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Harvesting blue energy from saline solutions has attracted much attention recently. Salinity-based power
generation in nanopores is governed by both passive factors (e.g., the nanopore diameter, nanopore
length, nanopore material, and pore density) and active factors (e.g., the concentration gradient,
temperature, and pH environment). The present study performs COMSOL multiphysics numerical
simulations based on the Poisson—Nernst—Planck equations, Navier—Stokes equations and heat transfer
equation to examine the combined effects of the temperature gradient and pH level on the diffusion
voltage and maximum power generation in single silica nanopores with lengths of 100 nm and 500 nm,
respectively. In performing the simulations, the pH value is adjusted in the range of pH 5-11, the salinity
concentration gradient is 100-fold and 1000-fold, respectively. Three different thermal conditions are
considered, namely (1) isothermal-room temperature (298 K); (2) asymmetric thermal (temperature of
low-concentration reservoir and high-concentration reservoir are 323 K and 298 K, respectively); and (3)
isothermal-high temperature (323 K). The results show that the generated power varies significantly with
both the pH level and the temperature conditions. In particular, the asymmetric thermal condition yields
an effective improvement in the power generation performance since it reduces the surface charge

density on the surface of the nanopore near the low-concentration end and therefore suppresses the
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Accepted 7th May 2020 ion concentration polarization (ICP) effect. The improvement in the energy harvesting performance is
particularly apparent at pH levels in the range of 9-10 (about 100% higher than that of pH 7). Overall, the

DOI: 10.1035/d0ra02329a results confirm the feasibility of using active factors to enhance the power generation performance of
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and boron nitride are among the most commonly used to
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1. Introduction

Electrokinetic energy conversion in nanopores was theoretically
analyzed in the past."™ Recently, energy conversion from saline
electrolytes has attracted great interest and led to the emergence
of a new class of clean energy technology referred to as blue
energy harvesting.>” Many methods have been proposed for
generating power from ion concentration distributions within
electrolyte solutions based on osmosis (e.g., forward osmosis,
pressure-retarded osmosis, and reverse osmosis) or reverse elec-
trodialysis (RED).*** In RED methods, a salt concentration
gradient is established across a nanopore and the resulting ion
flow produces an electrical current, which is collected by elec-
trodes. However, boosting the power generation and improving
the energy efficiency of nanofluidic RED (NRED) systems repre-
sents a major challenge in practical application or economic
purpose.” Among the various materials which have been proposed
for nanopore applications, graphene, molybdenum disulphide,
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improve the quality of nanopore.”*"” However, while these
materials have a high surface charge density, an ultrathin char-
acteristic and a nanoscale pore diameter, they are expensive and
complicated in fabrication and have a limited ion flux and high
entrance effect.>*®

The power generation in NRED strongly depends on salinity
concentration transport through nanopore. Surface charge
density of nanopore plays important role in ion-selectivity
through the nanopore (i.e.,, nanopore with negative surface
charge permits a higher counter-ion transport than that of co-
ion). Due to the ion-selectivity, counter-ion from high-
concentration reservoir can diffuse more easily than co-ion to
low-concentration reservoir. Thus, the osmotic voltage is gener-
ated, and then blue energy can be harvested based on the ion
transport process. Single nanopore provides an attractive solution
for power generation since their small effective areas result in
a high power density. However, generating sufficient power to
realize small portable power supplies remains a formidable
challenge.>” Several studies have attempted to increase the ion
flux using large-scale 2D or 3D membranes.'*?* Such membranes
have a high ion flux, good mechanical strength and the potential
for large-scale production. However, as the nanopore density on
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the membrane surface increases, the pore-pore interaction and
ion concentration polarization (ICP) effect also increase and result
in a significant reduction in the power generation.” For a given
NRED system, the power generation is effectively constant for
a given nanopore material, nanopore diameter, nanopore length
and nanopore number (ie., passive control factors). Thus, in
recent years, the problem of enhancing the power generation by
using active control factors such as the pH level and thermal
condition to diminish the pore-to-pore interaction and reduce the
ICP effect has attracted growing attention.

Some studies have shown that the pH level of the electrolyte
in a NRED system has a direct effect on the performance of the
electric double layer (EDL) in attracting and repelling counter-
ions and co-ions, respectively.>** In particular, the appear-
ance of protons within the nanofluidic channel activates
protonation and deprotonation reactions of the functional
groups on the nanopore wall. The balance between these two
reactions may either strengthen or weaken, depending on the
particular nanochannel material involved.”**®* For nanopore
walls with silanol functional groups, the concentration of
a large number of protons near the EDL suppresses the attrac-
tion of counter-ions to the nanochannel wall.>® As a result, the
surface charge density is decreased as protons increase. Several
studies have investigated the feasibility for utilizing low-grade
waste or solar heat energy to enhance the performance of blue
energy systems.”*! The results have shown that for salinity-
based gradient systems, ion transport inside the nanofluidic
is an important process. Hence, the application of heat source
to the NRED enhances the ion flux diffusion through the
nanopore and improves the power generation performance as
a result.*>?

However, while the literature contains many studies on the
individual effects of the pH level and temperature condition on
the ion transport process in nanopores,*****® the combined
effects of the two conditions are not well understood. Previous
studies have demonstrated experimentally that both tempera-
ture and pH conditions influence on the copolymer structure of
nanopore (ie., copolymer poly(ethylene terephthalate)-poly(-
acrylic acid)).**** The present study performs multiphysics
simulations to examine the combined effects of the pH level and
temperature condition on the ion diffusion process in a single
silica nanopore with a radius of 7.5 nm. The simulations
consider pH values in the range of pH 5-11 and both isothermal
and asymmetric thermal conditions. In general, the results
show that the power generation performance of the nanopore
system is enhanced through the application of a higher
temperature to the low-concentration reservoir; particularly at
PH values in the range of 9-10.

2. Related theory and numerical
modeling
2.1 Theoretical model

The ion transport and potential interactions in the nanopore
were modeled using the Nernst-Planck equation and Poisson
equation, respectively. The flow field induced by the ion
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concentration gradient was modeled using the Navier-Stokes
equations. Finally, the effect of temperature gradient on the
chemical potential and Gibbs energy free mixing of the ion
species was added into ionic flux.*»** The governing equation
for the flux of the i ionic species through the nanopore was
thus formulated as follows:

D,‘C,‘O{,‘

F
.]; = Cc;u — D,‘VC; — ﬁD,‘Z;C,‘V¢ -2 VT‘7 (1)
V'J,' - 0, (2)
4
V- (8r80V¢) = FZZ,‘C,‘, (3)
i=1

where ¢ is the electric potential, ¢, is the relative permittivity in
solution, ¢, is the permittivity of a vacuum, and F is the Faraday
constant. In addition, ¢; is the concentration of the /" ionic
species, while z; is the valence, D; is the diffusivity, and «; is the
reduced Soret coefficient.

The temperature dependence of the relative charge permit-
tivity was modeled as ¢, = exp[4.47 — 4.6 x 10 °(dT) + 2.695 x
1077(dT)?], where dT = T — 273.15(K) and 0 < dT =< 100. In
addition, the temperature dependence of the diffusivity was
modeled as*

RT
=

/2

where 2{ is the limiting molar conductivity of the i ionic
species (i.e., K", CI~, H', and OH") in the present case). Table 1
shows the change in 2? with respect to the temperature for each
of the four species. In the present simulations, the inertial term
in the Navier-Stokes equations was ignored for computational
simplicity as

4
1
—Vp + V- (uVu) — F E ziei Ve — Esol—VqSleer =0, (5)
p

V-(pu) =0, (6)

where p, u, and u are the pressure, flow field velocity and
viscosity, respectively. The potential and temperature gradients
both contribute a body force to the flow field. The last two terms
on the left-hand side of eqn (5) represent the Korteweg-Helm-

4
holtz electric body force, where the third term — ) z;¢;V¢
i=1
represents the electrostatic body force produced by the

Table 1 Change in 2° with respect to temperature (note that 6T is
temperature difference between heat source and reference temper-
ature of 298.15 K, i.e., 6T =T — 298.15)

A x1 x(67) x103(67)? x10>(67)*
K 73.5 1.43262 4.05 —3.183
cl- 76.35 1.54037 4.65 1.285

H 349.85 4.816 —-10.3125 ~7.67

OH 199.2 3.52 8.27 7.12
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interaction of the free charges in the fluid, while the fourth term
1 . .
50 |-V |*Ve represents the dielectric body force produced by

inhomogeneities in the permittivity of the electrolyte.***** The
viscosity of the electrolyte solution (KCl) varies in accordance
with the temperature as u; = 2.414 x 107° x 10>*7-8/(7-110)
where the temperature is obtained from the heat transfer
equation as

’

pCou-NT = V-(kVT), (7)

where p, C;, and & are the density, specific capacity and thermal
conductivity of the electrolyte, respectively.

The deprotonation (protonation) reaction of the silanol
functional group (SiOH) on the nanopore wall in the presence of
the KCl electrolyte was modeled as SiOH 2 SiO~ + H' (SiOH +
H' 2 SiOH,"); with the equilibrium constants of the two
reactions being expressed as k, = [SiO~][H'])/[SIOH] and kg =
[SiOH,)/([SIOH][H"]), respectively. A reduction of pH provides
more protons remained in the electrolyte yielding to slow down
the deprotonation reaction and increase the protonation reac-
tion. Consequently, more positive functional group SiOH,"
appears in the surface of the nanopore. Therefore, the surface
charge density is reduced. Similarly, as the pH increases, the
electrolyte contains less proton and the deprotonation reaction
is increased. As a result, the surface of the nanopore contains
more negative functional group SiO™ to yield higher negative
surface charge density.

Finally, the surface charge density on the nanopore surface
was modeled as*®
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10PKs — 10-PKe[H*] ?
g 7
" 10765 4 [HT], + 10-7Ka [H7] 2

gy =

(8)

where o, is the basic charge density, pK, is defined as —log ka,
pKg is defined as —log kg, and [H']; is the surface proton
concentration.

2.2 Numerical modeling

The equations given above were solved numerically by COMSOL
multiphysics simulations (COMSOL, Inc.) with coupling rela-
tions between the transport dilute species, electrostatics, flow
field, and heat transfer modules. The simulations aimed to
investigate the combined effect of the thermal conditions and
pH level on the variation of the power generation within a single
nanopore (see Fig. 1). In solving the numerical model, the
nanopore was assumed to have a radius of 7.5 nm and the pore
length was set as 100 nm or 500 nm. Moreover, the widths and
lengths of the two reservoirs were set as 1000 x 1000 nm>. The
surface charge density on the nanopore wall was computed
using eqn (8) with the basic charge (a,) set equal to —0.16 C m™>
in accordance with the experimental results.** The detailed
power calculation is described in Section S.1 (ESIt). The pH
level was set in the range of 5 to 11, while the deprotonation and
protonation reaction constants (pK, and pKg) were set as 6.0
and 3.0, respectively.”® Finally, three thermal conditions were
considered, namely (1) isothermal-room temperature (298;/
298y K); (2) asymmetric (298,/323g K); and (3) isothermal-high
temperature (323./323z K) (note that subscripts L and R
denote the left- and right-reservoirs in Fig. 1(b), respectively).

Fig. 1
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(a) Schematic illustration showing diffusion of multi-ions through silanol nanopore. (b) Axisymmetric model.
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Full details of the simulation process and verification settings
are provided in ESI Sections S.2-S.5.F

3. Results and discussion

3.1 Comparison of power generation performance between
isothermal and asymmetric thermal cases

Fig. 2 shows the diffusion voltage and maximum power gener-
ation within the nanopore for the three thermal conditions
described above and pH values in the range of 5 to 11. Note that
the pore length is 100 nm and a 100-fold concentration gradient
is applied across the nanopore. For all three thermal condi-
tions, the diffusion voltage increases as the pH level increases
from 5 to 10, but then decreases as the pH level is further
increased to 11. Furthermore, for all values of the pH, the
voltage induced by the asymmetric thermal condition (298;/
323g K) is greater than that produced by the isothermal-room
temperature condition (298;/298z K) or isothermal-high
temperature condition (3231/323x K). For example, at pH 10,
the voltage produced under the asymmetric thermal condition
is 25 mV higher than that produced under the isothermal-room
temperature condition. In other words, the application of
a uniform high temperature to both sides of the nanopore not
only wastes thermal energy, but also reduces the diffusion
voltage. For all values of the pH, the power generation perfor-
mance under the isothermal-room temperature condition is
lower than that under the other two conditions. The perfor-
mance advantage of the asymmetric and room-temperature
isothermal conditions becomes increasingly apparent at
higher pH values. For example, the maximum power generation
of the asymmetric condition (4.26 pW, pH 11) is around twice
that of the isothermal-room temperature condition (2.19 pW,
pH 11). For both high-temperature conditions, the maximum

T T T T T T G
Voltage Power
100 | ~m-298,/298, K 112981298, K B R
- ~
—@- 298323, K —O-298/323, K o =" . A SO Ls
- A 323/323, K -A\-3230323. K7 L .-° 3 ®
80
)
£ 60
=
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Fig. 2 Diffusion voltage and maximum power generation for different
pH conditions with 100 nm pore length and 100-fold concentration.
Three thermal conditions are considered: (1) isothermal-room
temperature (298,/298 K); (2) asymmetric thermal gradient (298,/
323g K); and (3) isothermal-high temperature (323 /323 K) (note that
the solid line shows the isothermal-room temperature case, the
dashed line shows the asymmetric thermal case, and the dotted line
shows the isothermal-high temperature case).
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power generation increases continuously with increasing pH. At
pH values in the range of 5-8, both conditions result in a similar
power generation performance. However, as the pH value is
further increased over the range of pH 9-11, a small perfor-
mance improvement of the asymmetric thermal condition is
observed. Fig. S7(a) (see ESI Section S.6T) shows the power
generation under effect of thermal conditions at pH 7 which
provides the explanation from experiment point of view for the
finding in Fig. 2.

Fig. 3(a) and (b) show the diffusion voltage and maximum
power generation in a nanopore of length 500 nm given the use
of 100-fold and 1000-fold concentration gradients, respectively.
Previous studies have shown that the pore resistance in nano-
fluidic systems is proportional to the pore length.>®* Moreover,
a shorter nanopore length results in a stronger ion concentra-
tion polarization (ICP) effect.*” Thus, for a pore length of
500 nm, the pore resistance is increased compared to that for
a pore length of 100 nm, while the ICP intensity is decreased.
Under such conditions, the diffusion voltage difference between
the asymmetric thermal condition and the isothermal-high
temperature condition is much less than that for the shorter
nanopore length of 100 nm under the same concentration
gradient (100-fold) (¢f Fig. 2 and 3(a)). Although the higher pore
resistance increases the power generation wunder the
isothermal-high temperature condition, the maximum gener-
ated power approximates that produced under the asymmetric
thermal condition. Lin et al. reported that a high-concentration
gradient enhances the ion enrichment effect at the low-
concentration end.*®* Similarly, Cao et al. showed that the
application of a high-concentration gradient over a small
channel length leads to a significant reduction in the trans-
ference number.*” In other words, the imposition of a 1000-fold
concentration gradient results in a stronger ICP effect than that
produced under a 100-fold concentration gradient. Conse-
quently, comparing Fig. 3(a) and (b), it is seen that for a larger
concentration gradient, the effect of the asymmetric thermal
condition in improving the voltage and generated power
compared to the isothermal cases (both room temperature and
high-temperature) is enhanced.

3.2 Effect of thermal conditions and pH level on surface
charge density

Previous studies have reported that the energy produced in
nanofluidic energy harvesting systems increases as the surface
charge density on the nanochannel surface increases.'>”
However, the ICP effect produced at the low-concentration end
of the nanopore also increases with an increasing surface
charge density, and tends to reduce the voltage diffusion
accordingly.”>***” As shown in Fig. 2 and 3, the maximum power
generation increases as the pH level increases from 5-10, but
decreases as the pH is further increased to pH 11. Referring to
eqn (8), the surface charge density increases with an increasing
pH due to a lower proton concentration (see also ESI Section
S.31). For pH values in the range of 5-10, the effect of the
surface charge density in prompting ion diffusion outweighs
the effect of ICP in suppressing ion diffusion. Thus, the voltage
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Fig. 3 Diffusion voltage and maximum power generation for different pH conditions and 500 nm pore length: (a) 100-fold concentration

gradient, (b) 1000-fold concentration gradient.

increases with increasing pH. However, at pH 11, the surface
charge density reaches its maximum value and maximizes the
ICP effect, thereby reducing the diffusion voltage.

Fig. 4(a) and (b) show the variation of the surface charge
density along the nanopore length under 100-fold and 1000-fold
concentration gradients, respectively (note that the results
relate to the open-circuit voltage case with pH 9 and a nanopore
length of 500 nm). For both concentration gradients, the
asymmetric thermal condition results in a slightly lower surface
charge density than the isothermal cases. Moreover, a slight
reduction in the surface charge density occurs immediately
before the low-concentration end. Notably, both isothermal
cases (i.e., room temperature and high temperature) result in
a similar surface charge density. It is speculated that this may
account for the difference in the induced voltage between the
asymmetrical case and the isothermal cases shown in Fig. 2 and
3. Overall, the results presented in Fig. 2-4 suggest that the
improved nanofluidic power generation performance achieved
under isothermal-high temperature conditions compared to
that under isothermal-room temperature conditions stems
from the higher diffusivity coefficient in eqn (4).*' In the
asymmetric thermal case, a slight reduction in the surface
charge density at the low-concentration end leads to a higher
diffusion voltage. Comparing Fig. 4(a) and (b), it is seen that the
difference between the surface charge density produced under

@ -0.08

T T
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- — 298,/323 K
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rd

-0.09 1

-0.10
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-0.15+ B
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the asymmetric thermal condition and the isothermal condi-
tions, respectively, increases under a larger concentration
gradient. As a result, the difference between diffusion voltage
produced under the asymmetric thermal and isothermal
conditions with a 1000-fold concentration gradient is greater
than that produced under a 100-fold concentration gradient (cf.
Fig. 3(a) and (b)). The surface change density distributions ob-
tained under pH 7 are similar to those shown in Fig. 4 (see
Fig. S3 in ESI Section S.3t). However, the difference in the
surface charge densities obtained under the asymmetric
thermal condition and the isothermal conditions, respectively,
at pH 7 is less pronounced than that at pH 9. Consequently, the
diffusion voltage at pH 7 is less than that at pH 9 (as shown in
Fig. 3(a) for a 100-fold concentration gradient, for example).

Fig. 5(a) shows the surface charge density distribution for the
short-circuit case with pH 9, a 500 nm pore length, and a 1000-
fold concentration gradient. As for the open-circuit case
(Fig. 4(a)), a sudden drop in the surface charge density is
observed at the low-concentration end under all three thermal
conditions. This observation is consistent with that reported in
previous studies, which showed that the lower surface charge
density leads to a reduced ion enrichment effect.”®*” A similar
tendency is also observed under lower pH conditions (pH 7; see
Fig. S47).
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Fig. 4 Surface charge density distribution for 500 nm pore length and pH 9 condition in open-circuit voltage case: (a) 100-fold concentration

gradient, (b) 1000-fold concentration gradient.
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(a) Surface charge density distribution and (b) total ion concentration at interface between nanopore (500 nm pore length) and low-

concentration reservoir given pH 9 condition, short-circuit current case and 1000-fold concentration gradient.

Fig. 5(b) shows the total ion concentration distribution (i.e.,
K', CI, H" and OH ") near the interface between the nanopore
and the low-concentration reservoir under the three thermal
conditions. It is seen that the asymmetric thermal condition
results in a significantly lower total ion concentration than the
two isothermal cases. Furthermore, for the isothermal condi-
tions, a higher temperature results in only a small increase in
the total ion concentration. Hence, it is surmised that the ion
enrichment effect at the low-concentration side is diminished
primarily by the reduction in the surface charge density under
asymmetric thermal case rather than the isothermal cases.

3.3 Effect of thermal conditions on flow field

Fig. 6 shows the velocity flow field near the interface between
the low-concentration reservoir and the nanopore. For all three
thermal conditions, the flow field has a U-shape velocity profile.
However, the magnitude of the velocity obtained under lower
temperature conditions is less than that under higher temper-
atures due to the corresponding reduction in the diffusion
coefficient (eqn (4)). Generally speaking, ions tend to move from
high- to low-concentration (or high- to low-density) regions.
Under asymmetric thermal conditions, in which the ions

T T 7 7 T
——298,/298 K
- — 298,/323, K

)
P

Velocity at interface (mm/s

Low-concentration
reservoir

T T T —
0 1 2 3 4 5 6 7 8
r (nm)

Fig. 6 Velocity profile at interface between nanopore (500 nm pore
length) and low-concentration reservoir given pH 10 condition, short-
circuit current case and 100-fold concentration gradient.
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concentrate near the low-concentration end, the ions diffuse
readily to the low-concentration reservoir under the effects of
the higher temperature in the reservoir. For the isothermal-high
temperature case, the entire system is maintained at a high
temperature, and hence the velocity profile is slightly higher
than that for the asymmetric thermal case. Overall, however, the
results presented in Fig. 6 show that the higher diffusion
velocity obtained under elevated temperature conditions is the
result primarily of the application of an asymmetric thermal
condition rather than the imposition of a uniform higher
temperature at both reservoirs.

3.4 Effects of asymmetric thermal conditions on power
generation

Fig. 7(a) compares the power generation performance under pH
values of 7 and 10, respectively, as a function of the temperature
gradient (6T = 0-45 K) across the nanopore length. As shown in
ESI Section S.3,T the surface charge density at pH 10 is higher
than that at pH 7. However, for both pH values, a temperature
difference of 25 K between the two reservoirs leads to a lower
surface charge density near the low-concentration reservoir (see
Fig. S3 and S471). As shown in Fig. 7(a), for pH 10, the diffusion
voltage and power both increase proportionally with the
magnitude of the temperature gradient. However, for pH 7, the
diffusion voltage saturates at temperature gradients higher than
6T = 35 K. Referring to Fig. 7(b), it is seen that the surface
charge reduces with a higher value of ¢7. From Fig. 7(a), it is
surmised that under lower pH conditions (pH 7), the reduction
in the surface charge density at temperature gradients greater
than 6T = 35 K results in a serious degradation of the power
generation performance. The experimental results shown in
Fig. S7(b) (see ESI Section S.61) further support to the simula-
tion results in Fig. 7(a).

4. Conclusion

This study has performed a numerical investigation into the
combined effects of the pH level and temperature conditions on
the power generation performance in a nanopore. In general,
the results have shown that a higher pH level leads to the
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domination of the deprotonation reaction of the silanol func-
tional groups and hence increases the surface charge density.
The power generation increases as the pH level increases from
PH 5 to pH 10, but reduces as the pH level further increases to
pH 11 due to a strong ICP effect. Regarding the thermal
conditions, it has been shown that an asymmetric thermal
condition yields a significant improvement in the power
generation performance compared to that achieved under
isothermal conditions. The improved power generation can be
attributed to the effects of the asymmetric thermal condition in
reducing the surface charge density at the low-concentration
end, which results in turn in a lower ion enrichment effect. In
addition, higher temperature contributes to increasing ion
velocity (ion flux) through the nanopore by increasing the ion
diffusion. The results show that the increasing velocity is due to
the high temperature at the low-concentration reservoir result-
ing ICP reduction. For pH 7, the application of a high temper-
ature gradient (6T = 45 K) across the nanopore yields no
significant improvement in the diffusion voltage compared to
that obtained for 67 = 35 K. However, for pH 10, the voltage and
power both increase proportionally as the temperature differ-
ence between the two reservoirs increases from 67 = 0 to 67 =
45 K. Overall, the present results confirm that the pH level and
thermal conditions are both viable factors for implementing the
active control of the power generation performance of salinity
gradient-based nanofluidic systems.
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