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ABSTRACT
We report on the efficiency of electrical power generation in individual rectangular nanochannels by means of streaming currents, the pressuredriven transport of counterions in the electrical double layer. Our experimental study as a function of channel height and salt concentration
reveals that the highest efficiency occurs when double layers overlap, which corresponds to nanoscale fluidic channels filled with aqueous
solutions of low ionic strength. The highest efficiency of ∼3% was found for a 75 nm high channel, the smallest channel measured. The data
are well described by Poisson−Boltzmann theory with an additional electrical conductance of the Stern layer.

A pressure-driven flow through a fluidic channel induces a
flow of counter charges in the double layer at the channel
walls, thus generating an electrical current (Figure 1a). When
this so-called streaming current is driven through an external
load resistor RL, electrical energy is harvested from the fluidic
system. The notion of generating electrical power in this way
is not new,1 yet has received renewed attention in the context
of micro- and nanofluidic devices,2-7 whose geometries and
material properties can be engineered. Moreover, nanoscale
fluidic devices allow the probing of the regime of doublelayer overlap, where the energy conversion efficiency is
expected to be highest.5-7
The power output and energy conversion efficiency, ε,
have been modeled for fluidic devices with various geometries by calculating their electrokinetic response properties
using the Navier-Stokes description of the fluid flow and
the Poisson-Boltzmann (PB) description of the electrostatic
ion distributions in the diffuse layer.1-6,8 Using approximations of the PB solution and a constant surface potential ζ
as the electrical boundary condition,1-4 ε was predicted to
increase as function of salt concentration n.3 In contrast, we
recently calculated that ε decreases as function of n based
on an exact solution of PB with a constant surface charge σ
as a more appropriate boundary condition for silica.6 Our
model also predicts that: (i) ε is independent of n in the
regime of strong double-layer overlap, i.e., for low n in
nanoscale channels, (ii) ε decreases as function of the
counterion mobility, and (iii) ε does not depend strongly on
the channel height as long as double layers overlap.9
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Figure 1. (a) Schematic illustration of electrokinetic effects. Top:
A pressure-driven flow carries the net ionic charge within the double
layer, generating a streaming current. Bottom: A potential gradient
generates both an electro-osmotic fluid flow (black arrows) and an
additional electrophoretic ion velocity (colored arrows). (b) Threedimensional channel geometry. (c) Side view of the nanochannel,
including the pressure and electrical connections.

Experimental studies of electrokinetic power generation have
focused on porous glass because its many parallel channels
make this material a good candidate for obtaining appreciable
powers.4,5 However, the poor control over the geometry and
surface properties in porous silica complicates quantitative
testing of the physical models.
In this letter, we present an experimental study of
electrokinetic power generation in individual rectangular
nanofluidic channels whose geometries remain well-defined
down to the regime where double layers overlap. Our
measurements of the generated streaming potential ∆V across
the nanochannel as a function of applied pressure ∆p and

RL are excellently described by a linear electrokinetic
response model. The highest power (up to 240 pW for a
single 490 nm high channel) and efficiency (up to 3.2% for
a 75 nm high channel) are found for low n. The energy
conversion efficiency of our silica channels is limited by a
Stern layer conductance of 10-30 pS, which provides an
additional pathway for power dissipation.
Nanochannels of width w ) 50 µm, length L ) 4.5 mm,
and height h (Figure 1b) were fabricated between 1.5 × 1.5
mm2 reservoirs in fused silica using a direct bonding
method.10 Details of the experimental setup and the streaming
current measurement procedure are described elsewhere.11
Potassium chloride (KCl) and lithium chloride (LiCl) solutions were prepared by the serial dilution of a 1 M stock
solution with 10 mM HEPES buffer (pH ) 7.5) in distilled,
deionized water (18 MΩcm). A load resistor RL, adjustable
between 0.1 and 100 GΩ in steps of 0.1 GΩ, was connected
between the Ag/AgCl electrodes at each channel end (Figure
1c). The potential difference ∆V across RL was measured
for each applied pressure difference ∆p.
The voltage difference ∆V, generated when a pressuredriven streaming current flows through an external load
resistor, is observed to increase linearly with ∆p for various
KCl concentrations, [KCl] (Figure 2a). For a constant ∆p,
∆V is found to increase with RL (Figure 2b) until reaching
a saturation value at high RL. ∆V was higher for lower [KCl]
across the full range of load resistances. Figure 2c reveals
that the generated power P ) ∆V2/RL, calculated from the
data in Figure 2b, peaks at a particular value of RL. The
highest power from a single 490 nm high silica nanochannel
was ∼240 pW, obtained for RL ) 55 GΩ and [KCl] )
10-5 M. ∆V and P did not change with n for [KCl] j
10-4.5 M.12
We model the energy conversion ability of our fluidic
channel by the electrical equivalent circuit of Figure 2d.6
The channel device is characterized through its electrokinetic
response properties, which relate the liquid volume flow Q
and the electrical current l to the applied driving forces ∆p
and ∆V. We define the streaming conductance Sstr ≡ dI/
d∆p,11 the electrical resistance Rch ≡ d∆V/dI, and the fluidic
impedance Zch ≡ d∆p/dQ ) 12ηL/wh3 for a slit-like channel
containing a fluid of viscosity η. The potential difference
for a given ∆p is calculated to be ∆V ) -(RchRL/(Rch +
RL))Sstr∆p. We observe from Figure 2a that ∆V scales linearly
with ∆p for constant RL. The expression for ∆V is fitted to
the measurements as function of RL with constant ∆p (Figure
2b), yielding Sstr and Rch as fit parameters at each salt
concentration. The excellent quality of the fits confirms that
the nanochannel is accurately characterized by its linear
electrokinetic responses. Independent measurements of Rch,
measured by a V-I sweep, and Sstr just before and after the
power measurement corresponded to the fit values within a
few percent. The equivalent circuit model predicts maxima
in the power and efficiency as function of RL, given by Pmax
) (Rch/4)S2str∆p2 at RL ) Rch, and εmax ) R/(2 - R +
2x1-R) at RL ) Rch/x1-R with R ) S2strZchRch, respectively.6
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Figure 2. Measurements for various KCl concentrations in a 490
nm high silica nanochannel of (a) ∆V as function of ∆p for RL )
50 GΩ, and (b) ∆V and (c) P ) ∆V2/RL as function of RL for ∆p
) 4 bar. Lines are fits to the equivalent electronic circuit model of
the nanochannel connected to RL, as depicted in (d). The fit
parameters Sstr and Rch are used to calculate the efficiency (inset).
We define ∆p ) p2 - p1 and ∆V ) V2 - V1. The arrows indicate
the ionic current directions for a positive applied ∆p during power
generation.

The saturation behavior of ∆V as function of RL, and the
resulting maxima in P and ε, can be understood intuitively
by considering the model circuit of Figure 2d: For small
load resistors (RL , Rch), the streaming current, Sstr∆p, will
mainly flow through RL, generating a small potential difference proportional to RL, ∆V = -Sstr∆pRL, whereas for very
large load resistances (RL . Rch), most current will flow back
through the channel itself, generating the saturation potential
∆V ≈ -Sstr∆pRch. The increase of P for small RL, the
decrease for high RL, and the maximum in between then
follow directly from P ) ∆V2/RL. Because the energy
conversion efficiency is defined as the output power P
divided by the input power, which is mainly consumed by
viscous dissipation, ε and P show nearly identical behavior
as function of RL (Figure 2c).
Figure 3 shows our experimental study of ε as function
of salt concentration, channel height, and counterion type in
individual rectangular nanofluidic channels. It reveals that
the highest efficiency occurs in the regime of double-layer
overlap. Sstr and Rch (Figure 3a and b) are obtained through
fits of ∆V versus RL for each measured salt concentration,
from which Pmax and εmax are calculated (Figure 3c and d).
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Table 1. Channel Height Dependence of Sstr, 1/Rch, Pmax, and
εmax (Mean ( Standard Deviation) for the Regime of Maximum
Effciency (Low n)a
h (nm)

Sstr (pA/bar)17

1/Rch (nS)

Pmax (pW)

εmax (%)

75
490

2.2 ( 0.3
34 ( 3

11 ( 2
26 ( 7

1.7 ( 0.3
190 ( 60

2.8 ( 0.5
1.1 ( 0.4

a In this regime, the Stern conductance dominates the channel conductance (GStern ≈ 1/Rch). Eight channels of h ) 75 nm, and thirteen channels
of h ) 490 nm were measured.

Figure 3. Experimental results for Sstr, 1/Rch, Pmax, and εmax as
function of salt concentration with ∆p ) 4 bar. Numbered colors
indicate different measurements, with the channel height and ion
type indicated in (c). 1 and 4 are our experiments with the highest
power and efficiency, respectively. 2 and 3 are typical for changing
the counterion type in the same channel. Open symbols indicate
that for n ) 10-5 the bulk conductivity was enhanced by protons.12
Lines represent different electrical boundary conditions for the silica
surface: a constant σ ) -8.2 mC/m2 (dashed lines; insets), a
constant ζ ) -100 mV (dotted lines; insets), and a chemically
varying σ with either GStern ) 0 (dash-dotted lines; insets) or GStern
* 0 (solid lines; main panels). The dash-dot-dotted curves in (b)
indicate the bulk conductance. The parameter values for the
chemically varying σ model14 with fixed Γ ) 8 nm-2 and pH )
7.5 were found to be pK ) 8.4, 8.3, 8.2, 7.5 and C ) 2.9, 2.5, 0.8,
0.15 Fm-2, and GStern was 14, 30, 30, 8.5 pS for 1, 2, 3, 4,
respectively. These values are similar to values found earlier for
silica.11,15 All curves were calculated using the liquid and salt
properties in ref 16.

The streaming conductance was approximately constant with
salt concentration at low n and then dropped at higher n.
The channel conductance on the other hand was constant at
1024

low n and increased at higher n.12 Pmax and εmax were about
constant at low n and decreased strongly at higher n. The
transition between these salt regimes occurred at higher salt
concentrations for smaller channels, viz., at 10-3.5 M for h
) 75 nm versus 10-4.5 M for h ) 490 nm. In the regime of
maximum efficiency and power (low n), we found that Rch
and εmax were 2-3 times larger for the small channels,
whereas Sstr and P were respectively 1 and 2 orders of
magnitude larger for the big channels (Table 1). Changing
the counterion type in the same channel barely affected the
conductance for low n.13 For high n, KCl resulted in a ∼30%
higher conductance than LiCl, which is consistent with the
difference in bulk conductivity.
Predictions of the salt dependence of Sstr and Rch, based
on the exact PB solution for the diffuse layer in a slitlike
geometry, are strongly affected by the electrical properties
of the channel walls (insets Figure 3). A constant ζ fails to
describe the salt dependence of either Sstr or Rch (dotted lines).
A constant σ ) -8.2 mC/m2 describes Rch accurately but
overestimates Sstr (dashed curves), whereas a chemically
varying σ, where σ increases as function of n due to the
chemical equilibrium of the charge determining silanol
groups at the silica surface,14 describes Sstr well but underestimates 1/Rch (dash-dotted curves). All of the above
boundary conditions result in an overestimate of εmax (inset
Figure 3d). No single boundary condition for the diffuse layer
simultaneously describes the salt dependence of both Sstr and
Rch accurately.
Our measurements can be well explained, however, if we
consider the presence of a finite Stern layer conductance,
GStern, at the surface. Mobile ions that are confined to the
Stern layer (the first molecular layers adjacent to a charged
surface) will contribute to the channel conductance without
affecting the streaming conductance because Stern layer ions
are presumed to move below the no-slip plane.18-20 GStern
depends on the mobility and density of ions in the Stern layer,
for which several microscopic models exist with significantly
varying predictions.21 Surface properties such as the roughness, charge density, and chemical composition are also
known to affect GStern.22 Our simultaneous measurements of
Sstr and Rch in silica nanochannels, as well as our results for
Pmax and εmax, are well described by a chemically varying σ
for the diffuse layer with the addition of a constant GStern
(thick solid lines in Figure 3). For our channels, we find
values for GStern in the range of 10-30 pS.
The fact that we find the highest efficiency in the smallest
h ) 75 nm channels is largely caused by the lower Stern
conductance found for these channels (Table 1) because the
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Stern conductance provides an additional pathway for power
dissipation that reduces the efficiency. In the absence of Stern
conductance, the predicted maximum efficiency does not
depend strongly on h as long as double layers overlap.6 The
finite Stern conductance at the silica surface also cancels
the predicted ion mobility dependence of εmax at low salt,
where GStern dominates the channel conductance. The reason
why GStern is lower for smaller channels could be rooted in
the fabrication process, as the shorter etching may result in
a lower surface roughness,23 or it may be due to charge
regulation effects, which become increasingly important for
decreasing h. Reducing the channel height below 75 nm may
therefore improve the efficiency through a further reduction
in Stern conductance, but not because of any effect predicted
for ideal channels. A systematic investigation of the microscopic origins of the Stern conductance should provide
insight into how it can be minimized and whether decreasing
the channel height is a critical parameter to achieve this. Our
electrokinetic method provides a sensitive tool to conduct
such studies.
Our observation that the Stern conductance barely changed
when Li+ replaced K+ in the same channel for low n is quite
remarkable13 because their bulk mobilities differ by a factor
of 2. The similarity of GStern for K+ and Li+ counterions
suggests that protons dominate the Stern conductance.
Conduction by protons can be very efficient through the
mechanism of hopping between water molecules.24 Indeed,
it has already been suggested that protons are mobile and
K+ and Li+ immobile in the Stern layer at the silica surface.20
In conclusion, we have obtained first measurements of
electrokinetic power generation in individual nanofluidic
channels. The data are excellently described by characterizing
the fluidic device through its linear electrokinetic response
properties. Our analysis of the efficiency reveals two distinct
salt concentration regimes: the efficiency is highest at low
salt when double layers overlap in our nanoscale channels,
and drops at higher salt. This is well described by modeling
the boundary of the diffuse layer by a chemically varying
surface charge and invoking a Stern layer conductance. The
Stern conductance was found to be almost the same for
counterions with very different bulk mobilities, suggesting
that protons dominate the Stern conductance on silica. The
highest efficiency of 3.2% was found for the smallest 75
nm high channel. Reducing the Stern conductance would
substantially improve the efficiency and should be the prime
focus of future experimental work.
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