension of 2D 
1T-MoS2 QSs. We obtained ~1.2 g of 1T-MoS2 QSs (~93 wt% in 1T phase purity) 
from one soft pack battery. The yield was ~27 wt%.

Preparation of 2D 1T-MoS2 QS films. 2D 1T-MoS2 QS films were fabricated via 
a self-developed vacuum filtration method assisted by GO. The detailed process is 
illustrated in Supplementary Fig. 9.

First, a thin GO nanosheet film was formed on a cellulose acetate filter 
membrane (47 mm in diameter with average pore size of 250 nm, Millipore). The 
GO nanosheets were prepared by using a modified Hummers’ method43 on natural 
graphite flakes (100 mesh, 99.95%, Aladdin). Then, 3 ml of GO water suspension 
(0.033 mg ml‒1) was dripped onto the filter membrane to form the GO film via 
vacuum filtration.

Then, the 2D 1T-MoS2 QS suspension was slowly dripped onto the upper 
surface of the thin GO film under vacuum filtration. After filtration, a black 
hydrated 2D 1T-MoS2 QS layer formed on the GO film. The obtained QS/GO/
filter sandwich film was immediately immersed in water for autoseparation 
(Supplementary Fig. 11a). The GO film collapsed and dissolved, leaving an intact 
QS film in water. The QS film can be easily transferred onto a substrate for further 
use. The as-obtained QS film bore H2O molecules confined inside the interlayer 
space between individual QSs. A dehydrated QS film can be obtained by drying the 
hydrated film.

2D 1T-MoS2 QS films with different thicknesses (or areal mass loadings) 
were obtained by controlling the quantity of the filtrated 1T-MoS2 QSs during the 
vacuum filtration process.

Preparation of 2D 1T-MoS2 QS electrodes for supercapacitors. A 100-nm-thick 
Au layer was coated on the surface of a 100-μm-thick polyimide substrate via 
magnetron sputtering to serve as a flexible and conductive current collector. Then, 
a piece of hydrated 2D 1T-MoS2 QS film stored in water was transferred onto the 
Au/polyimide substrate. After several minutes, the QS film was tightly attached 
onto the substrate to achieve the hydrated QS electrode. Dehydrated QS electrodes 
were obtained by naturally drying the as-prepared hydrated QS electrodes for 48 h.

A series of 1T-MoS2 QS electrodes with different thicknesses was prepared. For 
each thickness, 20 pieces of electrode were prepared under the same conditions. 
Ten pieces were used for electrochemical tests, and the other ten were used to 
measure the areal mass loadings and film thicknesses. The areal mass loading of 
an electrode was determined by the weight and the area of its oven-dried form 
(treated in a vacuum oven at 90 °C for 4 h). The film thickness was obtained by 
a statistical cross-sectional analysis on the scanning electron microscopy (SEM) 
images. The volumetric density was calculated based on the areal mass loading and 
the film thickness.

Capillary width measurements. We have statistically studied the size distribution 
of our channels for dry films via TEM (Supplementary Fig. 16). The results 
indicate that all channels are narrower than 1.3 nm. Assuming that the thickness 
of a MoS2 layer is 0.615 nm, then the capillary channel width is <0.685 nm for dry 
films. For the hydrated films that deliver high capacitive performance, however, it 

is difficult to perform TEM measurements due to the high vacuum requirements. 
Considering that the average channel width expands by 0.55 nm through hydration 
(XRD results, Fig. 2b) and assuming that the channel size distribution is not 
substantially altered by hydration, the upper bound of the capillary width for 
hydrated films would be ~1.235 nm (0.685 + 0.55 nm). Thus, we apply sub-1.2 nm 
channels throughout the text, consistent with the literature definition44.

Electrochemical measurements. Electrochemical measurements were conducted 
using a standard three-electrode configuration on an electrochemical workstation 
(VMP3, BioLogic). Four kinds of electrolytes were used (0.5 M H2SO4, 0.5 M 
Na2SO4, 0.5 M K2SO4 and 1 M KCl aqueous solution). Typically, a QS electrode was 
used as the working electrode. For the H2SO4 electrolyte, a graphite rod (99.9995%, 
Alfa Aesar) and an electrode formed of Hg/Hg2SO4 in saturated K2SO4 were used 
as the counter electrode and reference electrode, respectively. For Na2SO4, K2SO4 
and KCl electrolytes, a Pt disk (99.99%, Alfa Aesar) and a saturated calomel 
electrode were used as counter and reference electrodes, respectively. Linear sweep 
voltammetry was performed at a scan rate of 2 mV s‒1 to determine the cyclic 
voltammetry (CV) scan range (Supplementary Figs. 17a and 19a). CV scans were 
conducted at scan rates ranging from 5 to 10,000 mV s‒1. Galvanostatic cycling 
scans were performed at current densities ranging from 1 to 48 A g‒1 with the same 
potential limits of CV scans. The EIS was performed at various potentials versus 
reference electrodes with frequencies ranging from 1,000 kHz to 0.01 Hz and a 
sinusoidal voltage of 10 mV.

Capacitance calculations. The gravimetric capacitance of an electrode was 
calculated from CV data using the following formula:

Cg =

∫
IdV
Vsm

(1)

where Cg is the gravimetric capacitance (F g‒1), I is the current (A), V is the scan 
potential range (V), s is the scan rate (V s‒1) and m is the weight of the electrode (g). 
The volumetric capacitance (Cv, F cm‒3) or the areal capacitance (Ca, F cm‒2) were 
calculated by multiplying Cg by the volumetric density (g cm‒3) or by the areal mass 
loading (g cm‒2) of the electrode, respectively.

It should be noted that all the capacitive values in this work were determined 
based on the parameters of dehydrated electrodes. This method is generally 
applied for evaluating the electrochemical performance of hydrated 2D-material 
electrodes17,21,39,45. If the effect of nanoconfined water on the weight and size of  
the electrode was considered, Cv values for the hydrated 1T-MoS2 QS electrodes 
were approximately two-thirds of the claimed values in this work (see 
Supplementary Fig. 17b).

Characterizations. SEM images were obtained on JSM-7800F Prime field 
emission SEM equipment (JEOL). The thicknesses of the hydrated films were 
determined using a Bruker DektakXT surface profiler. X-ray diffraction patterns 
were collected on a Rigaku D/max 2550 instrument (35 kV, 200 mA) using Cu Kα1 
radiation (wavelength λ = 0.15406 nm). The grazing-incident wide-angle X-ray 
scattering experiments were performed with a Pilatus3R 300 K detector using 
Bruker NanoStar small-angle X-ray scattering on the top of a Rigaku H3R rotating 
anode generator (X-ray Diffraction Shared Experimental Facility at Massachusetts 
Institute of Technology). We used a small-angle 2 mm beam stop with a sample 
detector of 109.1 mm for wide-angle X-ray scattering measurements. The exposure 
time was set as 300 s. Raw wide-angle X-ray scattering patterns were processed 
with corrections by MATLAB-based GIXSGUI software before analysis.  
TEM and high-resolution TEM characterizations were conducted on a JEOL 
JEM-2100F field emission TEM instrument (200 kV). The samples for side-view 
TEM observations were prepared by embedding the 2D 1T-MoS2 QS films 
into resin followed by ultrathin sectioning. The atomic-resolution high-angle 
annular dark-field scanning TEM images were obtained on a JEOL ARM-200F 
instrument (200 kV) equipped with a cold field emission gun and a Cs corrector 
for probing lenses. An electron beam shower treatment (~20 min) was conducted 
before the observation to clean the specimen’s surface. UV–vis absorption spectra 
were recorded on a PerkinElmer Lambda 750 S spectrometer. The atomic force 
microscope experiments were performed on Bruker Multimode 8 equipment 
(ScanAsyst mode) under ambient conditions. The samples for atomic force 
microscope experiments were prepared by dripping the diluted water suspension  
of 2D 1T-MoS2 QSs onto a mica substrate and then drying under an infrared 
light for several minutes. XPS data were acquired on a Kratos Axis UltraDLD 
spectrometer using a monochromatic Al Kα (1486.6 eV) X-ray source. All  
XPS data were calibrated using the C 1s peak (284.8 eV) of adventitious carbon  
on the sample surface. The Mo 3d peaks were fitted using doublets with a 3:2 
(d5/2:d3/2) area ratio, 3.13 eV interval and the same full-width at half-maximum 
value. Raman spectra were obtained using a Horiba LabRAM HR Evolution  
Raman microprobe operating with 532 nm excitation. Test conditions were 
optimized to avoid phase transitions and sample damage during the measurements 
and to guarantee the stability of the results (objective lens ×50; acquisition 
time 10 s; accumulated twice). The incidence power on the sample surfaces 
was ~1.5 mW, below which no Raman signals can be recorded even after a long 
collection time.
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Computational method. DFT calculations were performed with the 
generalized gradient approximation46, using the plane-wave pseudopotential 
QUANTUM-ESPRESSO package47. Optimized norm-conserving Vanderbilt 
pseudopotentials were used to describe the interaction between valence electrons 
and ionic cores48. We also included the dispersion correction using the DFT-D3 
approach49. In all the calculations, the cut-off energy of the plane-wave basis was 
40 Ry and the Brillouin zone was sampled using the Γ point. The convergence 
criteria for structure optimization and single-point calculation were set to 10−3 Ry 
bohr−1 and 10−6 Ry, respectively. The 1T-MoS2 monolayer was modelled using an 
orthogonal supercell consisting of 24 Mo and 48 S atoms, with the optimized lattice 
parameters of A = 16.57 Å and B = 12.76 Å. To model the MoS2 surface, the vacuum 
thickness in the supercell was set to be 20 Å to avoid periodic interactions.

To study ion adsorption on the MoS2 surface in the presence of water, the 
three-dimensional reference interaction site model (RISM)50 was used to describe 
solvation effects. Specifically, in our DFT-RISM calculations, MoS2 and an 
individual ion were explicitly described by DFT, while the solvent was treated by 
the RISM approach using the closure model proposed by Kovalenko and Hirata51, 
as shown by the coloured medium in Supplementary Fig. 25b. The Lennard-Jones 
potential and partial charge of the single-point-charge (SPC) water model52 was 
used to describe the solvent, while the corresponding parameters of MoS2 and 
cations were taken from existing studies53,54.

To simulate MoS2 channels, the channel size d, defined by the sulphur–sulphur 
interlayer distance, was changed using the lattice parameter (C, Supplementary 
Fig. 25a). For a fixed channel size, the optimal water number within the channel 
was obtained for each ion using a set of single-point energy calculations for 
varying water number, as reported from our previous work55. In addition, the 
ion–MoS2 interaction energy Ei was computed as the minimum of the energy 
of ion adsorption referenced to that of the ion in the centre of the channel: 
Ei = Emin – Ecentre. The partial charge transfer from MoS2 to the adsorbed ion was 
computed via Bader charge analysis41.

In addition, to better understand the transport properties and hydration 
structure of solvated ions in the 0.8 nm MoS2 channel, AIMD simulations were 
carried out using the Vienna Ab initio Simulation Package (VASP)56 with the 
identical amount of explicit water predicted by the RISM calculation. In the 
AIMD simulations, we employed the projector augmented wave potential57 
for nuclei–electron interactions and the Γ point for Brillouin zone sampling. 
Canonical ensemble simulation was carried out using a Nosé thermostat at 300 K 
for 24 ps with a time step of 0.5 fs (refs. 58–60). Structural analysis using the TRAVIS 
software61 was conducted using the last 14 ps trajectories after the system was 
equilibrated for 10 ps.

Data availability
All the data relevant to the findings of this study have been included in the 
Supplementary Information.

Code availability
No customized code was used in this study.
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