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Abstract

Although electrokinetic effects are not new, only recently have they beenigavedtfor
possible use in energy conversion devices. We have recently reported the eletotroki
generation of molecular hydrogen from rapidly flowing liquid water mi¢sdeuffin et al.JPC-

C 2007, 111, 12031]. Here, we describe the use of liquid water microjets for direct conversion
of electrokinetic energy to electrical power. Previous studies of elenttakpower production
have reported low efficiencies (~3%), limited by back conduction of ions atitfees and in

the bulk liquid. Liquid microjets eliminate energy dissipation due to back conduction and,

measuring only at the jet target, yield conversion efficiencies exup&0po.
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I ntroduction

A central goal of current energy research is to efficiently prodectieity from
renewable sources. Recently, the energy conversion properties of micro- andidiarcélices
have received increased attenttoA number of studies have focused on producing
electrokinetic currents by forcing water through porous matéffal®thers have concentrated
on the electrical properties of single well-defined chantilsSimilarly, in a recent paper, we
demonstrated intrinsic electrokinetic molecular hydrogen production by flowingyates
through metal microchannets.

Whether via multiple pores or a single channel, electrokinetic currentafjensilepends
on the overlap of a fluid velocity profile and the anisotropic charge distributistingxnear a
solid-liquid interface. The charge distribution at the surface, or el@atiotible layer, forms as
certain ions in solution preferentially adsorb to a neutral or charged sob@eurThis
preferential interaction of ions with the surface induces counter ions of the omhasie to
redistribute near the interface. When tangential fluid flow overlaps sigmifyoaith the
electrical double layer, unbalanced charges are carried downstream. Miselypréhe
electrokinetic streaming current can be calculated by equatinthithve product of the charge
density distributionp(r), and the fluid velocity profiley(r), integrated over the interfaéé****

For example, the streaming current from a circular channel is given by

I, =27R[ V(r)p(r)dr | 1)

where R is the channel radius and r is the distance from the channel wall.
For non-overlapping double layers, the charge density distribution is typicall
represented using a Poisson-Boltzmann descriptiBar micro and nanofluidic devices, the

velocity profile is usually modeled by Poiseuille filywaowever, for short channels dominated



by entrance effects, an undeveloped “top hat” model is more apprdprigseduille flow leads
to streaming currents that vary linearly with the fluid velocity, while unidgeel flow leads to
streaming currents that increase nearly quadratically with flow Fadethe latter case, the
streaming current is effectively fit with the equafibn

_ —21RVCE
s X ’ (2)

whereV is the average fluid velocitgx is a measure of the laminar sublayer thickness
(6x=116R'R ), ¢ is the permittivity of the medium times the permittivity of free spacefand
is the potential at the shear plangisthe Reynolds number.

To date, efforts at using streaming currents to generate electrical paveeemployed
two reservoirs connected by means of a single channel or porous materially,lhiigh
pressure is applied to one reservoir and charge is moved across the channel, buitdthg up i
receiving reservoir. As this polarization evolves, the unbalanced charges i ttesémoirs
create a streaming potential and the streaming potential drives ions #gaifhsid flow. At
equilibrium, the net current is zero and back conduction exactly equals the streamamg. A
low resistance path between the two reservoirs, or between each resehaedrical ground,
short circuits back conduction and can be used to measure the streaming cuteenatively, a
high resistance probe inserted between the reservoirs can be used to rheadtgarning
potential. The streaming potential, together with the streaming currentateltyndetermine the
electrical power that can be generated from the device. When a load resistoedsh@tween
the reservoirs, it becomes straightforward to calculate the energy smmvefficiencyn, as
energy output divided by energy input, or in this case, electrical power divided by vatumetr

flow rate and pressure differential,



n=_=0 3)

Here L is the streaming current, & the resistance, Q is the volumetric flow rate, ARds the
pressure drop across the channel. Notwithstanding calculations predidtrenei#s as high as
15% 881> experiments have thus far yielded efficiencies of only 3246 0.80%for a single
nanochannel and a porous glass plug, respectively.

Low energy conversion efficiency in previous experiments is attributed eceurbck
conduction of iong:**" Electrokinetic current generation, like all electrokinetic effeetes
on an anisotropic ion distribution at an interface. lons at the solid surface engefatsr s
conduction and provide an additional route for dissipating charge, reducing conversion
efficiency. Electrokinetic power generation using liquid water microjetsretes both surface
and bulk back conduction via creation of a jet of water that breaks up into a droplet wagn bef
reaching the receiving reservoir. Under these conditions, accumulated chargay dissipate
through the load resistor and efficiency is dramatically increasedidltiam, the thin metal jet
orifice creates flow conditions wherein entrance effects dominate andgoenslg, the

streaming current increases nearly quadratically with flow rate.

Experimental

Liquid water microjets are produced by pressurizing water behind a thinonéta.
Figure 1 presents the experimental design, as well as an enlarged viewntdrflage,
illustrating the electrokinetic charge separation process. The jet asificBt-Ir electron
microscope aperture (Ted Pella Inc.) that is pressed between twosstatelel plates. Clean
water (18.2 M2 cm, Millipore Milli-Q filtered) is nitrogen-purged and vacuum degassed pior t

being pressurized and forced through the aperture with a Jasco PU-2089 HPLC pump. Jet



velocity is controlled by changing the volumetric flow rate at the pump (eloo/s) = flow
rate (n¥/s) / area (f)). The pump also measures the backing pressure and this pressure is used
in Bernoulli's equation to calculate the jet velocity. The diameter of the ¢ettermined by
matching the velocities calculated from these two methods.

Streaming currents are measured at both the jet nozzle and at a dowosppanplate
(2-10 cm from nozzle) that serves as the jet target. At the nozzle, the cldrisriéd into a
Keithley 428 current amplifier and the resulting signal is recorded by a cemptarrent at the
target, |, is recorded in the same manner, with the addition of a variable resis{or2B0
Gohms) before the amplifier. Both the nozzle and target are insulated from akletiiacal
contacts with protective Teflon sheets. For efficiency calculations, thkeggmoressure and
volumetric flow rate from the pump are also recorded as the resistanegpedtrom 0 to 200
Gohms in increments of 10 Gohms. This process is repeated at a variety otdloana for

three different aperture diameters.

Results and Discussion

The apertures used in the experiments were determined to be 5.6, 10.3, amad 9.1
diameter and were all within theuin diameter tolerance from the manufacturer. Hereafter, the
apertures are referred to by their nominal diameters of 5, 10, gnd,2@spectively. Figure 2
gives the streaming current data measured at the nozzle for each ap&stanesult of the
undeveloped flow conditions in the aperture, therensaaly quadratic increase in streaming
current with increasing fluid velocityin addition, there is a clear increase in the magnitude of
the streaming current as a function of jet diameter. This increase is pogltd the increase

in metal-water interfacial surface area, i.e. aperture circundere



The solid lines in the figure are the best fits to the data using Equation Z,agitihe
only adjustable parameter. Equation 2 yields zeta potentials of -0.108, -0.135, and -0.105 V for
the 5, 10, and 2(m jets, respectively. The accuracy of these measured zeta potentialdsdepe
not only on the use of correct aperture diameters, but also on the proper application of double-
layer and flow-profile theory. Even with the simple models used to develop Equation 2, the
excellent fit to the data offers self consistent evidence for the acanfracyh the aperture sizes
as well as the zeta potentials themsehascordingly, the average of -0.12 +0.02 V is a
reasonable estimate of the potential at the shear plane of the waterf&tenter

In traditional streaming current experiments, the conductive nature of meedsise to
Faradaic depolarization currents that can cause inconsistencies whenmgegsatrokinetic
properties® Oostermaf? found the streaming currents from platinum to give particularly
irreproducible results and “the tentative explanation correctly reféorthe need for controlling
the discharge of protons and hydroxyl ions? .”Streaming currents from liquid microjets
eliminate or minimize Faradaic depolarization currents and give spatigibtover the
discharge of protons and hydroxide ions. Consequently, liquid microjet techniques may prove
to offer accurate measurements of electrokinetic properties for corgluditerials.

It should be noted that the signs of the currents imply that negative ions dischthrge at
nozzle interface while positive ions travel downstream and discharge atgbe tOstensibly
due to their large inductive interactions, anions are known to specifically absdebttode
surfaces. When pure water is used as the electrolyte, auto-dissociateddsyunax absorb to
the nozzle interface while the associated hydrated protons form the diffuse pbéthe double
layer. It should also be noted that although Pt-Ir apertures were used, Molybdenumespe

give similar currents and it is unlikely that catalytic effects asponsible for the current



generation process. Previous experiments indicate that metals have aiecti@kinetic charge
generation rate¥. Increasing the nozzle temperature as well as adding electrolytessetithe
electrokinetic charge generation rate.

Tangential fluid flow shears the hydrated protons from the surface and leaves ustbalanc
hydroxide ions at the metal-water interface. Excess, unbalanced chargatdrthee induces
the hydroxide ions to discharge into the metal and the observed current at the ng2ate ma

generated according to the process
20H" > H,0+ 10, + 2"

Similarly, the liquid jet is enriched in unbalanced hydrated protons that eXeeirtbas
from the jet target electrode. We have recently shown that reduction of thespabthe metal
target leads to production of molecular hydrogen.

2H" +2e" > H,

When there is no added resistance in the target circuit, the current measuredrgethe t
is always equal in magnitude and opposite in sign to the current at the nozzke;wHesn R =
0, Is=1I_. For a given aperture and flow rate, the nozzle current or the current agtteatazero
resistance represent the maximum amount of charge available for easygysion. Figure 3 is
a bar plot and a line plot of for the 20um jet as a function of flow rate and resistance. The
sign of the target current has been inverted for clarigydata shown in Figure 2, was collected
simultaneously and was invariant to changes in resistance. The constant ctineenbagle
suggests that external fields from the target reservoir do not intertiréheicharge generation
process and are not responsible for the decreasevithl R,

The lower panels of Figure 3 display the calculated voltage acrosatheskstor. A

close inspection of Figure 3 reveals that, for the two lowest flow rates, thataemeins



constant while the voltage increases linearly as a functiorPRysically, protons from the
liquid jet discharge at the target reservoir. As the resistance to the fthargfe increases, the
target reservoir collects more hydrated protons and the voltage incréasesordance with
Ohm'’s law, the increased voltage compensates for the increasechesata the current
remains constant. For the higher flow rates, the linearity of Ohm’s leak&down and the
voltage increases nonlinearly until a maximum of ~23 kV is reached. At these fiayhrates,
charge is added to the target reservoir faster than it can dissipate thrologidtresistor. Under
these conditions, the reservoir becomes ‘filled’ with charge and the voltadeesea maximum.
When the maximum voltage is reached, the current decreases linearlyoréidsing resistance.

The decreasing current at the target in conjunction with the constant catfennazzle
necessitates the existence of an alternate charge dissipation patictimaes available at high
voltages. That is, when the reservoir becomes *filled,” charge can leak out, pbydité
ionization of ambient air or conduction along the surface of the receiving vesgate Fishows
a possible circuit diagram that includes an alternate dissipation path inofeansgstem
resistance, s and current,s|s In other words, as the charge/voltage at the target increases,
new dissipation pathways become available and/or alternate channels bemenf@rable.
Consequently, Bsis a complicated function of R Moreover, the new dissipation pathways
seem to limit the maximum voltage to ~23 kV, although it may be possible to indneagalte
with better insulation techniques. To maintain charge neutrality, the systesntcand load
current, |, must sum to the constant nozzle current; kys= I

Despite the power losses in the system, knowledgeasfd R permit straightforward
calculations of power generation and conversion efficiency. Figure 5 showsthefdboth

power and efficiency for the three jet diameters measured as a functiow céte and load



resistance. The power scales directly with resistance and with the sdtiae current.
Consequently, for the lower flow rates, where the current remains conséapbwer increases
linearly with resistance. At higher flow rates, the decreasing cuzoempetes with the
increasing resistance and for each flow rate the power reachesraumaxiAdditionally, the
power production is related to the amount of charge that can be separated in thendozde@a
result, the peak power should scale with the aperture diameter.

Figure 6 plots the peak power for the three apertures and confirms not only that the
highest power is obtained with the largest aperture, but also that there is aeliatgamship
(correlation coefficient; = 0.999) between peak power production and aperture diameter.
Despite the fact that the peak values were found at different velocitiessastdnees, the linear
relationship suggests that the maximum power obtainable for an aperturetly ddated to the
metal-water interfacial surface area.

The efficiency plots, lower panels in Figure 5, show the same functional fdima as
power plots, only weighted towards the lower flow rates. The efficiency dystire power
divided by the volumetric flow rate and backing pressure. At a given flow hatpréssure
remains constant and, consequently, the efficiency has the same form asdhespoply
scaled according to the flow rate and pressure. As a result, the efficieatwesia competition
between the increase in power with aperture size and the corresponding incfieaseate.
Increases in channel diameter necessitate increases in flow rateatleatvith the open aperture
area (area diametef). Consequently, the larger diameter apertures require inordinately large
flow rates to obtain the associated increases in power. This leads to aaleceffisiency, as a
larger fraction of the hydrodynamic driving power is “wasted”. Figuresé plots the peak

efficiency for the three jet diameters. The peak efficiency incredseg with peak power when
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going from the Gum jet to the 1Qum jet, but decreases upon moving to thei20jet due to the
associated increase in flow rate. For the limited number of jet diametassirad in this study,
a maximum efficiency of 10.7% is obtained from aub® diameter jet.

The metal aperture yields a current that is always equal in magnitude andeppsigin
to the current at the downstream target. In addition, separate observations havthahtve
current at the target is independent of whether the nozzle is elegtgalinded or floating, i.e.
voltage can build up on the jet nozzle without affecting the current generation prodesse T
observations imply that resistors placed in the nozzle circuit may be usedt¢oactdidional
electrical energy without affecting the conversion process at the gargetithout requiring
additional mechanical input energy. In addition, further increases in effyaeayg be realized
by maximizing surface area at the expense of cross sectional aresgtaagular jets.

The electronic properties of liquid water microjets create what is ea$gathigh
voltage, low current battefy Although the corresponding circuit diagram is useful, it should be
remembered that the current generation technique is unusual. In a battery or Eiotceiblt
open circuit conditions will increase the potential and eventually halt the cgaeetation
process. In contrast, an open circuit does not affect the charge separationipradiessd
microjet and the maximum voltage should only be limited by the ability of thevnegeiessel to
hold unbalanced charge. In this way, the voltage that drives the energy conversss poutd
be used separately for the upstream and downstream circuits. In addition, & passible to
convert the current and employ a simple step-down transformer to obtain more wsdalles

and currents.

Conclusions
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Liquid microjets, created by forcing water through a small metiterioffer marked
advantages over the use of channels and porous materials for electrokinetiggrosvation.
By creating a jet of water that breaks up (via Rayleigh instabilitidsydesaching the receiving
reservoir, both surface conduction and bulk conduction, which otherwise limit conversion
efficiency, are eliminated. In addition, the thin metal orifice creffd@sconditions wherein
entrance effects dominate. Consequently, the streaming current increadgsjuadratically
with flow rate, whereas the laminar flow conditions obtained in channels and porouaffgeys
only a linear current increase with flow rate. Using a liquid microjetjraatated charge can
only dissipate through the load resistor, and conversion efficiency is sagtificncreased with
respect to channels and porous plugs. However, at high load resistance, suffitagetiso
produced to allow additional dissipation pathways. Despite these high voltage leakagtsc
conversion efficiencies above 10% can easily be realized with liquid micrafetsonsiderable

higher values should be achievable.
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Figure Captions
Figure 1: Experimental design; the expanded view shows details of the electrokinege char

separation process

Figure 2: Data points indicate streaming current measurements, taken at the jet fayZzhm
(a), 10um (m), and 20um (e) diameter apertures. The solid lines are the best fits to the data
using Equation 2, with zeta potentials calculated to be -0.108 V, -0.135 V, and -0.105 V for each

diameter, respectively.

Figure 3: A) Inverted target currents from a gth diameter jet measured as a function of flow
rate and resistance. B) Calculated voltage at the jet target fromm @@&meter jet as a function
of I, R, and flow rate. For the low flow rates, voltage changes linearty®yit For higher

flow rates, a maximum voltage is reached and thereaftdranges linearly with R

Figure 4: Equivalent circuit for power generation from an electrokinetic microjeesys| and
R_ are the current and resistance through the load resistor used to calculatsi@omaever and

efficiency, while }ysand Rysare the current and resistance associated with system losses.

Figure5: Plots of power (top panels) and conversion efficiency (bottom panels) for 5, 10, and 20
um diameter jets (left to right). Both power and efficiency are plottedwascéion of flow rate
and resistance. Peak power increases with increasing aperture diametgrthadtihe electrical

power is only generated at the metal-water interface. Peak effigieaclyes a maximum at the
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intermediate diameter due to the interplay between increased power productincreased

volumetric flow rate.

Figure 6: Peak power«) and energy conversion efficiency Y measurements for 5, 10, and 20

um diameter jets (Data taken from the complete plots shown in Figure 5). Peak poessaac

linearly with jet diameter while peak efficiency is greatest girh0
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Figure5:
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