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Thermal dependence of nanofluidic energy
conversion by reverse electrodialysis†

Junho Hwang, *a Tatsuki Sekimoto,a Wei-Lun Hsu, a Sho Kataoka, b

Akira Endob and Hirofumi Daigujia

The thermal dependence of salinity-gradient-driven energy conversion by reverse electrodialysis using a

mesoporous silica thin film with pores ca. 2–3 nm in diameter was studied in a temperature range of

293–333 K. As the temperature increases, the surface charge density of mesopores increases owing to an

increase in the zeta potential of the pore walls, which in turn increases the concentration of counter-ions

in the electrical double layer. The ion mobility also increases with increasing temperature owing to a

decrease in the liquid viscosity. As a result, the temperature increase improves the ion conductance of

mesopores both in the surface-charge-governed regime at low ion concentrations and in the bulk

regime at high ion concentrations. However, further increases in temperature induce bubble nucleation.

In particular, in highly concentrated salt solutions, hydrophobic patches appear on the pore surfaces

because of the salting-out effect and mask the surface charge. The weakened polarity in mesopores

allows more co-ions to enter them, decreasing the potential difference across the film, resulting in a

serious deterioration of the energy conversion efficiency. The thermal dependence of the performance

characteristics of mesoporous-silica-based nanofluidic devices was also evaluated.

Introduction

Functional nanostructured-material-based energy conversion
systems can be exploited as reliable alternative energy sources
for emerging miniaturized electrical devices.1–3 In particular,
the nanofluidic-based power generator using concentration-
gradient-driven ion-selective transport, which is also known as
the reverse electrodialysis (RED) power generator (Fig. 1a), has
recently attracted increasing attention and is intensively
studied to improve its performance characteristics such as
open-circuit voltage (Voc), short-circuit current (Isc), maximum
power density (pmax), and maximum energy conversion
efficiency (ηmax). To boost the device performance, the dimen-
sions of the nanofluidic channels/pores4 and the thicknesses
of the membranes5,6 have been optimized, the surface charge
density has been tuned by pH variation of the working solu-
tions,7 and ionic species with different diffusion coefficients8

have been employed. Furthermore, beyond the conventional
1D nanofluidic systems, a membrane-scale nanofluidic device
with asymmetric structure, chemical composition, and surface
charge polarity such as an ionic diode membrane (IDM) and
2D nanofluidic channels embedded in a layered graphene
oxide membrane (GOM) has been reported.9,10

However, the thermal effect has not yet been extensively
studied. In silica–aqueous solution systems, a temperature
increase can affect not only the equilibrium constants of the
dissociation and protonation reactions of silanol groups, but
also the dissociation constant of water, the ion diffusivity, and
the liquid viscosity. All of these changes can affect the conduc-
tance of the nanofluidic channels/pores.11 As the temperature
increases, the surface charge density of the silica mesopores
increases,12–15 and thus the concentration of the counter-ions
in the electrical double layer (EDL) increases. In addition, as
the temperature increases, the liquid viscosity decreases and
the ion diffusivity increases,16 and thus the ion mobility
increases (Fig. 1b and c). The increases in the density and the
mobility of counter-ions enhance the conductance of the nano-
fluidic channels/pores. However, further increases in tempera-
ture may induce bubble nucleation.17 In particular, in highly
concentrated salt solutions, hydrophobic patches are formed
on the pore surfaces by the salting-out effect and they mask
the charged surface. The weakened polarity in mesopores may
allow more co-ions to enter the mesopores, decreasing the
potential difference across the film. The decreased potential
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difference can cause a serious deterioration in the perform-
ance of the nanofluidic-based-power generator. Increases in
temperature may have both positive and negative effects on
the energy conversion.

In this study, a mesoporous silica (MPS)-based nanofluidic
device, which has uniaxially aligned mesopores ranging from
2 to 3 nm in size, was fabricated, and the thermal dependence
of the salinity-gradient-driven energy conversion by RED
across an MPS thin film was studied in a temperature range of
293–333 K.

Materials and experimental methods
Synthesis of MPS thin film

A highly ordered MPS thin film was synthesized on a Si sub-
strate by the evaporation-induced-self-assembly method
(EISA). A coating solution containing tetraethyl orthosilicate as
a silica source and triblock copolymer Pluronic P123 as a struc-
ture-directing agent was deposited onto the Si substrate using
the dip-coating method.18 The Si substrate used underwent
sequential 10 min cleanings with n-hexane, acetone, and pure
water in an ultrasonic bath. The substrates were then soaked
in piranha solution for 30 min and rinsed with pure water to
remove contaminants and make them wettable with a water/
ethanol solution. They were then cleaned with 2-propanol for
1 h and dried in air. The precursor solution was prepared as
follows: tetraethylorthosilicate (TEOS; 1.50 g) as the silica
source, EtOH (15.0 g), pure water (0.78 g), and 0.1 M HCl
(0.15 g) were stirred at room temperature for 1 h in a capped
vial. Triblock copolymer Pluronic P123 (0.30 g), as the struc-
ture-directing agent, and EtOH (14.25 g) were stirred at room
temperature for 1 h in a separate capped vial. After stirring,
the two different solutions were mixed and then stirred at
room temperature for 1 h. The final TEOS/P123/EtOH/H2O/
0.1 M HCl molar ratio of the precursor solution was
1 : 0.0072 : 88.2 : 7.17 : 0.0021. The prepared precursor solution
was then deposited on a Si substrate using the dip-coating

method, as follows: the cleaned Si substrate was vertically
immersed in the precursor solution, withdrawn at a rate of
3.0 mm s−1 and then aged for 24 h. The coating processes
were performed at 298 K at a relative humidity (RH) of 60%
inside a glove box. Subsequently, the as-prepared thin films
were dried at 343 K for 1 h and calcined to remove the block
copolymer surfactant at 773 K for 5 h in air at a very slow
ramping rate (<0.5 K min−1) to minimize deformation caused
by thermal stress.

Measurement of ionic current at various temperatures

Before the ionic current was measured, the MPS thin film was
degassed for 24 h at 0.05 MPa inside desiccators connected to
a vacuum pump and two reservoirs were completely filled with
different KCl aqueous solutions with a pH range of 5.6–5.8. Then
a Ag/AgCl electrode produced by a chemical method using a
sodium hypochlorite solution (NaClO) was inserted into each
reservoir. An electric potential bias was applied between two
electrodes, and the corresponding ionic current passing
through the mesopores was measured using an electro-
chemical measurement system with the femtoammeter option
(Modulab system, Solartron Analytical, UK) at different ion
concentrations and different temperatures. The temperature of
the MPS thin film was precisely controlled by a thermoelectric
cooler consisting of a Peltier cooling unit (SLVPU-20T, VICS,
Japan), a temperature sensor, a controller (VTH-2000, VICS,
Japan), and a DC power supply. A Peltier element surrounded
by Al plates was mounted on top of the Peltier cooling unit,
and the MPS nanofluidic device was placed on the unit.
Although the surface temperature of the Peltier element was
precisely controlled, the temperature of the MPS nanofluidic
device could be slightly different. Therefore, a type-K thermo-
couple was attached to the top surface of the MPS nanofluidic
device, that is, the top surface of the SiO2 layer 100 nm above
the MPS thin film, to measure the temperature of the MPS
thin film precisely. Two more type-K thermocouples were
additionally inserted into each reservoir to measure the temp-
erature of the aqueous solution. All measurements were con-

Fig. 1 Schematic diagrams of (a) preferential cation diffusion across a negatively charged silica mesopore between two reservoirs containing
diluted and concentrated solutions, respectively. Cation transport characteristics at (b) low and (c) high temperatures.
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ducted in a shielding box (Faraday cage) to eliminate the influ-
ence of any external electromagnetic field.

Results and discussion
MPS-based nanofluidic device

Fig. 2a shows a scanning electron microscopy (S-4800, Hitachi
High-Technologies, Japan) image of a cross-sectional area of
the as-prepared MPS thin film. The MPS thin film has a pore
diameter of ca. 2–3 nm and a thickness of ca. 55 nm. The
mesopores are uniaxially aligned with two-dimensional pore
arrays throughout the thin film. Fig. 2b shows a schematic
illustration of the MPS-based nanofluidic device with the
thermoelectric cooler to control the temperature of the MPS
thin film. The fully packaged nanofluidic device for energy
conversion studies was prepared by combining a rectangularly
patterned MPS thin film obtained by photolithography
with a microstructured poly(dimethylsiloxane) (PDMS) chip
embossed by the replica micromolding method. Before the
microstructured PDMS chip was bonded, a SiO2 layer ca.
100 nm in thickness was deposited using plasma chemical
vapor deposition on the entire area, including the patterned
MPS thin film, and then two reservoirs (1 mm in width ×
2 mm in length × 1 μm in depth) were formed on both sides of
the patterned MPS thin film. The distance between the two
reservoirs was 100 μm, which is identical to the length of the
mesopores. The details of the device fabrication process are
reported in ref. 19.

Temperature dependence of ionic conductance characteristics

To measure the ionic conductance passing through the MPS thin
film, the mesopores were completely filled with KCl aqueous
solutions in the ionic concentration range between 10−5 and
1 M and in a pH range of 5.6–5.8. Fig. 3 shows the measured
ionic conductance versus aqueous solution concentration (G–c)
curves in a temperature range of 283–323 K. The curves show
the typical ionic conductance behavior of nanopores with
respect to the ion concentration and a gradual increase in the
ionic conductance with respect to the temperature in the
entire ion concentration range. The ion selectivity of nano-

pores depends on the thickness of the EDL created at the inter-
face between the solid wall and the aqueous solution. The
thickness of the EDL can be characterized by the Debye screen-
ing length λD, which is given by

λD ¼ εrε0kBT
2cz2e2

� �1=2

ð1Þ

where εr is the dielectric constant of the solvent, ε0 is the per-
mittivity of vacuum, kB is the Boltzmann constant, T is the
absolute temperature, c is the concentration of the ionic solu-
tion, z is the valence of the ion, and e is the electron charge.20

As shown in Fig. 3, the ionic conductance apparently devi-
ates from the predicted line (black solid line) in the bulk state
at 283 K in the concentration range from 10−5 M to 10−1 M
KCl. This indicates that λD is larger than or equal to the dia-
meter of the nanopores up to 10−1 M, and thus the conduc-
tance should be governed by the surface charge density up to
10−1 M. Note that the conductance also increases linearly with
increasing temperature in the bulk regime between 10−1 and
1 M. An increase in the conductance in the bulk regime by pH

Fig. 2 (a) Cross-sectional scanning electron microscopy (SEM) image of the MPS thin film and (b) the schematic illustration of the MPS-based
nanofluidic device with the thermoelectric cooler. The details of the device fabrication process are reported in ref. 19.

Fig. 3 Experimental ionic conductance vs. aqueous solution concen-
tration (G–c) curves obtained in a temperature range of 283–323 K.
A black solid line represents the bulk conductance at 283 K.
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modulation was never observed.21,22 An increase in the temp-
erature leads not only to an increase in the surface charge
density but also to an increase in the ionic mobility owing to
the reduction in the liquid viscosity, as illustrated in Fig. 1c.
The reduction in the liquid viscosity plays a crucial role in the
enhancement of the ionic conductance, especially in the bulk
regime at high concentrations.

The enhanced ionic conductance with increasing tempera-
ture can be theoretically modeled. Assuming a silica surface in
contact with a 1 M KCl aqueous solution, the surface charge
density σs was predicted as a function of the pH of the solution
and the temperature according to the site-binding model23,24

(see S1 in the ESI†). Fig. 4a shows the analytically deduced σs
versus pH curves for various temperatures. The calculated σs
becomes increasingly negative with increasing temperature at
a given pH value. This suggests that higher ionic conductance
of the MPS thin films can be obtained at higher pH and
higher temperature when the EDLs are overlapped (in the
surface-charge-governed regime) owing to the requirement of
electroneutrality.

According to the analytical model presented by Schoch
et al.21 and Smeets et al.,25 the ionic conductance of a single

cylindrical pore, G, as a function of temperature T and bulk
concentration c is given by

GðT ; cÞ ¼ 103NAe
XN
i

ðμiðTÞciÞ
πd2

4l
þ μiðTÞ σsðTÞj j πd

l
ð2Þ

where d and l are the pore diameter and the pore length, and
μi(T ) and σs(T ) are the ionic mobility and the surface charge
density as a function of temperature, respectively. Here, the
ion mobility can be expressed as a function of temperature:16

μiðTÞ ¼
zij je

6πriηðTÞ ð3Þ

where ri is the ion radius, rK+ = 0.141 nm, and rCl− = 0.141.26

Furthermore, η(T ) is the water viscosity as a function of temp-
erature and is given by27

ηðTÞ ¼ T1:5 � 10
�5:261þ4:587� 1000

T

� �
�1:323� 1000

T

� �2
þ0:159� 1000

T

� �3
� �

ð4Þ
As the temperature increases, the viscosity decreases (eqn

(4)), and the ionic mobility increases (eqn (3)); thus, the ionic
conductance should increase (eqn (2)). This suggests that
higher ionic conductance of the MPS thin films can be
obtained at higher temperatures in both the surface-charge-
governed and bulk regimes. Fig. 4b shows the ionic conduc-
tance versus aqueous solution concentration (G–c) curves calcu-
lated using the analytical model at pH = 5.6 in a temperature
range of 283–323 K for a single cylindrical pore with d =
2.3 nm and l = 100 µm. The calculated G–c curves show the
same characteristics as those measured with temperature
variations.

Temperature dependence of energy conversion characteristics

In this nanofluidic device, electrical power can be created by
applying an ion concentration gradient, that is, by filling two
reservoirs with aqueous solutions at different concentrations.
To evaluate the energy conversion characteristics of this
device, the open-circuit voltage (Voc, i.e., V at I = 0), also known
as the transmembrane or diffusional potential in biological
cells; the short-circuit current (Isc, i.e., I at V = 0); the cationic
transference number (t+); and the maximum power density
(pmax) were systematically investigated under a series of con-
centration gradient combinations in a temperature range of
293–333 K. A diluted solution (cL) is fixed at 10−4 M, and a con-
centrated one (cH) is gradually elevated from 10−3 M to 1 M;
that is, the concentration gradient changes by a factor of 104.

Fig. 5a and b show the current versus electric potential (I–V)
curves obtained at cH = 10−3 and 1 M, respectively. I decreases
linearly with increasing V at every temperature; thus, a linear
approximation, that is, Ohm’s law,4,19 can be used to evaluate
the power generation characteristics of this device. In this
study, V is obtained as the output voltage from a source meter,
Vout, minus the potential difference between two reservoirs
with different concentrations, Vredox; that is, V = Vout − Vredox.
Vredox is measured experimentally as a function of temperature.

Fig. 4 (a) Analytically deduced surface charge density σs vs. pH at
various temperatures and 1 M KCl. (b) Analytical ionic conductance vs.
aqueous solution concentration (G–c) curves obtained in a temperature
range of 283–323 K. The ionic conductance is calculated at pH = 5.6.
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The measured Vredox is compared to that calculated using the
Nernst equation considering the Pitzer model to predict the
temperature-dependent activity coefficient28–30 (see S2 and S3
in the ESI†). At a low concentration gradient, cH = 10−3 M,
Isc increases continuously with increasing temperature
because of the increased surface charge density and the
reduced viscosity of the solution. Isc increases by a factor of ca.
4.5 when the temperature increases from 293 to 333 K (Isc =
0.25 nA at 293 K and 1.14 nA at 333 K). Voc increases with
increasing temperature up to 303 K owing to the increase in
the surface charge density, but as the temperature increases
further, it decreases slightly. Voc decreases by ca. 5.9% when
the temperature increases from 293 to 333 K (Voc = 42.7 mV at
293 K and 40.2 mV at 333 K). In contrast, at a high concen-
tration gradient, cH = 1 M, as the temperature increases,
Voc decreases more markedly than at cH = 10−3 M, and Isc also
decreases above 333 K. Voc decreases by ca. 64% when the
temperature increases from 293 to 333 K (Voc = 76.92 mV at
293 K and 28.06 mV at 333 K).

For the osmotic energy conversion system, the ionic current
I passing through a mesopore and Voc are defined as follows:4

I ¼ zF
ð
ð Jþ � J�ÞdS ð5Þ

Voc ¼ ð2tþ � 1ÞRT
zF

ln
γcHcH
γcLcL

ð6Þ

where t+ is the transference number for the cation, which rep-
resents the ratio of the cation flux to the entire ion flux, that
is, t+ = J+/( J+ + J–). Here, J+ and J– are the cation and anion flux,
respectively. Note that t+ = 1 and t+ = 0 indicate ideal cation
and anion selective nanopores, respectively. R, F, and γ are the
gas constant, the Faraday constant, and the activity coefficient,
respectively. Note that t+ = 1 and t+ = 0 represent completely
cation- and anion-selective mesopores, respectively, whereas
t+ ≈ 0.5 represents non-ion-selective mesopores when the
diffusion coefficients of cations and anions are similar. If the
surface charge density increases with increasing temperature,

Fig. 5 Current vs. electric potential (I–V) curves for osmotic energy conversion at (a) cH = 10−3 M and (b) cH = 1 M in a temperature range of
293–333 K. The mean values of four different measurements are plotted in the I–V curves. The error bars represent the standard deviations.
Schematic illustration of nanobubbles created around hydrophobic patches at the mesopore surface: cross-sectional views in the (c) radial and (d)
axial directions of the cylindrical nanopore at a low temperature, and (e) growth mechanism of nanobubbles at high temperature and high ion
concentration.
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t+ will increase owing to the enhancement of the repulsive
force between the anions and the negative surface, and thus
Voc will also increase according to eqn (6). However, Fig. 5a
and b show that the measured Voc decreases with increasing
temperature. This indicates that the surface charge density
should decrease with increasing temperature.

One possible reason for the surface charge density decreasing
with increasing temperature is bubble nucleation at the silica
surface. The density of water confined in porous materials with
pores less than ca. 4 nm in diameter is reportedly 11%–12%
smaller than that of bulk water because hydrophobic patches
(small cavities composed of gases several angstroms in thickness)
are distributed on the pore surface, as shown in Fig. 5c and
d.31–33 These small cavities may be negligible in microchannels/
pores, but they are not negligible in extremely small pores. The
solubility of gases in water decreases with increasing tempera-
ture; thus, a larger amount of gas is extracted from water with
increasing temperature. In addition, the solubility of gases
decreases with increasing ionic strength of the solutions, which
is known as the salting-out effect;34 thus, a larger amount of gas
is extracted from water with increasing ion concentration. The
extracted gases could enlarge the size of the hydrophobic
patches, especially the lateral size,35 and the charged surface
could be gradually covered with nanopancake-like gas layers, or
the nanopores could be occupied by nanobubbles, which is
known as capillary evaporation (Fig. 5e; see S4 in the ESI†). As a
result, more anions can enter the pores, and thus t+ decreases.

This hypothesis can be qualitatively supported by the
analytical results of a two-dimensional nanopore-bridged
system with two fluid reservoirs using the Poisson–Nernst–
Planck equations and modified Stokes equation. The govern-
ing equations are as follows:36

∇2φ ¼ � ρe
ε0εr

ð7Þ

∇�Ji ¼ 0 ð8Þ

∇�u ¼ 0 ð9Þ

0 ¼ �∇pþ η∇2u� ρe∇φ ð10Þ
where φ, u, and p are the electrical potential, velocity vector of the
fluids, and pressure, respectively. Here, ρe is the net charge density
and is expressed as ρe ¼

P
i

ðzieciÞ, where ci, zi, and e are the con-
centration and valence of ion species i and the electronic charge,
respectively. Ji is the flux of ion species i and is expressed as

Ji ¼ ciu� Di ∇ci þ zieci
kBT

∇φ
� �

ð11Þ

where Di is the diffusion coefficient of ion species i. The
boundary conditions are given as follows:

� n�∇φ ¼ σs
ε0εr

ð12Þ

n�Ji ¼ 0 ð13Þ

u ¼ 0 ð14Þ

where n denotes the unit outward normal vector. Furthermore,
σs is assumed to be negative for the pore walls and zero for
the reservoir walls. In addition, the dielectric constant and
the diffusion coefficient are given as a function of
temperature:37,38

εrðTÞ ¼ 87:740� 0:40008TC þ ð9:398� 10�4ÞTC
2

� ð1:410� 10�6ÞTC
3 ð15Þ

DiðTÞ ¼ μiðTÞRT
ziF

ð16Þ

where Tc is the temperature in degrees celsius, and the temp-
erature-dependent µi(T ) is given by eqn (3). The current of
each ion species can be calculated by integrating the ion flux
density in a cross-sectional area of the mesopore and is given
by

Ii ¼ ziF
ð
JidS: ð17Þ

Here, we consider a cylindrical mesopore 2.3 nm in dia-
meter and 100 nm in length bridging cylindrical fluid reser-
voirs 3.6 µm in diameter and 3.0 µm in length. Because the
reservoir is large enough compared to the mesopores, the
influence of the reservoir size on the ion flux passing through
the mesopore is marginal. The concentration gradient between
the two reservoirs is 104 fold because a 0.1 mM KCl solution is
placed on one side of the nanopore, and a 1 M KCl solution is
placed on the other side. Here, we tried to reproduce the
measured I–V curves shown in Fig. 5b by tuning only the
surface charge density σ*s. The σ*s value at 293 K is assumed to
be the same as the analytically deduced σs value at pH = 5.6
and 293 K as shown in Fig. 4a. The assumed values of σ*s at
303, 313, 323, and 333 K are summarized in Table 1. The ana-
lytically deduced σs values at pH = 5.6 for various temperatures
shown in Fig. 4a are also listed in Table 1. Fig. 6 shows the I–V
curves calculated assuming σ*s.

As the temperature increases to 303 K, Voc increases, after
which it decreases significantly. Because the calculated Voc
and given σ*s show similar trends with respect to the tempera-
ture, the calculated Voc is the direct result of the given σ*s. In
contrast, Isc increases gradually with increasing temperature
up to 313 K and then decreases slightly. Because the mobility
also increases with increasing temperature, the temperature
dependence of Isc can be attributed to both the carrier density
σ*s
� �

and the carrier mobility (µK+). The measured I–V curves
can be reasonably interpreted if we assume that the effective
surface charge density σ*s increases with increasing tempera-

Table 1 Surface charge density used in the simulation

T [K] 293 303 313 323 333
σ*s [mC m−2] −2.04 −2.2 −1.8 −1.4 −0.6
σs [mC m−2]a −2.04 −3.0 −4.26 −5.87 −7.85

a σs is the analytically deduced surface charge density at pH = 5.6 in
Fig. 4a.
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ture up to ca. 303 K and then decreases as the temperature
increases further.

Fig. 7a–d show the power generation characteristics of the
MPS-based nanofluidic device as a function of the logarithmic

concentration ratio between the two reservoirs, log(cH/cL), at
different temperatures.

In Fig. 7a, Isc increases with increasing log(cH/cL) and temp-
erature. In Fig. 7b, Voc increases with increasing log(cH/cL) up
to log(cH/cL) = 2.5–3.0 and then decreases. At low concentration
gradients [below log(cH/cL) = 1.5], Voc is independent of temp-
erature, whereas at high concentration gradients, Voc decreases
dramatically with increasing temperature. When the tempera-
ture is higher than 313 K, the decrease in Voc is especially
prominent. In Fig. 7c, the t+ value calculated using eqn (6)
decreases significantly as log(cH/cL) increases. Voc and t+ show
similar trends with respect to log(cH/cL). The maximum energy
conversion efficiency, ηmax, which can be defined as ηmax =
(2t+ − 1)2/2, decreases greatly with increasing temperature at
high concentration gradients. Here, ηmax is only defined by the
ion-selectivity and the heating power factor of the system is
not considered. The power analysis considering the heating
power of the energy harvesting system is an important task
that must be conducted for practical applications. In a real
full-scale RED system, a heat exchanger to recover some of the
heat transferred across the membrane–solution interface
should be also included to improve the overall efficiency and
thus thermal insulation plays an important role in evaluating
the system efficiency, because the amount of the heating
power required to maintain the temperature of the membrane
depends on how fast the heat dissipates in the system.

Fig. 6 Calculated current vs. electric potential (I–V) curves for osmotic
energy conversion in a temperature range of 293–333 K. A cylindrical
nanopore 2.3 nm in diameter and 100 nm in length bridges cylindrical
liquid reservoirs. The reservoirs are filled with cL = 10−4 M and cH = 1 M
KCl aqueous solutions, respectively. The surface charge density is given
as a function of temperature, as shown in Table 1.

Fig. 7 Power generation characteristics with respect to log(cH/cL) at different temperatures between 293 and 333 K. (a) Short-circuit current Isc,
(b) open-circuit voltage Voc, (c) cationic transference number t+, and (d) maximum power density pmax.
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However, as the purpose of the current work is to study a fun-
damental mechanism of the ion-selectivity transport in extre-
mely small nanopores (sub-3 nm) with temperature variations,
the energy harvesting system used in this work is not a full-
scale closed-loop system with the thermal insulation. For
example, at log(cH/cL) = 4.0, ηmax decreases from 7.06% to
0.81% as the temperature increases from 293 to 333 K. Fig. 7d
shows the calculated maximum power generation of this
device. In the equivalent circuit model, the maximum power
density pmax is defined as19

pmax ¼ Voc2

4AR
¼ Voc2

4A
dI
dV

� �
� VocIsc

4A
ð18Þ

where A is the cross-sectional area of the membrane (1 mm in
width × 55 nm in thickness), and R is the internal resistance of
the nanopores. Because the resistance of the microfluidic
channels is several orders of magnitude smaller than R, it is
negligible. Up to 323 K, pmax increases monotonically
with increasing log(cH/cL), whereas it decreases sharply above
log(cH/cL) = 3.0, in particular at 333 K. This behavior can be
attributed to the large decrease in Voc despite the modest
increase in Isc from eqn (18). This thermal dependence of the
power generation characteristics could be the result of bubble
nucleation at the silica surface. In this work, the maximum
pmax is 5.22 W m−2 at 313 K, log(cH/cL) = 4 and the corres-
ponding ηmax is 5.05%. This performance would depend on
the pore size-dependent ion-selectivity. Furthermore, the per-
formance can be enhanced by increasing the wettability of the
silica surface using a higher pH (<8.0) of the solution, because
the increased wettability makes it difficult to produce bubbles
by reducing the number of hydrophobic patches.

Conclusions

The temperature sensitivity of the energy conversion character-
istics of a RED power generator using an MPS thin film with a
pore diameter of 2–3 nm was investigated. The measured ionic
current increases gradually with increasing temperature in the
range of 283–323 K, and the corresponding ionic conductance
increases with increasing temperature in the entire KCl con-
centration range of 10−5–1 M. The increase in the conductance
with the increasing temperature can be attributed to the
increased surface charge density and the decreased viscosity of
the aqueous solutions.

Regarding the power generation characteristics, the
measured short-circuit current Isc increases monotonically
with increasing ion concentration gradient log(cH/cL) at all
temperatures, but Isc does not increase as much at high temp-
erature and high ion concentration. The measured open-
circuit voltage Voc decreases with increasing temperature,
especially at large log(cH/cL). These results suggest that the
ionic current increases with increasing temperature owing to
the increased carrier density and carrier mobility, but when
the temperature and the ion concentration are very high,
hydrophobic patches grow owing to the extraction of gases

from the solution and mask the mesopore surface. The wea-
kened polarity in the mesopores allows more co-ions to enter
into them, decreasing the potential difference across the meso-
pores. As a result, the maximum power density of this MPS-
based nanofluidic device pmax increases monotonically with
increasing log(cH/cL) when the temperature is lower than
323 K, whereas it decreases sharply above log(cH/cL) = 3 when
the temperature is higher than 323 K.
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