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Abstract: The salinity gradient between brine and fresh water is an abundant source of power
which can be harvested by two major membrane methods: pressure-retarded osmosis and
reversed electro-dialysis. Nowadays, the latter technology is close to real application but still
suffer from low power yield. The low membrane selectivity as well as complex membrane
fabrication are main limiting factors. To improve that, we design a couple of ion selective
membranes based on track etched polymer nanopore functionalized by highly charged hydrogels.
Two nanopore geometries are compared to present a preferential of cylindrical shape than
conical shape that have a good ability of generating osmotic energy with gel functions and more
importantly can be scaled up. Experiments from single nanopore, multipore membrane to stacked
membranes shows a complete characterization from ionic transportation to energy generation
and a clear relationship from single pore to stacked membranes. In the actual experiment
conditions, it achieved a power density of 0.37 W m™ at pH 7. By improving ionic tracks and

reducing inter membrane distances; it can be a good candidate for industrial applications.

1. Introduction:

Energy and environment are currently two of the main topics for modern society thanks to the
global warming. Until today, fossil fuels are used as the primary energy source to support human
life and also generate both environmental and ecological problems' . Although, a variety of
sustainable energy sources are being exploited such as biofuel?, solar’, wind®, geothermal
electricity’ and water®. In this context, the osmotic energy (called also blue energy) which takes
advantage of the salinity difference between sea water and river water could be a good candidate

thanks to the renewability of the resource, the pollution free, relatively low cost and rich



reserves’. The estimated production of blue energy is closed to 2 TW which can fulfill the

electricity demand today!'’.

To practically make use of this large energy from water, the efforts were made to develop two
methods based on membrane separation processes!': pressure retarded osmosis (PRO) and
reversed electro-dialysis (RED). For the PRO facilities, a semipermeable membrane is placed
between river water (feed solution with low osmotic pressure) and sea water (draw solution with
high osmotic pressure). Water pass from feed to draw solution driven by the osmotic pressure
difference'?!*. By equipping a turbine to the reservoirs of draw solution, the energy of this water
flow is converted to electricity. In RED technology, stacked ion exchange membranes (IEMs)
are used. The ions move selectively from concentrated salt solution to diluted one driven by
salinity gradient!*!>. The charge flow of the ion separation is converted into electric current by
redox reaction of electrodes. The energy harvested by this technology is relatively low and to
make it suitable for real application an effort is essential to improve the performance of

membranes.

To develop both anion exchange membranes and cation exchange membranes, many materials
were used to improve the power density, the energy efficiency and the cost of membranes®!6.
Recently the investigation at single nanopore level has allowed major fundamental breakthrough
for further application. Indeed, Siria, A. et al. measured giant osmotic energy through a single
boron nitride nanotube with a diameter between 100 nm and 200 nm, providing a power
generation of 20 pW pore™! (Cyax/Cmin = 1000)!7. Feng, J. et al. synthesized a single sheet of
MoS; nanopore with a diameter of 5 nm and a membrane thickness of only 0.65 nm. This single
sheet structure generates an osmotic current at more than 8 nA and a single pore power at almost

0.5 nW (Cinax/ Cmin = 1000)!. Despite impressive result at single pore scale, these nanopores



cannot be scaled up on large area of multipore membranes for practical uses by now. Besides of
these, 2D materials based on graphene oxides have also been considered for RED application J.
Ji et al. utilized a negative/positive charge graphene oxide membrane to get a power density of
0.77 W m™ !°. As nanotube, these 2D materials are particularly efficient since they combine both
surface charge and/or large slippage to generate osmotic energy”?°. Beside the surface charge,
the asymmetrical structure of nanopore generates also the ionic selectivity>' 3. Recently, L.
Jiang’s group has developed a package of asymmetrical heterogeneous membranes which take
advantage of both charge and membrane asymmetry. They used mesoporous
carbon/macroporous alumina membrane®* to achieve a power density at 3.46 W cm™. Two block

25 are synthesized to get a power density of 2.04 W cm™.is from combining porous

copolymers
block copolymer with track-etched PET membrane a power density of 0.35 W cm™ was reached

26, While they suffer from fragility of alumina support, complexity of fabricating composite

membranes or the low pore density of conical nanopore.

In this work, we want to tackle the main issue related to conical nanopore obtained by track-
etched method to propose a membrane stack with high nanopore density taking the advantage to
a polymer support. Indeed the fabrication and physical-chemistry properties of such membranes
have been well exploited?’!. It is thus possible to play with both asymmetrical geometry and
surface charges to develop an ionic diode like ion exchange membranes from single pore scale to

high density multipore membranes. The control of pore number, their shape and their surface

32-36

properties allows many applications such as biosensing” °, stimulus responsive ionic

37-40

channels®”*, energy harvesting*! and so on. To involve high charge density, the

functionalization with polyelectrolytes seems a good solution regarding previous study®**!.

However another option could be more efficient. Recently by learning from electric-eel, M.



Mayer’s group obtain an open-circuit potential differences of over 100 V by stacking thousands
of highly charged and salinity-containing hydrogel cells*>. But limited by the current density, the
power density at 27 mW m™ can be improvable. Following this work, we synthesize in-situ a
cation-selective gel using 3-sulfopropyl acrylate and an anion-selective gel using (3-
acrylamidopropyl)trimethylammonium directly inside nanopore. Due to the high densities of
sulfonic and quaternary ammonium groups, we assume that these hydrogels will involve a high
concentration of counter-ions inside the nanopore generating a high ionic selectivity. On the
same time, we consider two nanopore geometries: conical and cylindrical. As the conical pore
has ionic diode propertied, we expect that the ionic selectivity will be enhanced; meanwhile this
shape limits the membrane at low pore density due to the large diameter of base side.
Conversely, the cylindrical pore does not have a broken symmetry and thus the performance

could be lower, but it can be scaled up to a high pore density.

So our investigation will begin with conical and cylindrical single nanopores filled with
hydrogels. Through these nanopores the ionic transport properties, ionic selectivity and energy
conversion ability are studied. Then hydrogel functionalized conical and cylindrical multipore
membranes are studied to evaluate the power generation. Finally, the power density is measured
on a stacked of membranes. A clear relationship between single nanopore and a stack of high

density membranes is shown.

2. Materials and methods

2.1. Materials

13 pum thick PET films, with biaxial orientations were purchased from Goodfellow (ref
ES301061). 3-sulfopropyl acrylate potassium salt (SPAK) (251631), (3-acrylamidopropyl)-

trimethylammonium chloride (APTAC) (448281), acrylamide (01700), 2-Hydroxy-4’-(2-



hydroxyethoxy)-2-methyl-propiophenone (photoinitiator) (410895), N,N'-
Methylenebisacrylamide (BIS) (M7279), tetramethyl-ethylenediamine (TEMED) (T7024),
ammonium persulfate (APS) (A3678), sodium chloride (71380) are purchased from Sigma-
Aldrich. Chloride acid (20248.290) and sodium hydroxide (28245.298) are purchased from
VWR Chemicals. Water used in these experiments was purified by Q-grad®-1 Milli-Q system
(Millipore).

2.2. Synthesis of ion selective gels

Anionic gel: Chemicals are weighed and dissolved in water to prepare a precursor solution at 2
ml with 2.0 M 3-sulfopropyl acrylate (potassium salt), 0.045 M photoinitiator, 1.9 M acrylamide
and 0.055 M BIS. For the experiments with different amounts of BIS to compare the effect of
different gel reticulation degrees, three concentrations of BIS are used as R3 = 0.055 M, Rx =
0.037 M and Ry = 0.018 M. Then 0.005 M APS and 0.033 M TEMED were added to the
solutions as catalyst. Very quickly the nanopore membrane is immerged into the solution and
make sure that both sides of membrane are well infiltrated. The solution is well isolated from air
and the reaction is during overnight. Cationic gel: The same procedure is applied with a different
precursor solution with 2.0 M (3-acrylamidopropyl)trimethylammonium chloride, 2.75 M
acrylamide and 0.034 M BIS.

2.3. Track-etched nanopores

Single nanopores and multipore membranes were obtained by track-etched methods. The tracks
were produced by Xe irradiation (8.98 MeV u!) in PET film at GANIL, SME line (Caen,
France). For single track, a hole (diameter 1 mm) with a shutter was placed on ion beam path.
The control of track number was provided by a detector placed behind the sample. For multipore

membrane the beam directly irradiates the sample. For conical single and multipore membrane,



after being activated by UV irradiation (Fisher bioblock; VL215.MC, I= 312 nm) during 9 hours
for the tip side and 15 hours for the base side, the PET film was mounted in a Teflon cell with
two chambers. An etchant solution (9 M NaOH) and a stopping solution (1 M KCl and 1 M
acetic acid) were used for each side to have an asymmetrical conical shape. A reference was
placed in the stopping solution and a working electrode the etchant solution. A potential 1 V was
applied across the film to control the pore opening by measuring the current as a function of time
using an amplifier (HEKA EPC10). Then the etching process was stopped by replacing the
etchant solution with stopping solution and finally the membrane was immerged in 18.2 MQ cm
pure water for 24 hours.

For cylindrical single and multipore, the same UV treatment was performed then the PET film
was immerged in an etchant solution (3 M NaOH) at 50°C during 10 minutes to obtain a pore
diameter about 100 nm. Finally, the membrane was also let in 18.2 MQ cm pure water for the
next use.

The diameter of single nanopore is calculated from the dependence of the conductance G

measured in the linear zone of the I-V curve (-60mV to 60mV) in 1 M NaCl solution.

kdDTt

aL (M

G =
where, x is the ionic conductivity of the solution assuming a bulk like transport, L is the
nanopore length (13 um). For cylindrical nanopore d = D, meanwhile, for conical nanopore d and
D are the tip and base diameter respectively. D is calculated from the total etching time ¢ using
the relationship D = 2.5 ¢ (the factor 2.5 is determined in our experimental set up using multipore
track-etched membranes).

2.4. Current-voltage measurement



Current-voltage measurements for single nanopore were performed using a patch-clamp
amplifier (EPC10 HEKA electronics, Germany) with Ag/AgCl, 1 M KCI electrodes. As shown
in figure S2 the pore is in the same Teflon cell of etching procedure. The two chambers of the
cell were filled with the same electrolyte solution for the symmetric measurements. For
asymmetric measurements, the cis side (ground electrode) had the same concentration while the
concentration varied on the trans side (working electrode). For conical nanopore, tip side is
always with cis side. Current traces were recorded as a function of time from 1 V to -1 V by
steps of 100 mV during 2 s each and from 100 mV to -100 mV by steps of 10 mV during 2 s
each.

The current and voltage measurement for multipore membrane were performed by an
electrometer (Kethley 610) and a multimeter (Agilent 34410A) with Ag/AgCl electrodes. The
unitary membrane is measured in the same Teflon cell as single pore while stacked membranes
are mounted in a Plexiglas cell. The solution flow is driven by peristaltic pump mimipuls 3
(Gilson)

3. Results and discussions:

3.1. Single nanopore design and characterization
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Figure 1. Schematic representation of cylindrical and conical track-etched nanoporefabrication

and functionalization by polyacrylamide hydrogels.

For nanopore functionalization with anionic or cationic polyacrylamide hydrogel, the gelation
procedure inside the pore was carried out by adding the precursor solution and catalyst directly at
both sides of nanopores. As showed in figure 1, for cationic hydrogel, a quaternary ammonium
containing molecule APTAC is polymerized with acrylamide and cross-linked with BIS, while
for anionic hydrogel, a sulfonic acid terminated molecule SPAK is used for negative charges.
The reactions were let during whole night well protected from air which can destroy the

polymerization.
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Figure 2. I-V curves of single cylindrical nanopore (diameter D = 92 nm) before (raw) and after

being filled by anionic polyacrylamide hydrogel (a) measured in 1M NacCl solution pH 7.0 (b)

measured in 10 M NaCl solution pH 7.0. I-V curves of single cylindrical nanopore (diameter D

=101 nm) before (raw) and after being filled by cationic polyacrylamide hydrogel (c) measured

in 1M NaCl solution pH 7.0 (d) measured in 10> M NaCl solution pH 7.0.

First of all, we have to prove that our protocol to synthetize the gel inside the nanopore works.

To do so, current—voltage (I-V) measurements were performed before and after filling gels to

show the changes of ionic transport properties for each single nanopore. For cylindrical

nanopores, the experiments were first performed with NaCl solution at high concentration (1 M).

After gel addition, the I-V curve (figure 2, a and ¢) show a decrease of slope which means a
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decrease of electrical conductance. In the case of nanopore with a diameter about 100 nm at 1 M
of NaCl, the Debye distance is negligible. Thus the conductance can be assimilating to the bulk
solution. So the decrease of conductance can be assigned to a reduction of the pore volume
which is occupied by polymer chain of the gel. For the pore with anionic gel (figure 2 a),
additionally to a decrease of conductance, we observe a rectification lower than 1 which means
that the nanopore is selective to cation as conical one. Conversely to 1 M, the I-V curve slope
measured at low NaCl concentration (10~ M) increase a lot after filling with gel. This can be
assigned to the presence of a large amount of counter-ions inside the pore which shield the

polymer charge, these evidences confirm that the pores is filled with gel functions.

For conical nanopore (figure S1), the rectification is observed for both two gel functionalized
nanopore at high concentration as shown in figure S1. The pore with anionic gel is selective to
cations with a rectification factor (Ry= |I+;y/L ;v |) smaller than 1. On the contrary the cationic gel
is selective to anion and thus the Ry higher than 1. In dilute solution, cationic gel conical pore has
always a high rectification because of the highly charged gel at the entrance of the tip side and
anionic pore shows a high conductance which confirms the large amount of counter-ions for

another time.

3.2. Ionic transport properties

To better investigate the effect of gel on the nanopore charges, we investigate the conductance
for a series of NaCl concentration from 10 M to 1 M (figure 3). For functionalized nanopores
with anionic and cationic gel, we can find a cross between conductance-concentration curves
before and after gel addition. At low salt concentration the counter ions that ensure the nanopore

electroneutrality drive the conductance. With the increase of salt concentration the steric effect

11



becomes dominant and the conductance with gel is lower than the one without gel. For the
positive charged pore, the ionic conductance slightly changes from 10* M to 1 M compared with
the pore without gel. This suggests that the gel makes the nanopore highly charged due to a
dense framework. In this case, the ionic transport is strongly dominated by counter ions rather
than bulk solution. For anionic pore, we synthesized the gels with different amounts of
crosslinker (R3 > R, > R1). We can observe at low salt concentration a higher conductance with
the increase of crosslink degree (figure 3, b). In this case, the gel becomes denser increasing the
concentration of counter ion. For the conical nanopore (figure S2), cationic gel has the same
effect as in cylindrical one. The ionic conductance raises a lot at low salt concentration with the

presence of charges and decrease at high concentration due to the steric effect.
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Figure 3. Conductance of cylindrical nanopore (a) with cationic gel (D = 101 nm) and (b) with

anionic gel (BIS concentration R3 > R, > Ry) according to salt concentration (Dg; = 95 nm, Dr>=

92 nm, Drz;=92 nm.)

With the high charge density inside the pore and a conductivity driven by the counter ion, the

nanopore should be highly selective especially with the conical shape. The first indication of that

12



comes from the property of ionic current rectification characterized by the rectification factor

(Ry). Figure 4 shows the rectification factors varying with NaCl concentrations for cylindrical

and conical pores filled with cationic and anionic gel. For the cylindrical pore filled with cationic

gel (figure 4, a), the Ryclosed to 1 regardless of the electrolytes concentration with and without

gel. This means that even if the gel charges governed ionic transport regime, ionic accumulation

and depletion do not occurs inside the membrane. On the contrary, the anionic gel induces an
ionic current rectification. The Rylower than 1 between 10> M and 1 M show a selectivity to
cation that is consistent with the negative charge of the gel. We observe also that with a higher
crosslink degree Ry value decrease. This means that when the gel is more dense and thus the
nanopore more charged the ionic rectification factor is closer than 1. This agrees the behavior
observe for the nanopore functionalized with cationic gel. The origin of current rectification is
not well elucidated. However one assumption can be expressed. An inhomogeneity of gel
distribution along the nanopore could create some ion depletion zone inducing rectification

behavior.

13
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Figure 4. Rectification of cylindrical nanopore with (a) cationic gel (D = 101 nm) (b) anionic gel

(Dri =95 nm, Dg> =92 nm, Dg3 = 92 nm.), of conical nanopore with (c) cationic gel (d =79 nm,

D =497 nm) (d) anionic (d = 70 nm, D =412 nm) gel in terms of salt concentration, with

For the conical nanopore, a very distinct Ry change is observed after functionalization with
cationic gel (figure 4, ¢). With the conical geometry, ionic depletion occurs near the positive
charge dominated membrane which involves high selectivity to anion. While with anionic gel,
rectification behavior takes place only at high concentration selective to cations. At low
concentration, a high ionic conductance reduces impact of the ionic accumulation and ionic

depletion, thus the rectification becomes negligible.
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anionic d =70 nm, D = 412 nm and conical cationic d = 79 nm, D =497 nm.

The nanopore selectivity can be directly obtained from the reverse voltage under transmembrane

concentration gradient. To do so a NaCl solution of 1 M at pH 7.0 and a NaCl solution of 10> M

at pH 7.0 are added in each side of the cell, for cylindrical nanopores. For conical nanopores, the

high concentration is placed on the tip side; and the low one to the base side. From the I-V
curves, we can directly get the intercepts on the current and voltage axes which present short-

circuit current (/sc) and open-circuit voltage (Voc). The Voc has two contributions: one is from

15



the osmotic diffusion effect and the other one is from redox Nernst potential on the electrodes.

For all results showed here, this second term is subtracted by using Vie,= Voc — Eredox.

Figure 5, a and b show the reversal voltage measured for nanopore filled with gels. From this
value, we calculate the corresponding ionic selectivity calculated via the Goldman—Hodgkin—

Katz voltage equation®:

)

_ kpT In (PNa+/PCl_XChigh +Clow)
Pyat+/Pci—%Ciow +Chigh
where Py ,+/Pc-1s the selectivity, Crigrn and Ciow are the electrolytes concentrations, ks is the

Boltzmann constant, 7 is the solution temperature and e is the electron charge.

As the non-functionalized PET nanopore has -COOH groups on the inner surface wall, at pH 7.0
the surface has negative charged. This gives to the nanopore a cationic selectivity confirmed by
the reversal voltage at around 0.02 — 0.03 V. After filling with anionic hydrogels, the nanopore
charges increase, so a significant higher reverse voltage is obtained up to 0.10 V which also
present a cation selectivity about 50-70. Meanwhile, with cationic gel, the nanopore gets
inversed selectivity characterized by a negative reversal voltage. In this case the anions can be
much easier to pass through the nanopore). It is interesting to notice that the ratios Py,+/P¢- are
close for the conical and the cylindrical nanopore. This result was totally unexpected, however, it
is relatively consistent with the fact that the ionic transport though the nanopore is governed by

the gel. In this case, the effect of geometry on the conductance and the selectivity seem shield.

3.3. Energy generated from single nanopore

16



The energy conversion performance is also investigated by applying a transmembrane

concentration gradient under salinity gradient of Cyax/ Cpin = 1000.
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on the current axes which present short-circuit current (Zsc).Like reversal potentials, the raw PET

pore has a small osmotic current due to the presence of —COO- groups at pH 7.0 (figure 6). After
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filling with gel, we observe a huge increase of osmotic current from about 10 pA up to about +/-
200 pA. Together with the reversal potential, we calculate the power generated with a single
nanopore. The single pore power is obtained at around 20 pW regardless of the pore shape or gel
charge. It is competitive compared with other single nanopores such as boron nitride nanotube

(20 pW)!'7 and monolayer molybdenum disulfide (500 pW)'8.

3.4 Energy generated from multipore membranes and membranes stacks

To go further on harvesting of osmotic energy, the gel inclusion process was implemented on
multipore membranes (Figure 7). First, the experiments were carried out on membranes with low
pore density (5.10° pores cm?). The same track-etching procedure is adopted for multipore
membrane fabrication. The membrane thickness is always 13 um . Two geometries are tested to

compare their performance. Cylindrical membrane has a pore size of 156 nm £ 22 nm and 172
nm + 29 nm for each side while conical nanopore has a pore size of 753 nm =+ 42 nm for base
side and 77 nm = 11 nm for tip side. The transmembrane voltage under per multipore

membrane equals to 0.1 V as the same of the single nanopore. The membrane surface measured
here is 0.28 cm2. For anionic cylindrical and conical membranes, the current density is
measured as 0.29 A m? and 0.23 A m™. Multiplied by voltage, we get a power density as 0.03 W
m and 0.02 W m™. If we calculate the theoretical power density based on the values of single
nanopore (20 pW pore™!), we can get it as 0.1 W m™. It has an obvious loss on power density for

multipore membrane.

With stack of four membranes the transmembrane voltage generated by the difference of salinity
are summed to reach about 0.4 V. Another time we get quite similar results between cylindrical

and conical pores as cylindrical membranes get 0.41 V and 0.86 pA while conical membranes

18



get 0.81 pA. This result confirms again that the ionic transport is governed by gel charges rather
than the nanopore geometry. According to that the cylindrical pore can be used as conical one to
generate osmotic current. The interest of cylindrical pore is the possibility to fabricate
membranes with higher pore densities. By using the membrane surface as 0.28 cm? of each cell,
the power density is calculated as 0.01 W m™. By stacking membranes, global power density
decreases almost two third because of the high resistance which comes from the long distance

between two cells and the low concentration at 10~ M.

The same procedure was used to design membrane with a pore density of 3.10° cm™ of
cylindrical nanopore. By stacking 4 membranes, the voltage stays at 0.39 V and the current reach
at 107 pA so the total power is obtained as 37.7 uW (each membrane surface 0.28 cm?). The
power density is calculated as 0.37 W m™. From 2.10° to 3.10° the pore density becomes 15000
times larger while the current increases only 51 times. With this high pore density, the tracks
can be crossed and the pore shapes can be non-regular, so when the pore density becomes large
enough, there will not be a linear relation between the pore density and the current density.
However this can be improved using a low fluency coupled with a large number of ion beam
passage to perform track. In addition, one limit of our stack is the distance inter-membrane of 1

cm that involves a very large resistance decreasing the performance.
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Figure 7. Voltage and current measured across the functionalized multipore membranes with a

pore density of 2.10° cm™. Membrane thickness = 13pum.

4. Conclusions

In summary, in this work we demonstrate the use of a track etched polymer nanopore membrane

for harvesting the osmotic energy. The nanopores were functionalized by filling with highly
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charged hydrogels. The ionic transport properties investigate at single nanopore scale show that
it is governed essentially by the gel charge shielding the effect of geometry. Because the
performance of energy conversion is almost independent of the nanopore shape, the cylindrical
geometry is proved as a good candidate for high pore density membranes. The functionalized
nanopores show high ionic selectivity and good energy conversion ability with a power density
of about 0.37 W m™ working in pH 7. By improving the direction of tracks and the inter
membrane distances we could improve the energy yield and thus consider such membrane for

real application.
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