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High lonic Flux Sub-Micro Channels Membrane Model for

Salinity Gradient Power Generation

Jiagiao Jiang, Bingxin Lu, Yanglei Xu, Jin Zhai,* and Xia Fan*

Salinity gradient cells are widely used in power generation from gradient
concentration solutions of one electrolyte. High ionic flux sub-micro channels
membrane can offer a high current density for salinity gradient power
generation with a significant power output. Herein, based on numerical
simulation model with Poisson-Nernst-Planck-Navier-Stokes (PNP-NS)
equations, a high ionic flux sub-micro channel model with assumption is
introduced that measured current is contributed by Cl~ ionic flux across the
membrane. An ion channel system is built for experiment, in which a glass
membrane with regular symmetric sub-micro cylindrical channels and high
effective channel area is applied, ion conductance and salinity gradient energy
conversion property are tested. This PNP-NS equations model simulation fits

anion and cation exchange
membrane.#1 When two fluids of
different concentrations are located on
bilateral sides of an ion-selective mem-
brane, the mixed Gibbs free energy can
push ion-selective directional move-
ment to release as electric energy.!>16]
However, if reversing electroosmosis
technology is to provide energy for in-
dustrial development, the power density
of salt-to-water power generation should
be at least 5.0 W m~2, which is very chal-
lenging because most of ion-exchange
membranes do not have sufficient ionic

experiment well, its mechanism is also studied by the model. In addition, by
mixing artificial sea water (0.5 M NaCl) and river water (0.01 mm NaCl), the
output power density of this 50-fold salinity gradient system can achieve
4.16 W m~2, and the highest output power density will be up to 7.91 W m—2
under a 0.5 M/0.001 M 500-fold salinity gradient. This high ionic flux
membrane shows a good performance for practical application in salinity

gradient power generation.

1. Introduction

Development of large reversible and sustainable clean energy
demand urgent attention under the background of exploration
of new energy sources.l'] Salinity gradient power, one of new
types of energy sources that can be captured between water with
different salinities partitioning by a membrane, has received
widespread attention in recent years.*® This energy can be
captured from seawater and fresh water using techniques like
pressure-retarded osmosis and reverse electrodialysis based on
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flux.l'”) Thus, low ionic throughput lim-
its further increase in power density. In
recent researches, various heterostruc-
ture and homogeneous membrane
materials are emerged, such as anodic
alumina oxide (AAO), silica nanochan-
nels, graphene oxide, carbon nitride,
and various polymer materials.[18-3¢]
They were used to prepare ion selective
membranes, and the pore diameters
are controlled below 100 nm in order to
maintain a good membrane selectivity. As a result, the flux of
ion transmembrane is limited, which is not beneficial to improve
the performance of energy conversion. Therefore, exploring ion-
selective membrane with high ionic flux is significant for salinity
gradient power generation.

In this work, we introduced a numerical simulation model
for salinity gradient power generation system with a high ionic
flux ion channel. The model is still based on numerical simula-
tion model of an ion channel with Poisson-Nernst-Planck-Navier-
Stokes (PNP-NS) equations, while several complements to the
assumption were used. For this high ionic flux system, we as-
sumed that measured current is limited by Cl~ ionic flux across
the sub-micro channel, as the ionic flux across membrane was
high enough and the output current occurs due to the reduc-
tion or oxidation reaction of Cl~ on Ag/AgCl electrodes in NaCl
solution. With this assumption, the redox potentials of salin-
ity gradient system simulated from I-V characteristic curves by
Poisson-Nernst-Planck (PNP) equations model would be corre-
sponding to the results calculated by Nernst redox equations.
Considering ion channel across membrane has charged surface,
liquid fluid driven by electroosmosis is not neglectable and could
be described by Navier-Stokes (NS) equations. In the experi-
ment, an ion channel system with a special glass membrane has
high porosity and regular symmetric sub-micro cylindrical chan-
nels was built. This membrane has a negative surface charge in
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Figure 1. a) Schematic illustration of the energy harvesting process under a concentration gradient in glass channels membrane. b) Geometry of the
2D axisymmetric model. Detailed conditions of boundaries are in Figure S3 (Supporting Information).

neutral pH electrolyte aqua solution due to the presence of a large
amount of Si-OH on the surface of glass channels. We tested
its ion conductance and applied it for salinity gradient power
generation, aiming to explore properties of sanity gradient en-
ergy capture from high ionic throughput.*”] In numerical sim-
ulations, ion conductance simulation could match experiment,
indicates our model is reliable for this high ionic flux sub-micro
glass channels membrane. We furtherly simulated -V character-
istic curves of 5-fold, 50-fold, and 500-fold salinity gradient sys-
tems, and discussed the relationship of diffusion flux, convec-
tion flux, and electrophoresis flux to ionic current by PNP-NS
equations when the salinity gradient system outputting power.
As aresult, diffusion flux and convection flux are beneficial to the
selectivity of cation while maintaining high throughput. Conse-
quently, the high ionic flux membrane has a good performance
on osmotic energy conversion. In addition, experimentally in-
vestigated the salinity gradient power generation with different
NaCl concentration gradients, showing the maximum output
power density of 7.91 W m~2 under the 500-fold (0.001 m/0.5 m)
salinity gradient. As artificial seawater (0.5 M NaCl) and river
water (0.01 M NaCl)?® were mixed, the value could still remain
416 Wm™

2. Result and Discussion

2.1. Numerical Model Building and Simulation Method of High
lonic Flux Sub-Micro Channel System

2.1.1. Build of Poisson-Nernst-Planck-Navier-Stokes equations
model

To study the property of this high ionic flux sub-micro channel
system with numerical simulation, according to the ion channel
testing experiment device for salinity gradient power generation
in Figure 1a, a model was built by 2D axisymmetric dimension
method. As the geometry in Figure 1b, a cylindrical channel with
200 pm length and 450 nm radius rotating an axis was set as
a sub-micro channel. Two buffering electrolyte reservoirs con-
nected on both sides of channel were set as 400 nm thick and
700 nm in radius, so that the active area of section is about 41.3%,
which is beneficial to increase osmotic energy conversion density
in salinity gradient power generation and reduce membrane re-
sistance. In our experiment device, a test area (recorded as S,.)
of 3 X 10* pm? is usually used, so we could assume 2 x 10* ac-
tive channels in parallel, and multiply this factor directly while
comparing simulated currents with measured results.
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A simple bare glass channel, which could possess negative sur-
face charge in neutral pH electrolyte solution because of the de-
protonation of hydroxyls. Negative surface charge of the glass
channel could affect ion transportation. First, ionic transport
properties are affected by electrostatic effects, which were at-
tributed to the negative surface charge of glass channels.*! In ad-
dition, considering the 900 nm diameter of glass channel, much
longer than the Debye length of monovalent ion in aqua solution
above 1 mw, hydrodynamics of liquid fluid cannot be neglect.
Here, dynamics between the fluid and the charged channel sur-
face can be described by electroosmosis under electrostatic field.

With hydrodynamics of liquid fluid introduced by electroos-
mosis in consideration, PNP-NS equations are required. Elec-
trostatic field could be described by Poisson equation, contain-
ing external applied voltage, charged surface of channel, and ion
in solution as electric charge. Ionic flux in solution could be de-
scribed by Nernst-Planck equations. Here, ionic flux is consisted
of diffusion flux, convection flux, and electrophoresis flux. Hy-
drodynamics of liquid fluid could be described by Navier-Stokes
equations.[“I™] Ag liquid flows in this channel at a quite low
rate, and the length of channel is much longer than its width,
it could be assumed as laminar flow.*®] In this model, density
variation by salt concentration is without consideration. Assump-
tion of boundary conditions is similar as we used in previous
works with several complements.[*#] Besides analytic method,
PNP-NS equations can be solved by several numerical methods,
such as finite element method and dynamic density functional
theory.[**-% Here, finite element method numerical simulation
was performed in commercial software COMSOL Multiphysics.

Numerical model of PNP-NS equations is described by Equa-
tions (1) to (5).

The electrical potential in space of model induced by ion con-
centration can be described by Poisson equation as Equation (1):

Vip = _E zc, 1 =+, — (1)

where c;, z; are ion concentration, charge number of each ion
species i. In this experiment, species + represents Na* cation,
species — represents Cl~ anion. ¢ represents electrical potential.
Fand e represent Faraday constant and dielectric constant of aqua
solution as 9.649 x 10* C mol~! and 6.906 x 107 CV-'m™!, or
€, =78

The flux density of each ion species in space of model can be
described by Nernst-Planck equation as Equations (2) and (3):

V.]=0 2)
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Figure 2. Photograph and scanning electron microscope (SEM) images of the glass membrane. a) Photograph of the glass membrane. b) SEM image
of top view on glass nanochannels membrane, the diameter of one channel is 900 nm. c) SEM image of cross view on glass nanochannels membrane,

the thickness of it is about 200 um.

Ji= —D;V¢;, — %DiziciV¢+ cu, i =+, — G)
where J and D are ionic flux density and diffusion coefficient of
ion, D- (Cl7) and D, (Na®) set in model are 2.03 x 107° m? s7!
and 1.33 x 1072 m? s71. u is velocity of fluid. T, is the absolute
temperature and given as room temperature 293.15 K in model.
R represents universal gas constant as 8.314 ] mol~! K.

While without velocity of fluid in consideration, as u = 0 in
Equation (3), Equations (1) to (3) are the definition of Poisson-
Nernst-Planck (PNP) equations.

Furtherly, hydrodynamics of liquid laminar flow in space of
model could be described by Navier-Stokes equations as Equa-
tions (4) and (5):

V-u=0 (4)
~Vp+uVu-F )Y zeVe = 0,i = +, - 5)

where p is pressure of liquid, u is dynamic viscosity of aqua solu-
tion as 0.9 x 1073 Pass.

For glass channel, its charge density 6, and potential ¢, on
channel wall are important boundary conditions to PNP-NS
equations.’!l For boundaries of channel charged surface (red
lines in Figure 2b), we have Equations (6) and (7) to describe their
boundary conditions:

GS
n-Ve = —= 6)

&
u=-—Vgp ?)
u

o, and ¢ would be analyzed in part 2.3. Other boundary con-
ditions are described in SI.

The ionic flux of each ion species can be calculated from its
density through a section vertical to axis. The ionic current should
be represented by ionic flux along the axis, and the total current
is a sum of ionic current of each ion species, as Equations (8) and

):

L= Fz //]z, ids, 1 =+, — @)
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L=Y1,i=+- )

2.1.2. Measured lon Current Assumption and 1-V Curves Simulation
of Salinity Gradient Redox Potentials Calculated by Nernst Redox
Equations

To study how the ionic current generates in this system, first, we
know that with the presence of salinity concentration gradient,
two reactions occur separately on electrodes of both sides in the
cell could produce a redox potential (E,4,,).[*°! Here, we use a pair
of Ag/AgCl electrodes as an example in salinity gradient system
of NaCl aqua solution, so the non-transfer E, ;. is produced by
Equation (10) following this redox reaction:

—: Ag+Cl™ (¢y) > AgCl+e”

+: AgCl+e - Ag+Cl™ (c;) (10)
Redox reaction : CI™ (cy;) — CI™ (¢;)

E,.q0x is generated between the two Ag/AgCl electrodes and
calculated by Equation (11) of Nernst redox equation:
Yeu©
Eredox = R_T In . (11)
zF 7e,C1

R, T, z, F, v, ¢y and ¢, are gas constant, temperature, charge
number, Faraday constant, mean activity coefficient, high con-
centration, and low concentration, respectively. Where R, T, z,
and F are described above, and activity coefficient y of different
solution concentrations are listed on Table 1.8 Three calculated
E,.4x of 5-fold (0.1 m/0.5 m), 50-fold (0.01 Mm/0.5 M) and 500-
fold (0.001 m/0.5 M) NaCl salinity gradient systems are 37.8 mV,
93.4 mV, and 150.9 mV.

Usually, in a salinity gradient system, it assumes a stable in-
terface between the two concentrations and ion exchanging at a
reversable state in a very low rate, we should consider a transfer
E 4ox» Which is a sum of the redox potential above and the os-
motic potential.’”] However, in this cylindrical channel model,
as its diameter is on sub-micro scale, we consider the high ionic
flux across membrane could not be treated as thermodynamic
equivalence, and the ion current would not be limited by ionic
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Table 1. Simulated results of Nernst redox equation in 5-fold, 50-fold, and 500-fold NaCl salinity gradient system, with calculated E 4o, and corresponding

activity coefficient y for comparison.

Concentration Eq. [mV] Enay [MV] Eioral [MV] lo, 1. [WA] lo, Na+ [MA] Eredox [MV] y of ¢y y ofc,

Gradient [M/M]

0.5/0.1 -40.7 +40.7 -85 +4.97 -3.26 37.8 0.682 0.749

0.5/0.01 -98.8 +98.8 -20.6 +6.09 -3.99 93.4 0.682 0.922

0.5/0.001 -157 +157 -32.7 +6.20 -4.06 150.9 0.682 0.977

flux across membrane. Also, for an Ag/AgCl electrode in NaCl  which fitt = —2—— and t, = —*— with substitution of diffu-
- D,+D. D,+D

solution, the output current occurs due to reduction or oxida-
tion reaction of Cl~ on the interface between electrode and solu-
tion. In addition, as the two buffering pools are large enough, ion
exchanging and reaction would not affect their bulk concentra-
tions. So, in this power conversion system, we suggest measured
ionic current was contributed only by Cl~ ionic flux reacted on
Ag/AgCl electrodes, which is smaller than a sum of Na* and CI~
fluxes across the membrane, while the Na* ionic flux was also an
important affecting factor to the system. The measured current
could be represented by Equation (12):

L, = in/ I, ds, i =Cl” (12)

Also, the boundary conditions of external applied voltage and
ground potential could represent measured potential on the pair
of Ag/AgCl electrodes in experiment.

Firstly, we set this model with condition that the channel sur-
face was neutral charged, I-V characteristic curves of the 5-fold,
50-fold, and 500-fold systems were simulated for diffusion with-
out affection from charged channel surface. With the PNP equa-
tions assumption, simulated total current is a sum of Cl~ and Na*
ionic fluxes. Simulated results are shown in Figure S1 (Support-
ing Information). For each [-V curve, we could acquire an open-
circuit voltage or V- on the point crossing x-axis. From the three
curves Cl~, Na* currents and total current in Figure S1 (Support-
ing Information) of the 500-fold system as an example, the V.
of Cl” ionic current curve is —157 mV and of Na* ionic flux curve
is +157 mV. These two voltages could refer the calculated mono-
valent non-transfer E, ., from Nernst equation above, and here
recorded as Eg. and Ey,, separately. The V. of total current is
—32.7 mV, refers osmotic potential of total ionic flux in solution
without external applied voltage, and recorded as E, , here. For
transfer E, .4, of CI~, we have E, ,,; — Eq. = 124.3 mV, and of Na*
is Exay — Ejora = 189.7 mV. We could also acquire a short-circuit
current or 5. from I-V curve of Cl~ or Na*t current on the point
crossing y-axis and recorded as I ¢, I y,. separately. For this
500-fold system, I, . is +6.20 pA and I, ,. is —4.97 pA. We could
check transfer number of Cl~ and Na* in NaCl aqua solution by
Equations (13) and (14):

Iy g
= | 0,Cl | ENa Etotal = 0.604 (13)
|Io,Na+| + |Io,c1‘| Exat — Earr
t, = |IO,Na*| Ecl’ - Etotal = 0.396 (14)
|Io,Na+| + |Io,cr| Eq- — Exer
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sion coefficients D- (Cl")and D, (+Na+) setin model as 2.03 x 10~°
m? 7' and 1.33 X 107 m? s~!. Similar transfer number calculat-
ing results could also be acquired from the 50-fold and 5-fold sys-
tems by their own E, Ey,,, E|, I ¢., and I; y,. listed in Table 1.
This step demonstrates a way to simulate redox potential directly
and simply from PNP equations model, so that we could consider
salinity gradient potential in this ion channel system model. The
deviation less than 8% from Nernst equation might due to activity
coefficient of strong monovalent ion is neglected in this model of
dilute aqua solution, as charge continuum is a basic assumption
to PNP and PNP-NS equations. Also, transfer number of each ion
could be roughly estimated from simulated V. in Equations (13)
and (14).

2.2. Experiment for lon Conductance and Osmotic Energy
Conversion Property of the High lonic Flux Sub-Micro Glass
Channels Membrane

To build a high ionic flux salinity gradient power generation
system, a glass channels membrane (Figure 2a) was fabricated.
This membrane contains a large quantity of symmetric cylindri-
cal channels in a uniform size, 900 nm diameter (Figure 2b)
and 200 um length (Figure 2c). It clearly reveals a 6.6 x 107
cm~? pore-density of membrane, corresponding to a porosity of
42.76%, by counting the top-view SEM image of this membrane
in Figure 2b. The geometry of one channel and porosity of mem-
brane was almost the same as we set in the model above. Here,
the high pore-density could provide sufficient space for ion trans-
port across membrane in electrolyte solution. X-ray photoelec-
tron spectroscopy (XPS) analysis was used to detect constituent
elements of this glass membrane. As shown in Figure S2 (Sup-
porting Information), the XPS spectrum of primary glass chan-
nels membrane exhibits O1s, Sils, and Si2p signals. In aqua so-
lution, Zeta potential of glass drops to zero when pH is near 2.7,
so its isoelectric point values (pl) is 2.7, and possesses negative
surface charge in neutral pH.3!

To assemble experiment device, the glass channels membrane
was sandwiched in the middle of electrolytic cell, and two con-
centrations of electrolyte solutions were filled on each side of
buffering pools. First, properties of ion across membrane were
investigated by measuring I-V curves with a series concentra-
tion (107-1 M) of NaCl solution, here in the device both sides of
electrolyte buffering pools were filled with same concentrations
in sequence, results are shown in Figure 3. When concentra-
tion decreased below 10 mm to 1 um, the degree of decline
on ionic current is not as much as the degree as concentration
dropped from 1 M to 10 mwm. Ionic conductance of glass channels
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Figure 3. a) |-V curves of the glass channels membrane in different electrolyte concentrations (1 um-1000 mm). b) lonic conductance of the glass

channels membrane as a function of the electrolyte concentration.
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Figure 4. Electric circuit diagrams of a) -V curve characteristic testing device and b) output osmotic power recording device.

membrane deviates from bulk value when concentration is less
than 10 mwm, shown as red line (linear relationship of ionic
conductance with the electrolyte concentration) in Figure 3b.
This can be explained by obvious affection of H* and OH™ at
very low bulk concentration.[*®

Then we studied osmotic energy conversion properties of this
glass channels membrane in salinity gradient. Electric circuit di-
agram of I-V characteristic curve testing device is described in
Figure 4a. Here, to build 500-fold, 50-fold, and 5-fold salinity gra-
dient systems, for each group of experiment, 0.001 m, 0.01 M,
and 0.1 M low concentrations of NaCl solutions were filled on
left side of buffering pool separately, and 0.5 M high concen-
tration NaCl solutions was filled on the right side, as shown in
Figure la. External voltage Vs Was applied to this experi-
ment device and corresponding output current I was measured,
with a tested area S, of 3 X 10* um?, so that we could calcu-
late current density J = I/S,.. In Figure 5a, I-V characteristic
curve of each system was recorded. As a consequence, Iy and
Voc can be directly obtained from the intercept by coordinate
axes of each line.l””) Inner resistance of this power generation
system, calculated in Table 2 (defined as R, = —Voc/Isc), is
~21 kQ under the 500-fold gradient.’*! From other I-V curves
data in Table 2, inner resistances are calculated %14 kQ under
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the 0.01 M/0.5 m 50-fold NaCl gradient, and 37 kQ under the
0.1 m/0.5 M 5-fold NaCl gradient. The much higher inner resis-
tance under 0.1 M/0.5 M 5-fold NaCl gradient indicates ion trans-
port resistance in this low salinity gradient may not mainly ex-
ist on ion across channel comparing with 500-fold and 50-fold
systems.

To record output osmotic powers, we connected a resistance
box as an external electrical load to the three systems of 500-fold,
50-fold, and 5-fold gradients, and adjusted a series of resistances.
Here the power supply is osmotic power generation system tested
above. The curves of output power density and current density of
glass channels membrane to various salinity gradient systems as
a function of external resistance are shown in Figure 5b-d. We
can see the highest output power densities are 4.16 W m=2 (at
7 kQ) and 0.40 W m~? (at 20 kQ) for the 50-fold (Figure 5c), 5-
fold (Figure 5d) systems, respectively. In particular, value of the
highest power density is up to 7.91 W m=2 (at 10 kQ) when the
salinity gradient was 500-fold (Figure 5b).

To furthering discuss relationship between I-V curve character-
istics and output osmotic power properties of the 0.001 m/0.5 M
500-fold NaCl gradient system, first we can notice for the al-
most straight slope -V curve of this system in Figure 5a, its
theoretical highest power output state would be situated at a
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Figure 5. Osmotic energy conversion property of the glass channels membrane. a) I-V curves under the 500-fold (red), 50-fold (blue), and 5-fold (green)
salinity gradient systems of the glass channels membrane. Output current densities and power densities of the glass channels membrane with external
electrical load obtained at b) 500-fold, c) 50-fold, and d) 5-fold concentration gradients. The peak values of output power densities are 7.91 W m~2,

4.16 W m~2, and 0.40 W m~2 separately.

Table 2. The corresponding Isc, Jsc, Voc, Reystem Jpma,-vs Vema v of -V characteristic curves and Pp.y, Rigads Jpmaxloads Vpma,load Of external electrical

load curves in experiments.

Concentration Isc [WA] Jsc Voc Reystem Jpmaxiv Voma, v Prnax [W Ricad Jpmaxload Vpmaxload
Gradient [M/M] [Am™ [mV] [kQ] [Am™ [mV] m2] [kQ] [Am™ [mV]
0.5/0.1 1.48 493 54.8 37 24.6 27.4 0.40 20 25.8 15.5
0.5/0.01 8.82 294 124.1 14 147 62.1 4.16 7 138 29.6
0.5/0.001 10.07 336 211.7 21 168 106 7.91 10 162 48.7

theoretically current density Jp,, v and its corresponding
output voltage V... ., from I-V curve data in Table 2 by
Equations (15) and (16):

.]Pmax,I—V = 1/ZJSC = 168 Am_z (15)
Vomacy = —1/2Voe = 106 mV = 0.106 V (16)

Considering this system in a circuit with only resistance loads,
while the power supply outputting its maximum power, for
the system all external resistance in circuit is equal to internal
resistance of power supply, so that in this system we have
Equation (17):

Rcircuit = Rsystem =21kQ (17)
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where R, has been defined above, here could be described as
internal resistance of the salinity gradient system power supply,
and R, means all the other resistance in the circuit.[**]

From the external electrical load curve in Figure 5b and corre-
sponding data in Table 2, we can see while R4 = 10 kQ, with
corresponding tested current density Jp, . 1004 = Ipmaxioad/ Stest =
162 A m~?, the measured output power density reached its peak
value P, ,, calculated by Equation (18):

Po=1

Pmax,load

-2
X Rload/stest = VPmaxload ><JPmax,load =791 Wm

(18)

Here, the voltage Vp, . 10,q OVer resistance box can be calcu-
lated by Equation (19):

A = P/ Jomaciond = 48.7 MV = 0.0487 V (19)

max,load —
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Comparing current densities of the theoretical highest power
output state from I-V curve and the tested highest output power
density from external electrical load curve, we have Jp., v &
Jpmaxloads SO We could confirm this 500-fold gradient system work-
ing at the theoretically state above, with a corresponding output
potential ;.. 1y = 0.106 V. But as Ry .y < Ry,n,q, We may con-
sider a resistance R,,.. caused by passive ion transportation ob-
struction without a forced external applied voltage over the two
buffering pools on -V curves test, so we have Equation (20) at
the highest power output state with external electrical load:

Reireuit = Rioad + Roassive = 21kQ (20)

circuit passive

while R .4 = 10 kQ. The whole electric circuit diagram of this
output osmotic power recording device could be described in
Figure 4b. In our reported work about salinity gradient system
with the same experiment device, this relationship between I-V
curve and external electrical load curve is also existed.>]

For the 0.01 M/0.5 M 50-fold system, with the same method
from Equation (15) to (20), at the theoretical highest power out-
put calculated from Table 2, we can also obtain R, ; = 14 kQ,
and theoretically current Jp, ...y = 147 A m™2, corresponding
output voltage Vp, .. v = 0.0621 V. From the external electrical
load curve in Figure 5¢, at the measured highest 4.16 W m~2 out-
put power density, we have Jp . 1000 = 138 Am™, Vo 10 =
0.0296 V, when R4 = 7 kQ. Also, in this 50-fold gradient sys-
tem, we have Jp, . 10 ® Jomaxry» With a corresponding output
potential Vp_.. 1y = 0.0621 V.

For the 0.1 M/0.5 M 5-fold system, also with Equation (15)
to (20), at the theoretical highest power output calculated from
Table 1, we have R, = 37 kQ, theoretically current J, ..y =
24.6 A m™?, corresponding output voltage Vp ..y = 0.0274 V.
From the external electrical load curve in Figure 5d, at the mea-
sured highest 0.40 W m™2 output power density, Jp...10sa = 25.8
Am™, Vo iioaq = 0.0155 V, when Ry 4 = 20 kQ. Here, Jp..10ad
R Jpmaxv 18 also existed, with a corresponding output potential
Vomaxtv = 0.0274 V. However, in Figure 5d, we can see the two
curves of output current density and output power density are
not smooth, this also indicates ion transportation has high inter-
ference in this low concentration gradient system, and leads to a
high electrical resistance in the circuit.

www.advsustainsys.com

Table 3. Model parameters for ionic conductance simulation of the glass
channels membrane.

Concentration [m] 0.001 0.01 0.1 1
Surface charge density [C m™2] —0.005 —-0.010 —0.015 —0.020
£ on channel wall [mV] +90 +0 -60 -90

2.3. PNP-NS Numerical Simulation and Mechanism Study of the
Model of High lonic Flux Sub-Micro Channel

2.3.1. lon Conductance Simulation of High lonic Flux Sub-Micro
Channel

For different structure of ion channel, the interaction between
surface charge on channel wall and ion solution could be quite
different, but this property could be described by ion conductance
of system overall.’®] Here, ion conductance simulation was per-
formed to verify our PNP-NS equations model of the high ionic
flux sub-micro channel. As mentioned above, to simulate ion
transportation by PNP-NS equations, surface charge density o,
of glass channel and ¢ on glass channel wall are needed.

Surface charge density of SiO, glass channel is on —0.01 Cm~
magnitude in 1 mum to 1 M NaCl aqua solution with pH 7.3%%2
Also it can be derivated from ¢ or zeta potential of the shear
plane in solution. However, in continuum model without special
consideration of ion charge size in solution, ¢, on glass chan-
nel wall for electroosmosis described by NS equations is chosen
for ion conductance simulation.>3%] The conditions on Table 3
were used for ion conductance I-V curve simulation of electrolyte
concentration from 1 mwm to 1 M. As this simulation was per-
formed in COMSOL software, the mesh building for finite ele-
ment method numerical simulation is described in SI, grid inde-
pendence verification result is also listed in Table S1 (Supporting
Information).l>>%l

Figure 6 could verify surface charge density conditions set in
the four models. Figure 6a is Na* normalized concentration dis-
tribution at the middle section of channel at 0 V applied voltage.
It shows for all the four sub-micro channel system, Na* concen-
trations decrease from channel wall in 5 to 40 nm, this distance
could represent diffuse layer of electric double layer (EDL) in con-
tinuum model.l’®] Na* concentrations would approach their bulk

2

@ 4, (b) ©) 6
——0.001M 0 - ——0.001M
——0.01M € %01—oo01m
~ 8_—0A1M 104 a 40_—OA1M
S ——1M # = —1M
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S 6 E -201 s ]
ol ] q ]
£ g -301 5 W
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0 —— : soi—™M : A
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Radius Position (nm)

Figure 6. a) Na™ concentration distribution and b) potential distribution at the middle section of channel at 0 V applied voltage. c) Convection velocity
in z-direction (or along the axis) at —0.1V applied voltage. Bulk concentration of 0.001 m (red), 0.01 m (blue), 0.1 m (green), and 1 m (purple) were

simulated.
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Table 4. Simulated results for ionic conductance of the glass channels
membrane. Calculated ¢ potential and experiment conductance for com-
parison.

Concentration [m] 0.001 0.01 0.1 1

¢ =-20¢p[Na+] [mV] —-60 —40 -20 0

¢ [mV] ~ [Na+]-1/2 - - -12.6 —4
PNP-NS ¢ potential [mV] —57.4 —41.4 -12.6 -1.96
Exp. Conductance [uS] 2.63 4.89 20.9 68.7
PNP-NS Conductance [uS] 0.86 4.90 20.7 70.1
PNP Conductance [uS] 0.49 4.90 49.6 497

values on the axis of channel defined as 0 nm. So, the ¢ potential
for each concentration system could refer to Na* concentration
along the axis of channel in vertical direction.

For pH 7 NaCl solution on SiO, glass, we have { = —20 mV
« p[Nat*], where [Na*] is the bulk value of concentration in mol
L1, Particularly, for |¢| below 40 mV, ¢ ~ [Na*]7!/2 is also a well
derivation.[®®] Calculated ¢ potentials by theory were listed on
Table 4. Figure 6b is potential distribution of solution space at
the middle section of channel at 0 V applied voltage. Figure 6¢
is convection velocity in z-direction (or along the axis) at —0.1 V
applied voltage, we can see streaming flows steady near the axis
of channel, and convection is also existed at the 450 nm bound-
ary of ion space, which contacting to channel wall boundary. As
PNP-NS equations continuum charge assumption is without spe-
cial consideration of ion charge size in solution, solution space at
450 nm is the nearest to shear plane, so we would calculate sim-
ulated ¢ potential by the potential difference of solution space be-
tween 450 nm and 0 nm. Simulated ¢ potential result on Table 4
matches the theory result, as —57.4 mV, —41.4 mV, —12.6 mV,
—1.96 mV of the 0.001 M, 0.01 M, 0.1 M, and 1 M models, it shows
our estimation of surface charge density is reliable.

Figure 7 is simulation results of I-V curves and corresponding
ionic conductance, results of 0.01 M, 0.1 M, and 1 M could accu-
rately match experimental results, and keeps linear to 0.001 wm.
While in realistic solution of 1 mwm bulk concentration or lower,
H*/OH" balance cannot be neglect, but it was not considered in

(a)

O r—%001m
——0.01M
209 _o1m
~ ——1M
<c3 101
s 0
3
-10-
-20
-30 ;

204 03 02 -0.1 00 01 02 03 04
Applied Voltage (V)
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this model and result in the deviation. Simulated ionic conduc-
tance compared with experiment is listed in Table 4.

As ion charge size is without special consideration in PNP-
NS equations model, the potential ¢ on glass channel wall was
set to fit ion conductance experiment, with affection from sub-
micro channel structure in consideration, and the ¢ potential in
shear plane of solution was checked by simulated result. While
the structure of EDL between the two planes was not especially
considered. However, we could demonstrate it qualitatively. Sur-
face charge densities of the 0.001 M, 0.01 M, 0.1 M, and 1 M models
are —0.005 Cm~2, —0.01 Cm~2, —0.015 Cm™2, and —0.02 C m™
in model, with higher negative charge density on glass channel
wall, its ¢, potential could be lower.

Also, PNP model results with the same surface charge density
were simulated and compared in Table 4. It deviates experiment,
which indicates PNP model is not suit in this sub-micro channel
with electroosmosis in consideration.

With the comparison among experiment, PNP equations
model and PNP-NS equations model, we can see in the 0.001 m
model, ion convection flux is positive to ion conductance, while
in the 0.1 M model and 1 M model ion convection flux is negative
to ion conductance.

According to this ion conductance simulation, the PNP-NS
model with its boundary conditions, and the assumption that
ionic currents are contributed by Cl~ ionic flux across the mem-
brane, could be used to further mechanism study for salinity gra-
dient system with this high ionic flux membrane in the range
from 0.01 to 1 M concentration, and extrapolate to 0.001 M partly.

2.3.2. 1=V Curves Simulation of Salinity Gradient System with
Charged High lonic Flux Membrane

To simulate [-V characteristic curves of the 500-fold, 50-fold, and
5-fold gradient systems within the range for power outputting, it
was performed under applied voltage from —250 mV to +50 mV.
A 10 um length channel model was used for facilitation in salinity
gradient system simulation with less calculation. This shortened
channel has 20 times lower current resistance than the original
200 pm length channel, and we adjusted simulated currents
with this factor. Ion conductance of the two channel models is

(b)

1000 :
= Experimental A
o PNP-NS
& PNP
& 100+ °
e a
@
e
s 101
] 'Y
T L]
[=
Q
o 14 o
AN
0.1+— T T T
1 10 100 1000
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Figure 7. a) |-V curves simulation of the glass channel in different electrolyte bulk concentrations as 0.001 m (red), 0.01 m (blue), 0.1 m (green), and
1 ™ (purple). b) lonic conductance simulation results of the glass channel as a function of the electrolyte bulk concentration. The PNP-NS simulation
(blue circle) was compared to experiment results (red square) and PNP simulation (green triangle).

Adv. Sustainable Syst. 2023, 7, 2300175

2300175 (8 of 12)

© 2023 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA 11810 3 qeol [dde au Aq peusenob a.e saole YO ‘N JO SNl 1oy Akeid18UIIUQ A1 UO (SUORIPUOD-PUR-SLLIBYWI0D A8 I Aeiq Ul |Uo//ScY) SUOTPUOD pUe Swie | 8u) 88S *[£202/TT/80] U0 AkiqiT8uliuo A8]IM @Iniisu| feLows I |e1ed Aq 52 TO0EZ0Z NSPe/Z00T 0T/I0p/Wod A8 | im' Ake.d 1 jpuluoy/:sdiy WwoJj pepeojumod ‘0T ‘€202 ‘981/99€2



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

(@) 10
——500-fold
—— 50-fold ?
5 +{—— 5-fold
<3 0
s -5
3
_1 0 4
154

-20 T T r r
-250 -200 -150 -100 -50 0 50
Applied Voltage (mV)

www.advsustainsys.com

b
(b) 500 —— 500-fold at -106 mV
— 50-fold at -62.1 mV
4004 5-fold at -27.4 mV
=
E
R
<
©
=
[
Z
0 T T T T
0.0 0.2 04 0.6 0.8 1.0

Axis Position

Figure 8. a) Simulation for I-V curves of 500-fold (red), 50-fold (blue), and 5-fold (green) gradient systems. b) Nat concentration distribution along the
axis of 500-fold (red), 50-fold (blue), and 5-fold (green) gradient systems at their own -Vp,,, |y of 106 mV, 62.1 mV, and 27.4 mV.

Table 5. Simulated data Isc sim» Voc sim» Jpmax,sim» Yoc,Na+r Yoc totalr and ty g of the 5-fold, 50-fold and 500-fold salinity gradient system models. /s,

Vocr Jpmaxvr Vemax v in experiment of each system for comparison.

Concentration Isc Voc Jpmaxiv Vomax v Isc sim Voc sim Jpmaxsim VocNa+ Voc total by sim
Gradient [m/M] [MA] [mV] [Am™] [mv] [y [mV] Am [mV] [mV]

0.5/0.1 1.48 —54.8 24.6 27.4 5.36 -97.8 133 +25.9 -8.8 0.719
0.5/0.01 8.82 —124.1 147 62.1 6.88 —144.6 148 +82.3 -21.2 0.544
0.5/0.001 10.07 -211.7 168 106 7.65 —230.8 171 +145.4 -33.9 0.523

compared in Table S1 (Supporting Information), the shortened
channel could be used to discuss solution in 0.001 M to 0.5 M.

As discussed above, simulated Cl~ ionic flux and correspond-
ing applied voltage would be chosen to represent measured out-
put current. The I-V curves are shown in Figure 8a, and charac-
teristic data Igc g, Vocsim are shown in Table 5. For simulation
results of the 500-fold model, we can see a V¢ g;,, of —230.8 mV
and a Isc g, of 7.65 YA. For the 50-fold model, here are a Vi g,
of —144.6 mV and a Iy, of 6.88 uA. And for the 5-fold model
are a Voc gy, of —97.8 mV and a Ig g, 0f 5.36 pA.

In this model, we assumed inner resistance of power gener-
ation system is concentrated on ion channel, which would be
smaller than actual inner resistance in experiment device. Ion
across channel resistance is dominant in 50-fold and 500-fold sys-
tems, so the simulated Vg, —144.6 mV and —230.8 mV are
slightly higher than the Vo —124.1 mV and —211.7 mV tested
in experiment. On the other hand, these PNP-NS equations sim-
ulations were performed at steady-state, while the I-V curves in
experiment were scanned, the simulated I ;,, would be smaller
than corresponding tested I.. As discussed above, inner resis-
tance of the 5-fold low gradient system is not mainly existed on
ion across channel, so the simulated Iy g, and Vi g5, Wwould be
higher, however it obeys the trend in experiment comparing with
the 50-fold and 500-fold systems.

If we inspect simulated I-V curves at Vp ...y, as 106 mV,
62.1mV, 27.4 mV of 500-fold, 50-fold, 5-fold systems tested in ex-
periment, the corresponding simulated current density Jp ., sim
are 171 A m™, 148 A m~2, 133 A m~2. The 500-fold and 50-
fold models with high osmotic power output fit experiment well,
which could account for the working states while the 500-fold sys-
tem outputting 7.91 W m~2 and the 500-fold system outputting
416 W m™2,

Adv. Sustainable Syst. 2023, 7, 2300175
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Figure 8b is Na* distribution along the axis at V;_ ., y. We
could notice for the 0.001 m/0.5 m 500-fold system, Na* concen-
tration reaches higher than 0.01 M while entering ion channel
from the left buffering pool, so the deviation of simulated ion
conductance at 0.001 m would have limited affection to salinity
gradient simulation.

If we estimate cation transfer numbers from simulated V.
of CI~, Na* currents and total current as Vg, Vocnas and

Voc ol int Table 1 following the method ¢, = IW| above,
: —

t, sim of the 500-fold, 50-fold and 5-fold models are 0??523, 0.544,
and 0.719, higher than 0.396 in bulk NaCl aqua solution. The
result demonstrates this sub-micro negative charged cylindrical
channel could also be beneficial to cation transfer through not
reach a very high selectivity, especially in the 500-fold and 50-fold
models.

Considering ion conductance simulation of 0.01 m 0.1 M, and
1 M models fit experiment well. And comparing simulation and
experiment results above, we choose 50-fold gradient system to
further study mechanism of ionic flux from simulation result.
According to the definition of Nernst-Planck equation, ionic flux
is composed of diffusion, electrophoresis and convection. To
investigate each contribution of output Cl~ ionic flux current
on Figure 9a, electrophoresis is proportional to applied voltage
in general, while diffusion and convection are positive to ionic
current in the working range from Voc to 0 V, which indicates
both of them facilitate the generation of ionic current and are
benefit to energy output. Here, diffusion could keep stable as
it is mainly due to concentration gradient, while convection
described by electroosmosis is related to voltage. Figure 9b
shows solution convection velocity along the axis in z-direction
under —62.1 mV at 1/4, 1/2, and 3/4 sections of channel. And
the direction of solution convection is from high concentration
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Figure 9. a) CI~ ionic flux current (black) of the 50-fold gradient system varies with external applied voltage, and its composition of diffusion (red),
electromigration (blue) and convection (green) fluxes. b) Solution convection velocity along the axis in z-direction under —62.1 mV at 1/4 (purple), 1/2
(yellow), and 3/4 (cyan) sections of channel. c) CI~ ionic fluxes (black line) of the 50-fold gradient systems in cylindrical channels with different diameters
under —62.1 mV applied voltage, and each composition of diffusion (red line), electrophoresis (blue line), convection (green line) fluxes. Channels are

listed by ratios of section area.

to low concentration due to electroosmosis initiated by external
applied voltage along channel and the negative charged channel
surface. Differs from convection in z-direction on Figure 6¢ of
ion conductance simulation, solution streaming here flows in a
conical velocity distribution.

To study how the three kinds of composition contribute to to-
tal flux in sub-micro channel more furtherly, we set cylindrical
channel models with 100 nm, 200 nm, 300 nm, 600 nm, 800 nm,
and 1000 nm radii, and simulated at —62.1 mV applied voltage,
results are shown on Figure 7c. We could see they have consis-
tent properties generally in the 100 to 1000 nm sub-micro range.
However, we simply applied the potential { on glass channel wall
from 450 nm model, ion conductance would actually be tested in
further experiment.

3. Conclusion

In conclusion, we introduced a numerical simulation model
based on numerical simulation model of ion channel with PNP-
NS equations with several complements to the assumption for
salinity gradient power generation system with a high ionic flux
ion channel. In experiment, we applied a high ionic flux glass
nanochannels membrane to salinity gradient power generation.
In the energy conversion system, the maximum output power of
the system can reach a value of 7.91 W m~2 under the 500-fold

salinity gradient, besides, this value can achieve 4.16 W m~2 in
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the artificial seawater (0.5 M NaCl) and river water (0.01 m NaCl).
Numerical simulation to ion conductance experiment indicates
our model is reliable for this system. Combining experiment re-
sults with simulation, we discussed the glass membrane achieved
selectivity of cations while maintaining high ionic throughput,
which can improve the output power density of osmotic power
generation. In summary, the sub-micro glass channels mem-
brane model showed a good promise for the application of the
energy conversion, offering a new view for osmotic energy con-
version.

4. Experimental Section

Numerical Simulation: The mechanism of ion transport and ion con-
centration inside the channels were analyzed by using commercial finite-
element software package COMSOL Multiphysics on computer. Attempt
to simplify the task of theoretical simulation building, the modeling was
performed for one cylindrical channel. The details about this simulation
model and relevant boundary conditions were shown in the Figure S4
(Supporting Information).

Electrical Measurements: The electrical measurements were investi-
gated by a Keithley 6487 picoammeter (Keithley Instruments, Cleveland,
OH) with a pair of Ag/AgCl (1 m KCl) electrodes. The glass channels
membrane, tested area was 3 x 10* um?, was sandwiched between two
parts of the electrolytic cell in measurement. Two sides of the membrane
were filled with the symmetric concentration electrolyte solutions (NaCl)
from 1 um to 1 ™ for test ionic transport properties. In energy conversion
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properties measurements, two sides were filled with different concen-
tration electrolyte solutions forming salinity gradient (cy/c, = 5-fold,
50-fold, 500-fold). The solutions used in the experiment were prepared
with Milli-Q water (18.2 MQ).

The ionic transport properties and energy conversion properties were
investigated by measuring ionic current. lonic current was measured by a
Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH) with a
pair of Ag/AgCl electrodes. The I-V curves were tested with scanning volt-
age swept from —2 to +2 V at a scan rate of 0.2 V s~". The glass channels
membrane was sandwiched between two parts of the electrolytic cell in
experimentally measurement.
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