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Electrical energy can be obtained from the controlled ngjxahfresh (river) and saline (sea) water. Existing techg@e such as
pressure retarded osmosis and reverse electrodialysis nsakof ion-exchange membranes which must be crossed by #ith
water or the ions. Recently a new physical principle has lesperimentally demonstrated, which allows extractionlegical
energy without making use of membranes, based on the tenystoaage of ions inside of two porous electrodes kept &tidiht
electrical potentials, and the repeatable expansiorvactitn of the electrostatic double layers formed insidéhefelectrodes
upon changing salt concentration [D. Brogidhhys. Rev. Lett.2009,103, 058501]. To make further investigations and to
improve the energy recovery, we developed a simple prototegti of much larger dimensions. Because of the larger déines
(thus higher currents), testing is more facile, while thésign can be the basis for further scaling-up of this teamol In
order to reduce the internal resistance of the cell, therelees are no longer placed side-by-side, but are placedi@o one
another, separated only by a 4®-thick open spacer channel to form a “sandwich”-like flow.da a lab-scale experimental
stack consisting of 8 such cells (with outer dimensions@x 1 cn?) we extract about 2 J per charging/discharging cycle in
500 mM/1 mM NacCl salt solution, an amount which is 20 times highermyete per unit electrode mass than obtained previously.
The extracted energy increases with the operating voltadieg with predictions of the Gouy-Chapman-Stern modelfouble
layer formation.

When salt water and fresh water are mixed, the entropy of
the system increases. This entropy change can be intedcepte
and used to convert part of the thermal energy of the fluids int
electrical energy. In particular, this idea can be used tmek
energy from the controlled mixing of river and sea water. The
thermodynamic limit of this energy extraction is deterngdne
by the free energy change upon mixing, which is around 2 k.
when one liter of fresh water is mixed with an equal amount B current collector
of sea watet Worldwide, the potential for energy extraction i carbon electrode ‘
from this resource (for all river effluents combined) amaunt spacer water in g
to around 2 TW, close to present-day global electricity ide.
Several technologies were suggested to harvest this sofirce
renewable energ$® In pressure-retarded osmosis (PRO)
the water moves through a semi-permeable membrane und..
Ejhee\/g}ggfnnecr?t(())ffi]fl;dsrrggszﬁigfeszgr\/?/f?ige;igzz’qlﬁzgltggggn bFig. 1 _Schematic view of the flow cell fo_r capacitive energy

. . . . . e%(tractlon from the sequential flow of saline and fresh wated of

f:onverted into EIGCt,”C'ty by using a turbine. Alternatyet the required electric circuit. The external capacitor ffes a
is not the water which is transported through the membranggnstant voltage ofp while the loadR represents the device for
but the ions, which is the approach used in reverse eleelrodi energy-harvesting.
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ysis (REDY-8 and in a recent capacitive technology using ion-flow of electrons in the reverse direction, re-charging tfe E
exchange membranésn RED, compartments fed alternately ~ An analogy can help to describe the physical principle of
by fresh or salt water are separated by a sequence of pbsitiveCDLE. Consider an electrostatic capacitor, made of two con-
and negatively charged ion-exchange membranes. The poteguctive plates with a dielectric medium in between. When the
tial that develops across each membrane sums up to a larggates constituting the capacitor are charged, one relativ
overall potential which, together with a redox solutionrtigi  the other, the electrostatic force is attractive. We caffioper
cycled along the electrodes, results in a continuous ctargh  mechanical work and bring the plates further apart. Thikwor
thus electrical power. Both PRO and RED require membraness converted into electrostatic energy, appearing as apaise
which are prone to the usual problems of fouling, while per-of voltage between the plates, while the accumulated charge
meabilities and selectivities still need to be improvedobef remains constant. This kind of device is thus able to transfo
successful applicatior®® An alternative method, based on mechanical work into electrostatic energy.
the vapor pressure difference between fresh and saline wa- |n the EDL capacitor described in this paper, one charged
ter, has also been propos&dlp to now, no industrial scale piate of the above example is substituted by the ion counter-
plant has been built, but salinity difference power hasivece charge (diffuse layer of ions, or "ion cloud”). When this ca-
renewed interest, and research and development is on-goingcitor is brought into contact with fresh water, the saftsio
both for PRG? and RED?# diffuse away from the electrode surface. This ion outwasd di

In this letter we present laboratory-scale results of a newplacement, performed by diffusion, increases the average d
technology that does not need membranes, which we call “caance between the electrode surface and the ion cloud fgrmin
pacitive energy extraction based on double-layer expaiisio the second charged plate. In analogy with the previous case,
(CDLE) and which was first proposed by Brogilliand ex-  the voltage across the capacitor increases.
perimentally tested in a microfluidic flow cell in which miero In order to use the electrical energy extracted from this sys
joule power was generated. In this technology, two porousem, consisting of the flow cell and the EC, a device must be
“supercapacitor” electrodé$ 14 are first contacted with salt placed in the external circuit to harvest the energy, eityer
water and are charged by connecting each electrode to ongaking direct use of it (e.g., to drive an electrical devioe)
pole of a external capacitor (EC) operating at a voltage dify storing it, as in a battery or redox flow cell. In electrical
ferenceVp. The EC is an essential element of the technologyterms, this device is called a “load.” In our experiments the
and must operate at low overvoltage which can be achievetbad is simply a passive resistance, denotedRp Fig. 1,
when the EC-capacity is much larger than the capacity of th@roducing heat upon current flow in either direction. It is im
flow cell. It must be stressed that the EC is not a source oportant to realize that in both steps of the cycle (both dyrin
energy and slowly discharging. Instead, it operates asen id charging in saline water, and during discharging in fresh wa
ally reversible storage device for electronic charge, atra ¢ ter) electrical energy can be harvested because in both step
tain voltage. While the EC charges the flow cell during flow the electrons flow spontaneously through the resistandh, wi
of saline water, the EC is re-charged again when fresh watesnly the current direction reversed. The total electricedrgy
flows through the cell and the current direction is reversedwhich is dissipated in the load equals the area enclosed by
Thus, the EC can be seen as equivalent to the flywheel fogach charge-voltage cycle shown in Fig. 4.
internal combustion engines. Up to now, only a proof of principle has been given of

In the flow cell, brought in contact with saline water, and CDLE,! in a microfluidic flow cell with small porous elec-
with an EC-voltag®&/y applied, the following events take place trodes made of @ mg of activated carbon, placed one behind
in the electrodes. First of all, electrons start to flow tlylothe  the other. In this system it was possible to recoverJan
external circuit, making one electrode positive and theeoth one charging/discharging cycle. Brogitiianalyzed the up-
negative. Subsequently, at the interfaces within the porouscaling potential of the principle of CDLE suggesting that i
electrode, where the electron-conducting matrix is in @oht may be feasible to harvest energy in an economically attrac-
with the aqueous solution filling the pores, electrostatin-d tive manner. One of the key parameters in this evaluatidreis t
ble layers (EDL) develop where the electronic charge is comenergy that can be extracted per cycle per gram of electrode
pensated by an ion charge excess in the diffuse layer of thmaterial. In the present work we transfer the CDLE principle
EDL, with an EDL containing positive ion countercharge in from the scale of a microfluidic device to the scale of a much
the cathode, and vice-versa in the anode. Formation of thiarger “prototype” cell, constructed from commonly avhla
EDL continues untiMcg (initially smaller thanVp) becomes and inexpensive materials, and constructed in such a way tha
equal tovp. Subsequently the electrodes are brought into confurther technological improvement and scaling-up is gaesi
tact with fresh water which modifies the structure of the EDL Because of the larger cell dimensions and amount of elegtrod
(i.e. the diffuse layer will expand) which leads to an ing@a material (about 20,000 times more), much more current can be
in the cell potentialVe, to values beyondy resulting in a  generated and the results of the experiments are much more re
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liable, without relying orpA noisy measurements. As we will
show the prototype cell is not only larger, but also more ef- kT /5 i
ficient with the per-cycle per-gram energy recovery inceeas 5 mM >
by a factor of 20 compared to that reported by Brogidli. 1m

In the protype cell, besides increasing system dimensions, 08 ++ 7
one of the main modifications is to reduce the internal resis- 500 mM
tance of the flow cell by placing the electrodes parallel te on
another, separated only by a thin spacer layer of less tHan ha
a mm thickness, permeable by ions and water, but electyicall
insulating for electrons. We use electrode materials used i
state-of-the-art supercapacitors, with a high specifitaser
area for EDL formation. The flow cell has been designed such
that the liquid can easily contact the electrodes, simakan
ously with robust current transfer from one electrode to the 0.2 - 538 mm ]
other via current collectors and the external circuit, sge E 5 mM

Our laboratory-scale setup consists of eight parallel flow 0 . . . . , 1 mM
cells!® I(Isee Fig(.h;)kcorggistiggoeac? of dense gtr)aphitle cur- 0 5 10 15 20 25 30 35 40
rent collectors (thickness = pm), porous carbon elec-
trodes § = 270 um, 85 g in total in the stack, mass den- Charge Q (C/g)

sity 0.58 g/ml, porosity 65%, BET-area 1330%)’ an(g an Fig. 2 Equilibrium values for electrode charge versus cell paaént
open-meshed polymer spacér= 400um, porosity> 80%). for different values of the ionic strength (NaCl solutianisines

Each graphite current collector is used for two adjaceris cel according to the Gouy-Chapman-Stern theory (parameténgein
and is alternatingly connected to the positive or negatole p  the text).

of the external circuit. All materials are cut in pieces of

6 x 6 cn? dimension and assembled, after which the entire

stack of all layers is firmly compressed and placed in a teflorstrengthc (in mM) according to

housing. An aqueous NaCl solution is pumped into a small 1

hole (15 x 1.5 cn?) located in the exact middle of the stack, Ap = ————,

and flows radially outward through the spacer channels; leav 8TMCNay

ing the cell on all four sides. The total flowrate, which is whereeis the electron charg¥y = kgT /e, Nay is Avogadro’s

1 ml/sec, is constant during all experiments. The electricahumber,Ag is the Bjerrum lengthXg = 0.72 nm in water)

circuit includes a potentiostat, that simulates the ECyrape anda is a constant given by = 1/(2eVr) wheree is the

ing at a voltag&/p, and a resistand@ = 11 Q, constituting the  dielectric permittivity of water. The potential over the ED

load, in series with the flow cell. Currehts measured by the s given by the sum of the two potentialé; andVy, and at

potentiostat, and the voltage across the &gl, is calculated  equilibrium the potential over the whole cell, includingsth

fromVeen =Vo — R- 1. two EDLSs, isVee = 2(Vst+ Vy) assuming symmetrical be-
To describe the experimental data we will use classicahavior of the two electrodes. As combination of Eqgs (2) and

Gouy-Chapman-Stern (GCS) theory, in which the EDL is de(3) shows, for a fixed charge with decreasing ionic strength

composed into an inner (Stern) layer, and a diffuse (Gouy€ (salt concentration) the voltagé goes up. This is, math-

Chapman) layer. For a given surface charge dewsidefined  ematically expressed, the principle of CDLE. For the mate-

as charge per internal electrode surface amea,Q/am, the  rials used in this experiment, the effective area for ion ad-

0.6 H+ i

Cell potential (V)

F>O

3)

potentiaVs; over the Stern layer is sorption isan=900 n?/g, and the Stern layer capacitance is
Csi=0.1 F/m2; the procedure for the accurate evaluation of

Vi — i’ (1)  these quantities is presented by Zieal 1®
Cst In a first set of experiments, the equilibrium electrode

charge was measured versus the cell potential for diffewnt
whereCs; is the Stern layer capacity. For an ideal 1:1 mono-yes of the ionic strength of the solution flowing through our
valent salt Solution, the pOtentiMj over the diffuse |ayer prototype cell. F|g 2 reports the resulting equ|||br|um pe-
ist4.16.17 tential Ve versus the charge per gram of electrode material
Vg = 2Vrasinh(ao)p) 2) Q. Data at 1 mM and 500 mM were obtained in the following
way. The potentiostat is directly connected to the cell, gmd
whereAp is the Debye screening length, related to the ionicerated in chrono-amperometric mode (integrating curretht w
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back. Ideally, this should lead to a repeatable increaselin v

0.9 T Costheory———— T T age when going to fresh water, and a decrease upon contacting
eory - ) L i . : .
with saline water, in line with the data of Fig. 2. This experi
0.8 7 1 ment is then more conclusive evidence that indeed it is possi
< i i ble to modulate the cell voltage by repeatedly switchingrfro
07 =V X N saline to fresh water. Results presented in Fig. 3 show that
e CS theg indeed this scenario holds true, but with certain diffeesnc
S 06} . compared to Fig. 2 and compared to similar experiments re-
gfa l i ported by Brogiolil! Fig. 3 presents results for three values
2 05 Vo o/ of the EC-voltage (8, 0.5 and 07 V) and shows that indeed
§ after disconnecting the electrical circuit and switchiodresh
0.4 |——GCS theory 7 water (downward arrows) the cell voltage increases, and de-
2 i ﬂ creases again after starting flow of saline water (upward ar-
0.3 2 v, rows). It must be noted that in this experiment a gradual loss
of cell potential was observed, which we ascribe to a small
0.2 oy leakage current, and thus to a gradual loss of stored charge.
1 2 The leakage current was estimated & @.7 and 21 mA re-

spectively for EC-voltage¢, of 0.3, 0.5 and 07 V. This leak-
age current is recalculated to a cell potential decline a®adiu
to correct the raw data.

Fig. 3 shows that when the concentration is reduced to
1 mM, the cell potential increasAg*, is 0.1 —0.16 V. Inter-
estingly, this range of values is much higher than the 33 mV-
increase forAg* previously reported! But still Ag* is less
than predicted by GCS theory, which based on the equilib-
rium data in Fig. 2 suggests thAtp" must be about @ V.
This can be derived from Fig. 2 by observing that for a cell
time) first stepping up in voltage (steps 020/) upto1Vand voltage of 05 V, the equilibrium charge is about 20/€ at
then down again, each time with a resting period of 30 min-500 mM. For this charge, the cell voltage at 1 mM is about
utes. To compare, we also show data from Zéwal.1® forthe 0.7 V, which would imply thatAg* is about 02 V. What is
same electrode material and for intermediate values ofatie s the cause of this difference? We have assumed that the rea-
concentrations, namely at 5 mM and 20 mM, which were alsason is that upon switching to fresh water not all ions absirbe
obtained in amperometric mode but in this case for each dataithin the pores of the electrode during the previous step ar
point the potential is increased from 0 V directly upAgy, so  washed out completely again; instead, we assume that a small
that each experimental data point represents an independemaction 1— n of the ions initially present is not removed upon
measurement. It can be clearly observed from the four datawitching to fresh water, so that the effective concerdrais
sets that the charge increases with cell voltage as wellths wi not 1 mM (for fresh water) but is 1 mM (1—n)-500 mM.
salt concentration, while both dependencies are well destr To describe the data in Fig. 3 we take a valug ef 0.99, thus
by the GCS-theory. Fig. 2 shows that, for a given charge, lowthe effective concentration of the fresh water is not 1 mM but
ering the ionic strength leads to a higher cell potentiak du 6 mM. Other possible explanations for this difference aee th
to an expansion of the EDL, see Eqgs. 2 and 3, which is theontribution of protons and hydroxyl ions in surface charge
principle at the basis of energy extraction using CDLE. compensatiort® or chemical charge regulation of the carbon

In the previous experiment, for a given ionic strength thesurface groups.
cell voltage was varied and the equilibrium charge deteehin ThoughAg* is much higher than in the work of Brogiol:
In the next experiment we more closely simulate the CDLEunfortunately the approach to equilibrium is also much glow
process. Namely we start with flowing saline water into theThis can be quantified by the characteristic tirmg,which it
cell and apply a certain EC-voltayg. It is important to note  takes for the cell potential to change to half the valuagf,
that, in our experiment, the EC is simulated by a power supwhich for the data obtained with the prototype cell is 800 s at
ply operating at a constant voltagé,. After some time we 1 mM and 80 s at 500 mM. Both these times are much longer
disconnect (i.e. “open”) the external circuit to fix (i.erdp”)  than reported by Brogiolt! wheret* was of the order of sev-
the stored charge and repeatedly switch the inflowing solueral seconds. This is due to the fact that in our experiments
tion from saline water (500 mM) to fresh water (1 mM) and the charge and discharge tinfR€ are longer: the capacitance

Time (hours)

Fig. 3 Variation of cell potential upon salinity switching in a tel
with fixed charge. Three experiments are reported, at difter
EC-voltaged/y. Horizontal lines shows the EC-voltag®, and the
cell potential predicted by GCS theory, for concentrationNl and

n = 0.99. The arrows represent the time at which salinity switghin
takes place (up: to 500 mM; down: to 1 mM solution).
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is much bigger, and is not compensated by a proportionally
lower internal resistance. Actually, the resistance ingke
periments performed by Brogidf may have been lower than

in the prototype cell, because the electrodes were thimmer a
contained more macropores, thereby reducing mass transfer
limitations within the electrode. Reducing the resistante

the prototype cell demands more future study because opti-
mizing the dynamics of the process is very important to make
the technology commercially relevant.

To finally fully test the principle of CDLE, similar to the
experiments reported by Brogidlt, we used the electrical
circuit shown in Fig. 1, with the potentiostat (operating in
chrono-amperometric mode) simulating an ideally recharge
able EC operating at a constant voltageand without any
appreciable overpotential. One difference with the prasio
experiment is that now charge is no longer fixed and the volt-
age change measured upon salinity switching, but instead in
two steps of the cycle, charge is allowed to flow and the volt-
age across the lodd is calculated from the current. In the 0.6 | A 8
two switching steps (from fresh to salt water, and back), the :
charge is fixed using an open electrical circuit. In this way
the voltage across the resistanggy — Vo, is maximized, and
thus the power production.

Each experiment consists of the following four steps:

08 J

Cell potential (V)

1. Charging: We start the flow of saline water through the 0.2
cell and charge the electrodes for 3 hours.

2. Switching step I: We open the circuit and let the fresh [\r/'ﬁaSUfted |CYC|6|S —
water flow for 30 minutes. 0 . ceqrencal eyele
0 5 10 15 20 25 30

Charge Q (C/g)

3. Discharging: We close the circuit and monitor the current
for up to 15 hours.

4. Switching step Il: We open the circuit and start the flowFig. 4 Charge-voltage cycle at different EC-voltadés
of saline water for 15 minutes. represented by dotted lines. The area enclosed by each cycle
represents the extracted electrical energy from switchatgieen
In these CDLE experiments, full cycles were repeatedlyl mM and 500 mM salt solutions. The lines labelled with “sea
made at EC-voltages fronp = 0.3V toVy=0.7 V. The evo-  water” and “fresh water” represent the charge-voltageticela
lution of the cell voltage versus time is similar to that sindgw  obtained from GCS theory, respectively for 500 mM and 1 mMhwit
Fig. 3 and is not repeated here, but see Fig. 6 to be discussa&d= 0-99.
later for the power production as function of time. Instead,
to evaluate the electrical energy that is harvested, it isemo
informative to directly plot the cell potentidle, versus the
stored charge, as shown in Fig. 4, reporting results foediff
ent EC-voltage¥). In this representation, the cycles show a
close analogy with classical thermodynamic cycles for pres
sure versus volume of thermomechanical systé##81n par-
ticular, the area enclosed by the cycle represent the éatrac
energy. As explained, the process is run through countekelo
wise with the vertical edges representing the two switching
steps; the right one representing switching to a low salinit
feed solution, and the left one switching back to high salin-
ity water. The upper line represents the cell potential geca
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towardsVp when flushing with fresh water, with current run- 1
ning in one direction, and the lower line represents the cell
potential increase towardg in saline water with current now N
running in the other direction. The difference between &k ¢ 08 F D _
voltage and the EC-voltage (horizontal dashed line) eghals OO
voltage across the resistance which is of different sign dur 2
ing charging in saline water and during discharging in fresh 06 | &S o
water, but note that energy is extracted both during chgrgin
and during discharging because the current direction i als
reversed. Fig. 4 shows how the enclosed area (harvested en-
ergy) increases with increasing EC-voltage, as plotteddrem
detail in Fig. 5. Experimental data
In our experiment with the prototype cell, the extracted en- 02 o O .
ergy is of the order of 2 J for EC-voltages\ef> 0.5 V, which
is of the order of 1Btimes the amount extracted in the micro-
scale setup, as previously report€drhe energy per cycle per 0 L L L L L L L
gram of electrode (where mass is defined as that of all elec- 0 01 02 03 04 05 06 07 08
trodes of one charge sign, i.e., either of the cathode oreof th Vo (V)
anode) can be calculated as abadfQJ per gram of electrode:
compared to the first reported experiments this is an improve_. .
ment by a factor 20. Fig. 5 Extracted electrical energy per cycle based on the

. . . . CDLE-principle, as a function of the EC-voltag®, Solid line is
It is relevant to note that in the experl_ment there is soM§,,5ed on GCS theory.
leakage current so that when each cycle is run through devera
times (starting initially atVe = 0 V) we have lost knowl-
edge of the exact charge stored, i.e., how far to the left oper unit time can be obtained with a lower resistance of the
right each cycle must be plotted in Fig. 4. This is to someloadR. For steady-state operation and when the internal cell
extent not essential because the energy that can be hatvestesistance is constant, it can be derived that power pramuct
(the enclosed area) does not depend on the total chargd storés maximized when the internal cell resistance is equal ¢o th
but only on the change in charge between start and end ggsistance of the load.
the (dis-)charging steps. Therefore we have taken thetyiber  Fig. 5 shows in detail the values of the extracted energy
to shift each cycle left-right to fit within the two theoredic  as a function of EC-voltagé. It also shows the calculation
curves based on GCS-theory which envelope our set of chargef the energy that can be extracted in a cycle, based on the
voltage cycles. GCS theory, for concentrations 500 mM and 1 mM, with ef-
The area delimited by dots in Fig. 4 represents one theoreficiency n = 0.99. As the comparison shows, in reality we
ical cycle for an EC-voltage ofp = 0.6 V. As can be noticed, extract about half the energy content theoretically atglan
the enclosed area of each of the experimental cycles issmalla cycle.
than that of the corresponding theoretical cycle. This may b  Finally we present in Fig. 6 curves for the produced power
due to several effects, including a voltage drop acrossrthe i per unit projected electrode area (of all electrodes of one
ternal cell resistance, incomplete charging, and leakage ¢ charge sign) for the charging and for the discharging stap, f
rent. However, the origin of the mismatch of the experimentaone of the cycles of Fig. 4. The power is calculated by multi-
cycles with respect to the theory is not is not very well under plying at each moment the current with the voltage drop acros
stood, because the external resistance d@1dtwo orders of  the external resistanck, where the voltage drop equals cur-
magnitude larger than the internal resistance of the floly cel rent times resistance, and finally divide by the area. We ob-
and thus the current should be low enough to generate low irserve that the maximum power is produced at the start of each
ternal voltage drops, and thus the energy dissipation icglie  step. This is different from the power curves as given bySale
should be small. et al2 where the maxima occur slightly later. This difference
Whatis in general the effect of the chosen load on the poweis due to the fact that in Sales eth&witching steps were not
production? In this work, since the main goal isto quantifyt included. The maximum power produced in the present work
maximum energy that can be extracted from a single cycleis lower than in Sales et &lwhich relates to the higher ex-
we selected a load with a resistance that is much higher thaternal resistance which we use (Q@lvs. 1Q); however the
the internal resistance of the cell. However, the duratibn oextracted energy per cycle is higher.
each cycle is then also very long. A higher power production It is important to note that our results must be considered

&
Ny
&
§)
g

Energy (J/g)
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with some care, since our experiments suffered from leakage
currents which though small were important because of the
long times involved. Note also that several of the cycles pre
sented in Fig. 4 were replicated a few times and only the best
result is presented. So our data must not be considered as
definitive, but still they show enough indications that wathr
prototype setup it is possible to reach an energy recovery of
the order of several Joules. Compared to previous work using
the CDLE-principle, this then implies an increase in pecley
per-gram energy recovery by a factor of about 20.
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