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ABSTRACT

We theoretically evaluate the prospect of using electrokinetic phenomena to convert hydrostatic energy to electrical power. An expression is
derived for the energy conversion efficiency of a two-terminal fluidic device in terms of its linear electrokinetic response properties. For a
slitlike nanochannel of constant surface charge density, we predict that the maximum energy conversion efficiency occurs at low salt
concentrations. An analytic expression for the regime of strong double-layer overlap reveals that the efficiency depends only on the ratio of
the channel height to the Gouy —Chapman length, and the product of the viscosity and the counterion mobility. We estimate that an electrokinetic
energy conversion device could achieve a maximum efficiency of 12% for simple monovalent ions in aqueous solution.

A pressure-driven fluid flow through a narrow channel carries (a) «— pressure gradient (b) nanochannel
a net electrical charge with it, inducing both a currentand a  —F————== — iside 1
potential when the charge accumulates at the channel ends P p-driven :
These so-called streaming currents and streaming potentials flow X

can drive an external load and therefore represent a mean:  —=—=——= - —— = X

of converting hydrostatic energy into electrical power. The «— potential gradient '
notion of employing such electrokinetic effects in an energy e -
conversion device is not netyet has received renewed =0 electro-

attention in the context of micro- and nanofluidic devicés ‘;95 ?IS”"'Ot'C

whose geometries and material properties can be engineerec 2= O _ow_ —

High energy-conversion efficiency and high output power Double layer

are the requirements for such a device to be practical.(c)
Physical modeling of electrokinetic energy conversion is

L L —.
needed to guide the optimization of these properties. / —-_— /
= T
w h

Electrokinetic phenomena originate from a combination
of two microscopic causes, illustrated in Figure la: (i) o _ o
viscous forces couple the motion of dissolved ions to that Figure 1. (a) Schematic illustration of electrokinetic effects. Top:
of the surrounding fluid and (i) charged channel surfaces a pressure-driven flow carries ionic charge within the double layer,

induce the accumulation of counterions into a screening la ergeneraItingl a streaming current. Bottom: the electric field-driven
glay transport of ions results in an electro-osmotic flow. The velocity

of net opposite charge, called the double layer. It is of individual ions consists of a fluid-driven (black arrows) and an
conventional to model the distribution of electrostatic charge electric-field-driven part (colored arrows). (b) Equivalent electronic
near a charged boundary using the PoissBaltzmann circuit of a nanochannel (dashed box) connected to a load resistor.
description of an electrolyte and to couple its transport to Ve defineAp = p, — py, AV =V, — V3, and all ionic and liquid

. . . . - flows in the direction from side 2 to side 1. The arrows indicate
that of the fluid using the NavierStokes equation. This the ionic current directions for a positive applidg during power

theoretical framework has been used by several authors togeneration. (c) Schematic 3D nanochannel geometry used in our
calculate the theoretical energy conversion efficiency of calculations. (d) Side view of @200-nm-high silica nanochannel,

fluidic devices, yielding maximum efficiencies ranging from imaged by scanning electron microscopy.

~0.1% to~19%1-4 i i ima-
0.1% to~1%." These calculations applied approxima electrostatic condition of the surface. Recent investigations

tions that are valid only for the case of low electrostatic - . . .
of ionic transport and streaming currents in well-defined,

potentials and nonoverlapping double layers and assign a B i
constant potential, called thepotential, to parametrize the nanoscale fluidic channels have demonstrated how electro

kinetic phenomena can be understood in the regimes of high
* Corresponding author. E-mail: dekker@mb.tn.tudelft.nl. surface potentials and overlapping double layetdn these
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regimes, the full, nonlinear PoisseBoltzmann description

output powerAVZ/R,, is determined. The ratio of the output

of the electrolyte is needed. It was also confirmed that a power to the input pumping powepAp, is the electrokinetic

constant potential boundary condition is a poor description
of the silica surface under different salt and pH conditions

energy conversion efficiency, It is convenient to define a
dimensionless parametet, that provides a relative measure

and that a constant or chemically reactive surface chargefor the coupling between electrical and fluid transport

density is more appropriate.

In this paper, we present a theoretical analysis of electro-

kinetic energy conversion efficiency. We first provide an

expression for the efficiency in terms of the measurable linear

electrokinetic responses of any two-terminal fluidic device.
We then calculate the efficiency for a particular geometry,
namely, a rectangular, slitike channel, using the full
Poissor-Boltzmann description of the electrolyte which

includes the effects of double-layer overlap, and a constant

o= itlzcthh 3)

and a rescaled load resistan€®, relative to the channel
resistance

@E&

R, (4)

surface charge density as an appropriate description of the

surface. In contrast to previous work that used a congtant

potential as a boundary condition, our model predicts the

highest efficiency for low salt concentrations in nanoscale
fluidic channels, where electric double layers overlap. An
analytical expression for the efficiency in this important

regime is presented. It reveals that the optimal efficiency

In terms of these device characteristics, the electrokinetic
energy conversion efficiency is given by

_ a®
Q+0e)(1+ 06 —a0)

&

(%)

results at a surface charge density that balances the tradeoffs
between the increased charge transport and the increasedhe maximum efficiencysmay, achieved at a load resistance
electrical power dissipation that occur at high surface chargeof ® = 1/v1—aq, is found to be

densities. We predict that channels can be optimized to
deliver 12% energy conversion efficiency using agueous

solutions with common ions.

Energy Conversion Efficiency of a Fluidic Device of
Arbitrary Geometry and Surface Charge. The electro-
kinetic properties of a fluidic device can be characterized
experimentally by the response of the ionic curréngnd
the fluid volume flow rateQ, to either an applied pressure
difference, Ap, or an applied electrochemical potential
difference, AV, across the device. We are interested in
calculating the energy conversion efficiency in the linear
response regime, wheteand Q can be described by

_d d .., AV

= Gap AP T Ay AV =Sp 1)
_ dQ dQ ,\/ _Ap

Q= Gap AP T AV AV= 7 F KAV o)

which define the constantdR, the electrical resistance of
the channelZg, the fluidic impedance of the channel; and
Si, the streaming conductangd.inear electrokinetic be-

€

= — (6)
e (x+2( 1—(1—1—1—(1)

emax iNncreases from 0% at = O toward the limit of 100%
as o approaches 1, while conservation of energy requires
that a =< 1. Interestingly, optimal energy conversion ef-
ficiency is achieved foR_ > R By matching channel and
load impedance, that iR = R, the system is instead
optimized to deliver the maximum power for a givamp.
Because of the reciprocity between eqs 1 and 2, this theory
works equally well for describing the efficiency by which
electrical energy is converted into fluid pumping power, an
effect that is known as electro-osmotic pumping (Figure
la)*?2 By considering the pumping power of the electro-
kinetic device through a fluidic load impedang, a similar
analysis determines the pumping efficiency to be the ratio
of the output pumping powenp%Z,, to the input electrical
power,|IAV. By redefining® = Z,/Z, eqs 5 and 6 are made
to describe the efficiency of electro-osmotic pumping.
Calculations of the Energy Conversion Efficiency in a
Slitike Nanochannel. The electrokinetic behavior of a

havior is expected as long as the electrostatic double layersfluidic device derives from its physical geometry, surface

are not significantly distorted by the fluid flows or by the
applied electrostatic potentidldlote that we have made use
of the Onsager relation@dAV = dI/dAp = Sy, which is

properties, and from the properties of the fluid filling it. In
this section, we calculate the electrokinetic energy conversion
efficiency of a long, rectangular, slitlike fluidic nanochannel,

an expression of the reciprocity between electrically induced whose channel walls are uniformly charged, and whose

fluid flows, and flow-induced electrical currertst!
The ability of such a fluidic device to translate hydrostatic

lengthL, width w, and heighh satisfyL > h andw > h so
that we can ignore end effects and treat the system as infinite

energy into electrical power, driven through a load resistance, parallel plates (Figure 1c and d). The channel is filled with

R., can be calculated by analyzing the equivalent circuit

aqueous solution of viscosityy, and monovalent salt

presented in Figure 1b. Under an applied pressure differencegconcentrationn. This particular system is chosen for several
Ap, the output streaming potential reaches an equilibrium reasons: (i) numerical calculations of electro-osmotic pump-

value, AV = —S4Ap(ReR)/(Ren + RL), from which the
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ing indicated that the parallel-plate geometry has the highest
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efficiency?® (ii) the potential and charge distributions,
described by Poisson-Boltmann theory, and the fluid velocity,
described by a Poiseuille flow with no-slip boundary
conditions, have exact solutions; and (iii) rectangular chan-
nels with high aspect rati®$and tunable microslité have
been used extensively to study electrokinetic effects.

The electrostatic potentialkT/e)y(x), at heightx from
the channel midplane is described by the mean-field
Poissor-Boltzmann equation for a monovalent salt

i sinh(p (X))

dz—;ﬁ— (7)

wherey(X) is the dimensionless potentia,s the electron
chargeKkT is the thermal energy, &is the Debye screening
length, defined byx? = 2€°n/(eekT), and eeq is the
permittivity of water. The analytical solution fap(x) for a
symmetrical channel can be expresseth s

P(x) = y(0)+ 2 In(JaCC[é%X e V)2

e21/’(0))) (8)

where JacCDYm) is the Jacobian elliptical function with
argumentz and parametem. This exact solution ofy(X)
includes the effects of double-layer overlap and defines
the density of positive and negative ions, and n_,
through the Boltzmann equatiom.. (xX) = ne™®. The net
charge densityp(x), is found using Poisson’s equatiqi{x)
= — (eeokT/e)(0%p(X)/0%?).

The fluid flow induced by and contributing to the transport
of ions is described by the Navie6Gtokes equation

U AV kT dy(y
Tak L e gy

Ap_
+ L 0 9)
where u(x) is the fluid velocity at heightx. A no-slip
boundary condition is imposed at the channel walls,
X = +£h/2. Solving eq 9 forAV = 0 or Ap = 0
yield, respectively, the pressure-driven velocity profile
up(X) = (Ap/8yL)(h? — 4x?) and the electro-osmotic velocity
profile uy(xX) = (eeoAVImL)[(KT/€)y(X) — &], where( is the
potential at the no-slip plane.

Equations 79 form the basis for calculating, Ren, and
S, which define the energy conversion efficiency through
egs 3-5 using the following expressions for a slitlike channel

3

1 h h
5= Aﬂp 2 e dx = 1V;n—L (10)
1 AV
- Aﬂv Tl Y en00u + 09 w9 ax a1)
h I
S .z PO Ul O (12

where u; and n; are the electrophoretic mobility and the
density of ion specieis respectively. The fluidic impedance

2234

6 75n0m 1
sk---- -10 mC/m |
o
) 4 75 nm 5 ]
E -2 mC/m
w 3F 490 nm 5 .
-10 mC/m \
2.— -
490 nm = A
1r -2 mC/m N ]
-~
0 1 1 i
10°® 107 10™ 107 10 10"
[KCI] (M)

Figure 2. KCI concentration dependencesf. for channel heights

h =75 (red curves) and 490 nm (black curves) and surface charge
densitiess = —10 (solid curves) and-2 mC/n¥ (dashed curves),
calculated using the exact expressions of egsl3 with the
parameters specified in ref 18. These results account for both co-
and counterions and include the effects of double-layer overlap.

(eq 10) is the familiar result for Poiseuille flow in a slitlike
channel and should apply as long as the Navi&iokes
equation (eq 9) is valid The behavior ofR;, and Sy is
nontrivial and has been investigated recently in silica
nanochannel%? The electrical conductance (eq 11) consists
of contributions from electrophoretic ion transport through
the fluid and convective transport of chard, was found

to exhibit a surface-charge-governed lovplateau due to
the transport of counterions in the double layer, and a
decrease with increasing in the highn, bulk transport
regime. These results for silica were best described by
applying a constant surface charge densitygs a boundary
condition” The streaming conductance (eq 12) exhibits a
low-n plateau in the double-layer-overlap regime, which is
also captured by a constamtboundary condition, and a
decay at highn, which was best modeled by a chemical
equilibrium model ofo.

These experiments on silica nanochannels indicate that
a constanto is a good description of the electrostatic
condition of the channel walls at low salt, a fair approxima-
tion at high salt, and in all cases better than assuming a
constant;. We therefore impose a constant surface charge
density of the channel walls, which relatesyt¢x) through
Gauss’ Law:

e€okT dy(x)
e dx

(13)

x==+h/2

Equations 3-13 are exact and valid for all channel heights,
including the regime of double-layer overlap. These equations
were evaluated numerically using Maple to generate the plots
in Figures 2 and 3: First, the potential distribution (eq 8) is
calculated for a given channel height, salt concentration, and
the boundary condition of a constanfeq 13). This potential
is then used to calculate the electrokinetic response properties
through eqgs 1812, from whicha (eq 3) antkmax (€q 6) are
finally obtained.

Nano Lett.,, Vol. 6, No. 10, 2006



value of 7% barely depends dnfor small channels. Only
for higherh is the peak efficiency slightly reduced (t&6%
for h = 490 nm).

Electrokinetic Energy Conversion in the Limit of
Strong Double-Layer Overlap. The electrokinetic energy
conversion efficiency peaks as a function of channel height
and surface charge density in the low salt regime because
of the competition between two opposing effects: As
raised, the increased counterion density results in an increased
convective charge transport by a pressure-driven flow
(enhancing power generation), while also providing a path
for resistive power dissipation. The scaling of these effects

6 = -10 mC/m’

Emax (0/0)

2r 490 nm | .

PR IR B
-5 -10 -15 4

1 0 ; with o depends on the distribution of counterions across the
o (mC/m?) fluid velocity profile, which determines the optimal surface
O o a1 a PR Y PR N S TR WU RN N1 . . . . .
o 100 200 300 400 00 charge den§|ty fora given chann_e_l height. Thls_lnterplay_, as
h (am) well as the influence of ion mobility and fluid viscosity, is
nm

clearly revealed by an analytic approximation that we derive

Figure 3. Channel height and surface charge density dependencefor the low salt limit: In the apsence (_)f co-ons, Wh'ch occurs
of emay Calculated for 105 M KCI using the exact expressions of When kh < 1, the analytic solution to the Poissen
eqs 3-13, which include the effects of double-layer overlap. The Boltzmann equation (eq 7) simplifies’fo

main panel showsmax as function ofh for high (¢ = — 10 mC/
m?) and low (=2 mC/n¥) surface charge densities. The inset plots
emax s function ofo for the channel heights 75, 200 and 490 nm.
Becausen is only 105 M, the calculatedmaxin this figure is close

to the lown plateau values in Figure 2.

Px) =2 In’cos(K—zx)] + (0) (14)

where the inverse lengti = ke *(2 contains an integration

Figure 2 shows the calculated salt dependenag.gffor constant? (0). The electrostatic potential distribution is
channels filled with an aqueous solution of potassium fully specified by imposing the constant-surface-charge
chloride (KCI). Forh = 75 nm andh = 490 nm channels  boundary condition (eq 13), which gives
with fixed surface charge densities, the highgst occurs
in a low-n plateau, followed by a decay to zero efficiency at Kh Kh_ h
high n. The plateau region extends to highefor smaller 4 4
channels: up tom = 105 M for ah = 490 nm channel, and

(15)

up ton = 104 M for a h = 75 nm channel. The height of
the plateau clearly depends on bbtando, as can be seen
by comparing the curves in Figure 2.

The Gouy-Chapman lengthl = 2¢eokT/(e|o]), defines a
layer within which most counterions are localized. By
inserting eq 14 into the expressions ®y, Re, andSy (egs

The high energy-conversion efficiency that occurs at low 10—12), we obtain an analytical expression égras defined

salt conditions can be understood intuitively: At sufficiently
low n, wherexh < 1, electrostatic forces expel co-ions from

ineq 3

the channel, leaving only counterions. Because co-ions do 3li thMytan@/) dyr
. : Kh Jo
not add to the generated electrical power by streaming -
currents, but instead provide an additional pathway for power Kho KM 4 ZlmiT) _ (KTh)Z
€€

Kh
dissipation through ionic conductance, they can only detract 4 4 (
from which the maximum efficiency (eq 6) can be calculated

from the energy conversion efficiency. The power and

streaming current are both maximal for law where the

current originates from the transport of counterions that are directly. The efficiency in the regime of strong double-layer
induced by the fixed surface charge. overlap, when solved for the case of a constant surface charge

a (16)

Figure 3 showsmax as function ofh and o, calculated
using eqgs 3-13 for a low salt concentration of 1OM KCI,
where the efficiency should be close to its lowplateau
value of Figure 2.emax is found to have a maximum as
function of bothh and o (Figure 3). For fixedo, emax
increases quickly from zero at= 0 nm to a peak of about
7% before decaying slowly with, both foro = —2 mC/n?
ando = —10 mC/n?. The peak iremax shifts to higherh as
o decreases: It occurs ht= 250 nm foro = — 2 mC/n,
and ath = 60 nm foro = —10 mC/n?. A similar behavior
of emax IS seen for fixech and changingr (inset): the peak
efficiency shifts to highetw when h decreases. The peak

Nano Lett., Vol. 6, No. 10, 2006

density (eq 15), only depends on the following two dimen-
sionless parameters: fi);e/2¢eokT, which contains the fluid
and ion propertieg andu, and (ii) /24, which explains the
reciprocal behavior oh and o observed in Figure 3.

The competing effects of ionic and streaming conductance
result in a peak value af,.x ath/24 ~ 8, or equivalently at
hjo| ~ 0.6 nmx C/n?, as can be seen from the solid lines
in Figure 4. Calculations ofmax Using egs 313 with CI-
as the co-ionph = 10°° M, and a fixedo = —10 mC/n?
yield curves that are indistinguishable from these solid lines,
demonstrating the validity and accuracy of eq 16 for low
but realistic salt concentrations. Because the highgst
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occurs for a relatively high surface charge, thati@d >

1, we can estimat¥ in the highe limit, h/24 — o, which
implies Kh/4 — #/2 from eq 15. Expanding eq 15 in a
Laurent series aroundh = 27 gives

K

=~

21 (Kh an

[Kh_
Zi+n A3 2)

This higho approximation fory(x) in the absence of co-
ions leads, through eqgs 11 and 12, to the following ap-
proximations of the ionic resistance and the streaming

conductance
2eeKT\2
e G [
Rn Ln\ e

2ee KT
w 0 24 h
I e h(F—i- 1) In(1+ﬂ) 1] (19)

=~

””eT)z (18)

2eek A

tr

The ionic conductance, which dissipates power, is propor-
tional to the surface charge density (eq 18) becausé]

1/1, whereasSy;, which is responsible for electrical power
generation, increases linearly for smill, and logarithmi-
cally as function of largéo| (eq 19).R., andSyy are used to
approximate the electrokinetic energy conversion efficiency
through egs 3 and 6, yielding

2 (2+ 1) |n(1+ﬂ) = 1]2
£~ S -ALLN L2 a[(@ﬂ (20)
max — 2 une h
2ee kT

h|o| (nm x C/m?)
0.5 1

T T T T T T T T T T T

12 i

Figure 4. Calculatedemax dependence on the degree of Geuy
Chapman-layer overlap in the low salt limit (no co-ions) for three
counterion types. The solid lines represent the exact solution of eq
16, and the dashed lines represent the approximation of eq 20.
Calculations using eqs-3L3 with CI~ as the co-ion, a low salt
concentration oh = 10°° M, and a fixedo = — 10 mC/n? yield
curves that are indistinguishable from the solid lines. The bottom
axis shows theh/2A dependence, and the top axis shows the
equivalenth|o| dependence. Inset: the peak vaiyg,as function

of the counterion mobility relative to the case of potassium igns (
= ux*) in water {7 = ny). The circles indicate ions of different
mobility in aqueous solution. The values of the physical parameters
used in the calculations appear in ref 18. The same curvefgr

is obtained when plotted against the renormalized viscosity,

with constantu = u+.2°

The efficiency increases with decreasing ion mobility
(Figure 4) because ionic conductance leads to power dis-
sipation. Peak efficiency values of 2%, 7%, and 12% are

This simple expression for the efficiency captures the most obtained for aqueous solutions containing, K", and Li*,
important features of the exact solution, as seen in therespectively. This maximal efficiency, found by solving

comparison presented in Figure 4: €. increases linearly
for small h/21, peaks at/21 ~ 8, and finally decreases at
higherh/24 and (ii) the efficiency is higher for counterions
with a lower mobility.

The shape ofnax as function ofh/24 is explained by the
gradual shift from a homogeneous counterion distribution

demadd(h/21) = 0, depends only on the remaining param-
eter?? unel2eeokT and is plotted as function of the rescaled
ion mobility for aqueous solution in the inset of Figure 4.
Because the mobility of Liis the lowest among simple
monovalent ions, 12% represents the upper limit of the
electrokinetic energy conversion efficiency predicted for an

for small surface charge densities to a strong counterion agueous system with common ions. This efficiency can be
accumulation close to the surface for high surface chargefurther improved to around 20% using more complex

densities. In the low-salt regime (no co-ions), the number
of counterions in the nanochannel is proportional to the

monovalent ions such as tetneamylammoniur (TAmMAT).
The preceding calculations of electrokinetic power genera-

surface charge density due to the imposed charge neutralitytion and efficiency neglect the possible effects of “Stern

which explains the linear relation, B4, (I |o|, from eq 18.

conductance?? This electrical conductance is invoked to

When these counterions are distributed homogeneouslyexplain the differences that are often seen between the

across the channel, they probe the fluid velocity profile
evenly, which yields the same proportional scaling for the
streaming conductancg&;; [J |o|. The linear increase @fnax
with surface charge in the low-limit then follows from
emax J RenSy? (see ref 21). For high surface charge densities,

electrical surface properties inferred from different types of
electrokinetic measurements and is assumed to occur in the
Stern layer, the first molecular layers directly adjacent to a
hard surface where liquid and ion properties may differ from
the bulk values and where mean-field Poiss&oltzmann

the counterions become localized very close to the chargedtheory breaks down. The conventional microscopic picture
channel walls where they barely contribute to the streaming of Stern conductance is that ions in the Stern layer are mobile
conductance because of the low fluid speed there. In thisin response to an electric field but not to a pressure graéfient.

limit of very high o, emaxbecomes dominated by the channel
resistance, which decreases aw|l/

2236

Because Stern conductance can only act to reduce the
efficiency as it provides an additional pathway for power

Nano Lett.,, Vol. 6, No. 10, 2006



dissipation, the predicted efficiencies in this paper may be

Acknowledgment. We acknowledge discussions with

regarded as upper limits. Indeed, recent experiments on theSerge Lemay and funding from NWO, FOM, and NanoNed.

energy conversion efficiency in rectangular silica nano-
channels, which we will present elsewhétereveal a
reduction in efficiency due to the presence of a Stern
conductance, although they confirm other predictions by this
paper such as the peak in efficiency at low salt. It is not
known whether Stern conductance is a general feature of all
materials, but it is clearly an important material parameter
to consider when designing nanochannels for optimal ef-
ficiency.

Electrical Output Power of a Macroscopic Device We
now calculate the electrical power that could in principle be
obtained from a compact (hand-held) electrokinetic energy
conversion device. The hypothetical device consists of a
1-mme-thick, 10x 10 cn? glass filter that consists of an array
of parallel rectangular, slitike nanochannels. The output
power is proportional to the area of this filter, as it scales
linearly with the number of parallel channels and the channel
width. The height of each nanochannel is 500 nm, small
enough for strong double-layer overlap at low salt & 1)
and the channel surface charge is optimized for maximum
energy conversion efficiency24 = 8). The filter porosity,
the fraction of the filter area available for fluid flow, is taken
to be 50%. For an applied pressuxp = 5 bar, the output
power of this device is calculated to be 2.6 W fot lais the
counterion in aqueous solution.

Conclusions.On the basis of general considerations, we
have shown how a fluidic system'’s efficiency at converting
hydrostatic potential energy to electrical power depends on
its linear electrokinetic response properties. Calculations of
the electrokinetic properties of slitlike nanochannels based
on the PoissonBoltzmann description of the electrostatics
and the NavierStokes description of the fluid reveal that
the efficiency is maximal at low salt concentrations. In the
regime where double layers overlap, co-ions are expelled,
and their power-dissipating effects are avoided. In this low-
salt limit, the energy conversion efficiency only depends on
the product of the fluid viscosity and the counterion mobility
and on the ratio of the channel height to the Ge@hapman
length. A peak in the efficiency d¥/24 ~ 8 results from
opposing effects of the counterion distribution on streaming
conductance and ionic conduction, and its magnitude is
enhanced with decreasing ion mobility and fluid viscosity.
For an aqueous-based system containingians, a maxi-
mum energy conversion efficiency of 12% is predicted, as
is Watt-level electrical power from a compact device
requiring an applied pressure difference of 5 bar.
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