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Making use of the osmotic pressure difference between fresh 
water and seawater is an attractive, renewable and clean way 
to generate power and is known as ‘blue energy’1–3. Another 
electrokinetic phenomenon, called the streaming potential, 
occurs when an electrolyte is driven through narrow pores either 
by a pressure gradient4 or by an osmotic potential resulting from 
a salt concentration gradient5. For this task, membranes made of 
two-dimensional materials are expected to be the most efficient, 
because water transport through a membrane scales inversely 
with membrane thickness5–7. Here we demonstrate the use of 
single-layer molybdenum disulfide (MoS2) nanopores as osmotic 
nanopower generators. We observe a large, osmotically induced 
current produced from a salt gradient with an estimated power 
density of up to 106 watts per square metre—a current that can be 
attributed mainly to the atomically thin membrane of MoS2. Low 
power requirements for nanoelectronic and optoelectric devices 
can be provided by a neighbouring nanogenerator that harvests 
energy from the local environment8–11—for example, a piezoelectric 
zinc oxide nanowire array8 or single-layer MoS2 (ref. 12). We use 
our MoS2 nanopore generator to power a MoS2 transistor, thus 
demonstrating a self-powered nanosystem.

MoS2 nanopores have already demonstrated better water-transport 
behaviour than graphene13,14 owing to the enriched hydrophilic sur-
face sites (provided by the molybdenum) that are produced following 
either irradiation with transmission electron microscopy (TEM)15 or 
electrochemical oxidation16. The osmotic power is generated by sep-
arating two reservoirs containing potassium chloride (KCl) solutions 
of different concentrations with a freestanding MoS2 membrane, into 
which a single nanopore has been introduced13. A chemical potential 
gradient arises at the interface of these two liquids at a nanopore in a 
0.65-nm-thick, single-layer MoS2 membrane, and drives ions spon-
taneously across the nanopore, forming an osmotic ion flux towards 
the equilibrium state (Fig. 1a). The presence of surface charges on the 
pore screens the passing ions according to their charge polarity, and 
thus results in a net measurable osmotic current, known as reverse 
electrodialysis1. This cation selectivity can be better understood by 
analysing the concentration of each ion type (potassium and chloride) 
as a function of the radial distance from the centre of the pore, as we 
show here through molecular-dynamics simulations (Fig. 1b).

We fabricated MoS2 nanopores either by TEM13 (Fig. 1c) or by the 
recently demonstrated electrochemical reaction (ECR) technique16. 
With a typical nanopore diameter in the range 2–25 nm, a stable 
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b Figure 1 | Harvesting osmotic energy with 
MoS2 nanopores. a, The experimental set-up. 
Salt solutions with different concentrations are 
separated by a 0.65-nm-thick MoS2 nanopore 
membrane. An ion flux driven by chemical 
potential through the pore is screened by the 
negatively charged pore, forming a diffusion 
current composed of mostly positively charged 
ions. b, Top panel, a typical simulation box used 
in molecular-dynamics simulations, showing the 
nanopore membrane (in blue and yellow) and the 
salt (green and red) in solution. Bottom panel, 
molecular-dynamics-simulated potassium-ion 
and chloride-ion concentrations as a function of 
the radial distance from the centre of the pore. 
The region near the charged wall of the pore 
is representative of the electrical double layer. 
Cmax, maximum concentration; Cmin, minimum 
concentration. c, Example of a TEM-drilled MoS2 
nanopore of diameter 5 nm.
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osmotic current can be expected, owing to the long time required for 
the system to reach equilibrium. We measured the osmotic current 
and voltage across the pore by using a pair of Ag/AgCl electrodes to 
characterize the current–voltage (I–V) response of the nanopore.

To gain a better insight into the performance of the MoS2 nanopore 
power generator, we first characterized the ionic transport properties 
of MoS2 nanopores under various ionic concentrations and pH con-
ditions, which can provide information on the surface charge of the 
MoS2 nanopore. Figure 2a shows the I–V characteristics of MoS2 nano-
pores of various diameters. A large pore conductance originates from 
the ultrathin nature of the membrane. The conductance also depends 
on the salt concentration (Fig. 2b) and shows saturation at low salt 
concentrations—a signature of the presence of surface charge on the 
nanopore17,18. The predicted pore conductance (G), taking into account 
the contribution of the surface charge (Σ), is given by19:
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where κb is the bulk conductivity, L is the pore length, d is the pore 
diameter, lDu is the Dukhin length (which can be approximated by  
Σ /e

c2 s
  , where e is the elementary charge and cs is the salt concentration),  

α is a geometrical prefactor that depends on the model used (here,  
α = 2)19, and β can also be approximated to be 2 to obtain the best fit-
ting agreement19. From the fitting results shown in Fig. 2b, we find a 
surface charge value of −0.024 C m−2, −0.053 C m−2 and −0.088 C m−2 
for pores of size 2 nm, 6 nm and 25 nm, respectively, at pH 5.  
These values are comparable to those reported recently for graphene 
nano pores (−0.039 C m−2)20 and nanotubes (−0.025 C m−2 to 
−0.125 C m−2)5 at pH 5. The surface charge density can be further 
modulated by adjusting the pH to change the pore surface chemistry 
(Fig. 2c). The conductance increases with an increase in pH, suggesting 
the accumulation of more negative surface charges in MoS2 nanopores. 
The simulated conductance from equation (1) at 10 mM KCl is linearly 
proportional to the surface charge values; thus, pH changes could sub-
stantially improve the surface charge up to 0.3–0.8 C m−2. The chemi-
cal reactivity of MoS2 to pH is also supported by measurements of zeta 
potential on MoS2 (ref. 21). However we also notice that, as with other 
nanofluidic systems5,20, the surface charge density varies from pore to 
pore, which means that different pores can have disparate values of the 
equilibrium constant, owing to the various combinations of Mo and S 
atoms14 at the edge of the pores (as illuminated by molecular-dynamics 
simulations7).

Next, we introduced a chemical potential gradient by using the KCl 
concentration gradient system5. The concentration gradient ratio is 
defined as Ccis/Ctrans, where Ccis is the KCl concentration in the cis 
chamber and Ctrans is that in the trans chamber; the concentration 

ranges from 1 mM to 1 M. The highly negatively charged surface 
selectively passes the ions (in this case potassium ions) according to 
their polarity, resulting in a net positive current. By measuring the I–V 
response of the pore in the concentration gradient system (Fig. 3a), 
we can measure the short-circuit (Isc) current corresponding to zero 
external bias, while the osmotic potential can be obtained from the 
open-circuit voltage (Voc). The pure osmotic potential, Vos, and current,  
Ios, can then be obtained by subtracting the contribution from the  
electrode–solution interface at different concentrations; this contri-
bution follows the Nernst equation5,22 (Extended Data Fig. 1). The 
osmotic potential is proportional to the concentration gradient ratio  
(Fig. 3b) and shares a similar trend with the osmotic current (Fig. 3c).  
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Figure 2 | Electrical conductance and chemical reactivity of the MoS2 
nanopore. a, Current–voltage response of MoS2 nanopores with different 
pore sizes (black, 2 nm; red, 6 nm; blue, 25 nm) in 1 M KCl at pH 5.  
b, Conductance as a function of salt concentration at pH 5. By fitting the 

results to equation (1), we find the extracted surface charge values to be 
−0.024 C m−2, −0.053 C m−2 and −0.088 C m−2 for a 2-nm, 6-nm and 
25-nm pore, respectively. c, Conductance as a function of pH for a KCl 
concentration of 10 mM, for a 2-nm, 6-nm and 25-nm pore.
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Figure 3 | Osmotic power generation. a, Current–voltage characteristics 
for a 15-nm nanopore in a 1 M/1 mM KCl gradient. The contribution  
from the redox reaction on the electrodes is subtracted from the measured 
total current (grey line) (Extended Data Fig. 1), producing the red dashed 
line, which represents the pure osmotic contribution. Isc and Voc are the 
short-circuit current and open-circuit voltage, respectively; Ios and Vos  
are the osmotic current and potential. b, The generated osmotic potential 
as a function of the salt gradient. Ccis is set to be 1 M KCl; Ctrans is tunable 
from 1 mM to 1 M KCl. The solid line represents a linear fitting to  
equation (2). c, Osmotic current as a function of salt gradient. The solid 
line fits proportionally to the linear part of equation (2). d, Osmotic 
potential and current as a function of pore size. The dashed lines are a 
guide to the eye and show the trend as the pore size is changed. The error 
bars come from the corresponding error estimations and represent the 
s.e.m. (Methods).
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The measured osmotic energy conversion is also pH dependent 
(Extended Data Fig. 2a, b). The increase in pH leads to higher gene-
rated voltage and current, suggesting the importance of surface charge 
to the ion-selective process.

The extracted osmotic potential is the diffusion potential and it arises 
from differences in the diffusive fluxes of positive and negative ions, 
because the pore is ion selective: cations diffuse more rapidly than  
anions (Fig. 1). The diffusion potential, Vdiff, can be described as22:

Σ= ( )










 ( )V S RT

F
a
a

ln 2diff is
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Here, Σ( )S is is the ion selectivity23 for the MoS2 nanopore (and equals 
1 for the ideal cation-selective case, and 0 for the non-selective case);  
it is defined as Σ( ) = −+ −S t tis , where t+ and t− are the transference 
numbers for positively and negatively charged ions respectively. F, R 
and T are the Faraday constant, the universal gas constant, and the 
temperature, respectively, while aKCl

cis  and aKCl
trans  are the activities of 

potassium ions in cis and trans solutions. By fitting the experimental 
data presented in Fig. 3b to equation (2), we find the ion-selectivity 
coefficient Σ( )S is to be 0.4, suggesting efficient cation selectivity. This 
is because the size of our nanopores lies in the range in which the 
 electrical double-layer overlap can occur inside the pore18, because the 
Debye length, λB, is 10 nm for 1 mM KCl. As shown in Extended Data 
Fig. 3d, with a concentration gradient of 10 mM/1 mM in a 5-nm pore, 
the ion selectivity approaches nearly 1, presenting the conditions for 
ideal cation selectivity23.

To test the cation-selective behaviour of the pore further, we inves-
tigated the relationship between power generation and pore size. As 
shown in Fig. 3d, small pores display better voltage behaviour, reflecting 
better performance in terms of ion selectivity. The ion selectivity, 
Σ( )S is, decreases from 0.62 to 0.23 as the pore size increases. We cal-

culated the distribution of surface potential for different pore sizes 
(2 nm, 5 nm and 25 nm) in order to compare the selectivity difference 
(Extended Data Fig. 3a–c). It has been proven that the net diffusion 
current stems only from the charge separation and concentration dis-
tribution within the electrical double layer24, and therefore the total 
current can be expected to increase more rapidly within small pores 

in the double-layer overlap range compared with larger pore sizes  
(Fig. 3d). This slight decrease in current in larger pores might be attrib-
uted to a reduced local concentration gradient, and also to probable 
overestimation of the redox potential subtraction. The current can be 
calculated using either a continuum-based Poisson–Nernst–Planck 
(PNP) model or molecular-dynamics simulations. The measured 
dependence of the osmotic potential and osmotic current as a function 
of the concentration ratio (Fig. 3b, c) is well captured by both compu-
tational methods (molecular dynamics, Extended Data Fig. 4, and 
continuum analysis, Extended Data Fig. 5a). The non-monotonic 
response to pore size (Fig. 3d and Extended Data Fig. 2c, d) might not 
only be explained by a possible depletion of the local concentration 
gradient in large pores, but is also predicted by the continuum-based 
PNP model (Extended Data Fig. 5b) because of the decrease in ion 
selectivity.

In order to gain further insight into the thickness scaling, we first 
verified the pore-conductance relation proposed in equation (1) by 
using molecular dynamics (Extended Data Fig. 6). We found that ion 
mobility also scales inversely with membrane thickness (Extended 
Data Fig. 7a, b), which may conform to previous observations25. 
We then performed molecular-dynamics simulations of multilayer 
membranes of MoS2 to investigate the power generated by those 
membranes. We observe a strong decay in the generated power as 
the number of layers increases (Extended Data Fig. 7c, d), indicating 
that the best osmotic power generation occurs in two-dimensional 
membranes. The consistency between experiments and theoretical 
models highlights two important factors in achieving efficient power 
generation from a single-layer MoS2 nanopore: atomic-scale pore 
thickness and surface charge.

If we have a single-layer MoS2 membrane with a homogeneous pore 
size of 10 nm and a porosity of 30%, then, by exploiting parallelization, 
the estimated power density would reach 106 W m−2 with a KCl salt 
gradient. These values exceed—by two to three orders of magnitude—
the results obtained with boron nitride nanotubes5, and are a million 
times higher than the power density obtained by reverse electrodialysis 
with classical exchange membranes1 (Extended Data Table 1).

As well as using KCl concentration gradients, the nanopore power 
generator concept could also be applied to liquid–liquid junction 
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Figure 4 | Demonstration of a self-powered 
nanosystem. a, Optical image of the fabricated 
MoS2 transistor, with a designed gate, and drain 
and source electrodes. b, Circuit diagram for 
the self-powered nanosystem: the drain–source 
supply for the MoS2 transistor is provided  
by a MoS2 nanopore, while a second nanopore 
device operates as the gate voltage source.  
D, drain; G, gate; S, source; Rp, pore resistance; 
Vtg, gate voltage; V+, nanopore output voltage.  
Rp connected in series with Vtg has been omitted. 
c, Powering all the terminals of the transistor 
with nanopore generators. The graph shows the 
modulated conductivity of the MoS2 transistor 
as a function of the top gate voltage (Vtg). Inset, 
current–voltage characteristics at various gate 
voltages (−0.78 V, 0 V and 0.78 V).
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systems with a chemical potential gradient, because the diffusion 
voltage originates from the Gibbs mixing energy of the two liquids 
(Supplementary Information). Thus, high-performance, nanopore- 
based generators based on a large number of available liquid combi-
nations could be explored24. For example, we have shown substantial 
power generation based on a chemical potential gradient that uses two 
types of liquid (Extended Data Fig. 8d). Considerable energy could also 
be generated by exploiting parallelization, with multiple small pores or 
even a continuous porous structure within a large area of single-layer 
MoS2 membrane26, which could be scaled up for mass production using 
the ECR pore-fabrication technique16 or plasma-based defect creation27.

The use of individual nanopores as a micro/nano power source has 
long been expected22. We find here that an individual osmotic generator 
can also serve as a nanopower source for a self-powered nanosystem, 
owing to its high efficiency and power density. For this self-powered 
nanosystem, we chose the high-performance single-layer MoS2 tran-
sistor (Fig. 4a) because of its excellent operation at low power28. We 
characterized this transistor in the configuration shown in Fig. 4b, 
using two nanopores to apply voltages to the transistor’s drain and gate 
terminals. As shown in Fig. 4c, by varying the top gate voltage in the 
relatively narrow window of ±0.78 V, we could modulate the channel 
conductivity by a factor of 50 to 80. Furthermore, when we fixed the 
gate voltage and varied the drain–source voltage Vds, (Fig. 4c inset), we 
obtained a linear Ids–Vds curve, demonstrating efficient injection of 
electrons into the transistor channel. Further calibration with a stand-
ard power source can be found in Extended Data Fig. 8. This system 
is an ideal self-powered nanosystem in which all the devices are based 
on single-layer MoS2.

We have shown that MoS2 nanopores are promising candidates for 
investigating osmotic power generation as a renewable energy source. 
The substantial power generated in our experiments can be attributed 
mainly to the atomic-scale thickness of the MoS2 membrane. Our 
results also provide new avenues for studying other membrane-based 
processes, such as water desalination7 or proton transport29. 
Furthermore, the nanopore generator may see application in other 
ultralow-power devices, such as in electronics.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Nanopore fabrication. We fabricated MoS2 nanopores either by using the atomic- 
scale ECR technique16 or by electron irradiation under TEM13. Prior to nanopore  
fabrication, we create a freestanding MoS2 membrane30. Briefly, we use KOH wet 
etching to prepare SiNx membranes (of size 10 μm × 10 μm to 50 μm × 50 μm; 
20 nm thick). We then use focused ion beam (FIB) or ebeam lithography (followed 
by reactive ion etching) to drill an opening of 50–300 nm in the membrane. Next 
we suspend single-layer MoS2 membranes, grown by chemical-vapour deposition, 
on the opening by transferring them from sapphire growth substrates30. TEM 
irradiation can be applied to drill a single pore and image the pore. ECR is done 
by applying a step-like transmembrane potential to the membrane and monitor-
ing the transmembrane ionic current with a Femto DLPCA-200 amplifier (Femto 
Messtechnik GmbH), with a custom-made feedback control on transmembrane 
conductance. Nanopores are formed when reaching the critical voltage of MoS2 
oxidation (>0.8 V). We then calibrate the pore size using I–V characteristics.
Nanofluidic measurements. Nanofluidic transport experiments are performed as 
described16. The nanopore chips are mounted in a custom-made polymethylmeth-
acrylate chamber, and then wetted with an H2O:ethanol (1:1) solution. Nanofluidic 
measurements are carried out by taking the I–V characteristics of the nanopore in 
different KCl solutions (Sigma Aldrich; the ionic concentration or pH of the solu-
tion varies), using an Axopatch 200B patch-clamp amplifier (Molecular Devices 
Inc.). A pair of chlorinated Ag/AgCl electrodes (which have been rechlorinated 
regularly) is used to apply voltage and to measure the current. In addition, the elec-
trode potential differences in solutions of different concentrations are calibrated 
with a saturated Ag/AgCl reference electrode (Sigma Aldrich).

To measure osmotic power generation, we filled the reservoirs with solutions of 
different concentrations, ranging from 1 mM to 1 M. Measurements are performed 
at various pH conditions. We found that power generation was optimal at pH 11. 
First, we measured the I–V response; we obtained the short-circuit current from 
the interception of the curve at zero voltage, and the open-circuit voltage from 
the interception of the curve at zero current. Next, to get the purely osmotically 
driven contribution, we subtracted the contribution made by the electrode poten-
tial difference that results from the redox potential in different concentrations 
(Extended Data Fig. 1).

For all experiments, we performed cross-checking measurements, including 
changing the direction of pH and concentration to make sure that the nano pores 
were not substantially enlarged during the experiments. Most MoS2 pores were 
generally stable during hours of experiments owing to their high mechanical  
strength and stability within the ±600 mV bias range. Thus, we strongly  
recommend the use of small supporting FIB/ebeam-drilled opening windows  
(of diameter 50–300 nm) for suspended membranes.
Characterization of single-layer MoS2 transistors. We fabricated single-layer 
MoS2 transistors using a procedure similar to that in ref. 28.

For electrical measurements we used an Agilent 5270B source-meter unit 
(SMU), an SR-570 low-noise current preamplifier and a Keithley 2000 digital 
 multimeter (DMM; input impedance >1010 Ω). All measurements were performed 
in ambient conditions in the dark. An improved efficiency of power conversion 
in nanopores is obtained by using a combination of pure room-temperature ionic 
liquids: 1-butyl-2-methylimidazolium hexafluorophosphate (Bmim PF6) and zinc 
chloride solution.

We compare the performance of the single-layer MoS2 transistor in two cases. 
First, we use two nanopores to apply Vtg and Vds, while using a current ampli-
fier and voltmeter to control the current and voltage drop across the device (see 
Extended Data Fig. 8a). In this case, we use voltage dividers to change the source 
and gate voltage on the device (not shown in Fig. 4a and Extended Data Fig. 8a). 
Second, we use the SMU to perform standard two-contact measurements.

Although the characteristics of our transistor are similar in both set-ups, we 
comment here on the difference detected in the conductivity of the ON state. 
We attribute it to the slow response of the device in the first case. The change in 
transistor resistance that occurs when applying gate voltage leads to a change in 
the impedance of the device and thus a change in the applied effective voltage, 
Vdev (measured with a voltmeter connected in parallel). The nanopore reacts to 
the change in impedance with a certain stabilization time (from 10 s to 100 s). 
This appears to be a hysteretic effect and influences the conductivity versus 
gate-voltage measurements. In the second case, on the other hand, Vdev = Vds is 
constant. There are several secondary effects, which might in turn influence the 
measured values of two-probe conductivity. In relatively short channel devices, 
applied Vds might partially contribute to gating of the channel and furthermore 
to modification of contact resistance. This could be understood by comparing 
the values of Vds (around 100 mV) and Vtg (780 mV). We also do not exclude the 
possibility of slight doping variations and hysteretic effects that occur because 
of the filling of trap states inside the transistor channel. However, by driving a 
device to the ON state and stabilizing the current for a reasonable amount of 

time, we obtained a very good match in drain–source Ids–Vds characteristics 
(Extended Data Fig. 8c). We thus conclude that, although there are differences 
in performance in the two cases, these differences originate mainly from the slow 
response time of the nanopore.

We extracted the resistance and power of the nanopore by using the ionic  
liquid Bmim PF6. By considering the simple resistor network (Extended Data  
Fig. 8d, inset), we could extract the output power as a function of the load resist-
ance, Rload. We fit our dependence according to the following model, which 
assumes a constant Vout and Rpore:

=
( + )

V R
R R

Power out load

p load
2

and found a good fit with Vout = 0.83 V, which is close to the measured Vout of 0.78 V, 
and with a nanopore impedance, Rp, of 9.4 ± 2.1 MΩ (Extended Data Fig. 8d).
Data analysis. All data analysis has been done using custom-made Matlab 
(R2016a) code. First, we recorded I–V characteristics with an Axopatch 200B 
amplifier, by using either an automatic or a manual voltage switch. We then 
 segmented the current trace into pieces of constant voltage, V. We extracted the 
mean, μ(V), and standard deviation, σ(V), of the stable part of each segment and 
generated an I–V plot. The error bars are the standard deviations (see Fig. 3 and 
Extended Data Fig. 2). All I–V characteristics were linear. In order to propagate 
the error correctly, we used a linear fitting method31. Using this method, we can 
extract the a, b, σa and σb values of the first-order polynomial I(V) = b V + a. The 
conductance is the slope, b, of the I–V curve, and a describes the offset. The height 
of the error bars reported for conductance measurements is 2σb.

We report the osmotic power generation using the osmotic current, Ios, and 
osmotic voltage, Vos. Starting from the linear-fit values of the I–V plot, we can 
calculate the measured current and voltage: Imeas = a and Vmeas = a/b. These meas-
ured values have to be adjusted for the electrode potential: Vos =Vmeas − Vredox 
and Ios = (Vos/Vmeas) × Imeas. Assuming an uncertainty in our estimation of redox 
potential, σredox, of 5%, we can propagate the errors using the following formulas32:

σ σ σ σ=





 +






 +b

a
b

1
V a b

2

2

2

redox
2

os

σ σ σ σ= +( ) +V bI a b
2

redox
2 2

redox
2

os

We used these relations to calculate the error bars shown in plots of osmotic voltage 
and current (Fig. 3 and Extended Data Fig. 2).
Computational simulations. Molecular-dynamics simulations. These simulations 
were performed using the LAMMPS package33. A MoS2 membrane was placed 
between two KCl solutions as shown in Extended Data Fig. 4a. A fixed graphene 
wall was placed at the end of each solution reservoir. A nanopore was drilled in 
MoS2 by removing the desired atoms. The accessible pore diameter considered in 
all of the molecular-dynamics simulations is 2.2 nm with a surface charge density 
of −0.04694 C m−2. The system dimensions were 6 nm × 6 nm × 36 nm in the x, y 
and z directions, respectively. We used the extended simple point charge (SPC/E) 
water model, and applied the SHAKE algorithm to maintain the rigidity of each 
water molecule. The Lennard Jones (LJ) parameters are tabulated in Supplementary 
Table 1. The LJ cut-off distance was 12 Å. The long-range interactions were com-
puted by the particle–particle particle–mesh (PPPM) method34. Periodic boundary 
conditions were applied in the x and y directions. The system is non-periodic in 
the z direction. For each simulation, first the energy of the system was minimized 
for 10,000 steps. Next, the system was equilibrated in the isothermic–isobaric  
(otherwise known as NPT) ensemble for 2 ns at a pressure of 1 atm and a tem-
perature of 300 K to reach the equilibrium density of water. Graphene and MoS2 
atoms were held fixed in space during the simulations. Then, canonical (NVT) 
simulations were performed, during which the temperature was maintained 
at 300 K by using the Nosè–Hoover thermostat with a time constant of 0.1 ps  
(refs 35, 36). Trajectories of atoms were collected every picosecond to obtain the 
results. For accurate mobility calculations, however, the trajectories were stored 
every ten femtoseconds.
Continuum model. We also used the continuum–based two-dimensional Poisson–
Nernst–Planck (PNP) model. We neglected the contribution of H+ and OH− ions 
in this calculation, as their concentrations are much lower compared with the bulk 
concentration of the other ionic species (K+ and Cl−). Hence, water-dissociation 
effects are not considered in the numerical model. Further, we assumed that the 
ions are immobile inside the steric layer and do not contribute to the ionic current. 
We also did not model the Faradaic reactions occurring near the electrode. Finally, 
we assumed that the convective component of current originating from the fluid 
flow is negligible and does not contribute to the non-monotonic osmotic current 
observed in our experiments. We validated this assumption by performing detailed 
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all-atom molecular-dynamics simulations and predicted the contribution of  
electroosmotic velocity in comparison with the drift velocity of the ions.

Under these assumptions, the total flux of each ionic species (Γi) is contributed 
by a diffusive component resulting from the concentration gradient, and an  
electrophoretic component arising from the potential gradient, as given by:

Γ Ω φ∇ ∇=− −D c z Fci i i i i i

where F is Faraday’s constant, zi is the valence of the ith species, Di is the diffusion 
coefficient, Ωi is the ionic mobility, ci is the concentration and φ is the electrical 
potential. Note that the ionic mobility is related to the diffusion coefficient  
by Einstein’s relation37, Ω =i D

RT
i , where R is the ideal gas constant and T is the  

thermodynamic temperature. The mass transport of each ionic species is:

Γ∇=− ⋅
c
t

d
d

i
i

The individual ionic current (Ii) across the reservoir and the pore is calculated by 
integrating their respective fluxes over the cross-sectional area, that is:

∫ Γ=I z F Sdi i i

The total ionic current at any axial location is calculated as Γ=∑ =I z F Sdi
m

i i1 , where  
S is the cross-sectional area corresponding to the axial location and m is the  
number of ionic species. In order to determine the electric potential along the 
system, we solve the Poisson equation:

φ
ρ

∇ ∇⋅ ( ) =−ε
ε

r
e

0

where ε0 is the permittivity of free space, εr is the relative permittivity of the 
medium and ρe is the net space charge density of the ions, defined as:

∑ρ = =F z ci
m

i ie 1

We provide the necessary boundary conditions for the closure of the problem. The 
normal flux of each ion is assumed to be zero on all the walls so that there is no 
leakage of current. To conserve charge on the walls of the pore, the electrostatic 
boundary condition is given by:

φ σ∇⋅ =
ε ε

n
0 r

where n denotes the unit normal vector (pointing outwards) to the wall surface 
and σ is the surface charge density of the walls. The bulk concentration of the cis 
reservoir is maintained at Cmax and the bulk concentration on the trans reservoir 
is maintained at Cmin. As we are interested in understanding the osmotic short- 
circuit current, Isc, we do not apply any voltage difference across the reservoirs. 
Thus, the boundary conditions at the ends of the cis and trans reservoirs are 
specified as:

φ= =c C , 0i max

φ= =c C , 0i min

The coupled PNP equations are numerically solved using the finite volume 
method in OpenFOAM (http://www.openfoam.com/). The details of solver 
implementation are discussed in refs 38–40. The simulated domain consisted 
of a MoS2 nanopore of length, Ln, 0.6 nm and diameter, dn, varying from 
2.2 nm to 25 nm. The simulated length of the reservoir was Lcis = Ltrans = 11 nm;  
the diameter of the reservoir was 50 nm. KCl buffer solution was used in the 
simulation. The bulk concentration of the cis reservoir was fixed at 1 M and the 
concentration in the trans reservoir was varied systematically varied from 1 mM 
to 1 M. The simulation temperature was 300 K. The bulk diffusivities of K+ and 
Cl− were 1.96 × 10−9 m2 s−1 and 2.03 × 10−9 m2 s−1. The dielectric constant of 
the aqueous solution was assumed to be 80. We also assumed zero surface charge 
density on the walls of the reservoir, as the reservoir is too far away from the 
nanopore to have an influence on the transport. Unless otherwise stated, the 
charge on the walls of the MoS2 nanopore is assumed to be σn = −0.04694 C m−2, 
consistent with the surface charge calculated from our molecular-dynamics  
simulations.
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Extended Data Figure 1 | Subtraction of the contribution made 
by electrodes, and stability of the nanopore generator. a, Diagram 
showing the contributions of different parts of the system to the overall 
measured current. The osmotic contribution is obtained by subtracting 
the contribution of the potential difference at the electrodes from the 
measured voltage or current. Vmeasured is the measured voltage; Eredox is the 

redox potential difference. b, Electrode contribution as a function of the 
salt concentration gradient: values obtained from the Nernst equation, and 
measured electrode redox potential differences at the reference electrode. 
c, The data used for the subtraction. Eredox, the redox potential at the 
electrodes. d, A 1-hour trace of ionic current, showing the stability of a 
14-nm pore in 1 M KCl/1 mM KCl. Inset, the design of the fluidic cell.
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or 11) and in different concentration gradients. Power generation (both 
osmotic potential and osmotic current) at pH 3 is very low and sometimes 
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One possible explanation for the negative voltage point is that the surface 
charge on the pore has fluctuated to positive. c, d, Osmotic potential (c) 
and osmotic current (d) generated using two different pores (3-nm and 
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Extended Data Figure 7 | Simulated power generation as a function  
of membrane thickness. a, K+ and Cl− concentrations as a function  
of the radial distance from the centre of the pore for single-layer and  
multilayer membranes. The λ region, near the charged wall of the pore,  
is representative of the electrical double layer. b, The mobility of each  

ion type within and outside the λ region for different layers of membranes. 
c, The open-circuit electric field across the membrane for different 
numbers of MoS2 layers. d, Ratio of the maximum power (P) generated by 
multilayer membranes to the maximum power generated by a single-layer 
membrane, for different numbers of layers.
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Extended Data Figure 8 | Characterization of a single-layer MoS2 
transistor with nanopores and SMU. a, Electrical measurements 
with two nanopores (V+, nanopore output voltage; Vds, drain–source 
voltage; Vtg, top gate voltage). The voltage drop across the transistor 
channel is monitored with the voltmeter (V); current is measured with 
current amplifier (A). b, Comparison of nanopore measurements with 

standard two-probe measurements made with an external source. c, I–V 
characteristics at Vtg = 0.78 V after current stabilization, measured in 
both set-ups. d, Output power of nanopore in Bmim PF6/zinc chloride 
as a function of load resistance, Rload. Inset, circuit diagram for these 
measurements.
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Extended Data Table 1 | Power generation according to membrane thickness

Reverse electrodialysis cells  Power 
density (W/m2) 

Membrane thickness 

 0.17 1 mm 

 0.40 3 mm 

 0.46 0.19 mm 

 0.26 1 mm 

 0.95 0.2 mm 

 7.7 0.14 mm 

 4000 1 µm 

 106 0.65 nm 

Multilayer MoS2 (Simulations) 30000 7.2 nm 

Ref. 41

Ref. 42

Ref. 43

Ref. 44

Ref. 45

Ref. 22

Ref. 5

This work

The table shows the power generated by membranes of different thickness; data from refs 5, 22, 41–45.
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