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Osmotic energy captured from a salinity gradient via an ion-selective membrane is regarded as one of the
renewable clean energy resources to meet the increasing global energy demands. However, due to
insufficient ion selectivity and high resistance, the output power achieved by most of the existing
membranes is still below the commercial benchmark (5 W m™), which restricts their practical
applications. Herein, we report a simple drop-casting method for the fabrication of a polyelectrolyte
(PE)-based heterogeneous ionic diode membrane consisting of a highly ordered alumina nanochannel
membrane (ANM) and a space-charged Nafion layer. As demonstrated by experimental investigations
and theoretical simulations, the incorporation of a space-charged PE layer into the heterogeneous
membrane induces apparent ion rectification as well as shows enhanced ion transport and selectivity,
which largely boost the osmotic energy conversion efficiency. When synthetic seawater and river water
are mixed, the developed PE-based ionic diode membrane can achieve an osmotic power density as
high as 5.13 W m~2. This output power can be further upgraded to 22.1 W m~2 by mixing synthetic salt
lake water and river water (5 M/0.01 M NaCl gradient), surpassing the performance of all the state-of-
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Introduction

Developing renewable energies such as solar energy, wind
power, and hydropower is an inevitable mission in the world
because of the rocketing energy demands and air pollution
issues resulting from the traditional power generation tech-
niques." Among the existing renewable energies, osmotic energy
collecting chemical potential energy stored in a salinity
gradient>* has been regarded as a promising clean energy
candidate owing to the naturally abundant resources such as
seawater/river water interfaces. To effectively capture this kind
of energy, a reverse electrodialysis (RED)-based technique is
viewed as a promising technology that can directly convert
chemical potential difference in the salinity gradient into elec-
tricity.>® In conventional nanofluidic RED devices, the osmotic
energy conversion was achieved using ion-selective membranes
with homogeneous pore/channel materials.®*® However,
suffering from unsatisfactory ion selectivity, limited ionic flux,
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and/or high internal resistance, the output power densities
from most of the RED-based ion-selective membranes are still
far below the commercial benchmark (5 W m™?), restricting the
practical applications.

Ion current rectification (ICR) is a unique diode-like ion
transport property,*® which can be observed in nanofluidics
with asymmetric properties such as pore sizes, geometries,
charges, and wettabilities, and allows preferential and
enhanced ion transport.”” The rectified pores have been
demonstrated to improve RED-based osmotic energy conver-
sion."®?® Thus, several heterogeneous membranes with ICR
property (or called ionic diode membranes) have been reported
for energy harvesting from salinity gradients.”**' Although
many reports have shown improved ion transport and/or
selectivity stemming from the ionic-diode effect, the improve-
ment of output power was still limited because of the increased
membrane resistance from heterogeneous pore materials.”>**
Reducing the membrane thickness can assist in maximizing the
power output,®”*" but the fabrication of ultrathin heterogeneous
membranes requires to be carried out via complicated and
multi-step processes, which hampers their future industrial
applications. Consequently, developing a facile method that
can be used to fabricate the heterogeneous ionic diode
membrane with enhanced ion transport and selectivity as well
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as decreased resistance is an urgent requirement for improved
energy conversion from salinity gradients.

In this study, we report a strategy combining a cation-
selective Nafion PE layer and a highly ordered ANM to facilely
fabricate a heterogeneous ionic diode membrane (Nafion/ANM)
by a simple drop-casting method for improved osmotic energy
conversion. The former bearing ample negatively charged
sulfonate groups is able to render the heterogeneous membrane
locally space-charged for enhanced cation selectivity,>* and the
latter composed of numerous straight and connected nano-
channels can facilitate ion transport and then reduce
membrane resistance. It is expected that the combination of the
negatively space-charged Nafion and the positively surface-
charged ANM?**?¢ can create asymmetric charge distribution in
the designed heterogeneous membrane, inducing a diode-like
ICR property.** The experimental and simulation results show
that the asymmetric design of the heterogeneous Nafion/ANM
with a highly space-charged property can contribute to excel-
lent ion selectivity, enhanced ion transport and apparent ICR
effect, shedding light on improved osmotic energy conversion.
When synthetic seawater (0.5 M NacCl) and river water (0.01 M
NaCl) are mixed through the developed heterogeneous
membrane, an output power density as high as 5.13 W m™? is
reached, exceeding the commercial benchmark. Notably, the
power density can be further amplified to an unprecedentedly
high value up to ~22.1 W m~? by mixing synthetic salt lake
water and river water (500-fold NaCl gradient), surpassing the
reported values from all the state-of-the-art membranes under
the same testing conditions. We believe that the PE-
incorporated ionic diode membrane system presented can
offer a promising platform for the development of highly effi-
cient osmotic energy generators and ultrafast transport ionic
devices.
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Results and discussion
Fabrication of Nafion/ANM

Fig. 1a depicts the fabrication of the heterogeneous nano-
channel membrane Nafion/ANM, consisting of a layer of Nafion
and an ANM substrate with numerous highly ordered straight
nanochannel arrays. To fabricate the heterogeneous
membrane, the Nafion solution was first drop-casted on the top
of the ANM, which was prepared via a two-step anodization
procedure® (Fig. S1, ESIt), followed by thermal annealing at
45 °C for one day (see details in Experimental section). It is
expected that in a mild neutral aqueous solution, the Nafion
behaves like a highly space-charged polyelectrolyte (PE) layer
due to the existence of abundant negatively charged sulfonate
groups in the Nafion polymer matrix** and the ANM bears
positive surface charges originating from protonated alumina
functional groups on the channel walls,***® creating an asym-
metric charge distribution in the designed heterogeneous
membrane (Fig. 1a). The chemical structure of Nafion was
confirmed by the Fourier transform infrared (FTIR) spectros-
copy (Fig. S2, ESI}), revealing the obvious signals (i.e., 1058 and
1135 em ') from sulfonate groups.*” The morphologies of the
Nafion/ANM were characterized by scanning electron micros-
copy (SEM), revealing that the surface of the Nafion layer was
smooth and without obvious cracks or phase-separated pore
structures, and the pore size and pore density of ANM were
~52 nm and ~3.3 x 10" pores per cm?, respectively (Fig. 1b
and S3a, ESIt). The cross-sectional SEM view of the membrane
illustrated in Fig. 1c indicates the distinct two-layer structures,
comprising a dense Nafion PE layer (~4.1 pm) and a highly
ordered nanochannel array layer (~38.8 um). Contact angle
measurements on both the Nafion and ANM sides of Nafion/
ANM indicate that the heterogeneous membrane was slightly
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Fig. 1 Fabrication and characterization of Nafion/ANM. (a) Scheme depicting the fabrication process of the heterogeneous nanochannel
membrane, Nafion/ANM. The Nafion PE layer is negatively space-charged and the ANM carries positive surface charges. (b) Nafion-side SEM
image of the Nafion/ANM. The inset is the corresponding SEM image obtained at the ANM side. The pore size of ANM is ~52 nm. (c) Cross-
sectional SEM image of the Nafion/ANM. The thicknesses of the Nafion and ANM layers are about 4.1 pm and 38.8 um, respectively. The insets
depict the contact angle results on the ANM (left) and Nafion (right) surfaces of the heterogeneous membrane, respectively. (d) Dependence of

pH on the membrane zeta potential of Nafion at 10 mM KCL

2868 | J Mater. Chem. A, 2022, 10, 2867-2875

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta08560c

Published on 10 December 2021. Downloaded by National Taiwan University of Science and Technology on 2/8/2022 4:55:38 PM.

Paper

with hydrophilicity and asymmetric wettabilities (insets in
Fig. 1c). The membrane zeta potential measurements of the
Nafion show that it indeed carries negative charges and the
charge nature is independent of the solution pH (Fig. 1d). The
strong cation selectivity of the negatively charged Nafion layer
was proven by energy-dispersive X-ray spectroscopy (EDX)
mappings, exhibiting a much stronger intensity of potassium
than chlorine captured after immersing the membrane in 1 M
KCl solution for 30 min (Fig. S3b, ESIt). We expected that the
space-charge property of the Nafion used can remarkably
enhance the membrane ion selectivity,*®*® and the creation of
the membrane asymmetry in charges, geometries and wetta-
bilities in the Nafion/ANM is able to realize rectification of ion
transport, which has been proven with the potential in
promoting osmotic energy conversion efficiency through
amplified ionic current.'°

Space charge-enhanced ion transport and selectivity

The ion transport properties of the Nafion/ANM were investigated
by measuring the current-voltage (I-V) curves under various
testing conditions using a homemade conductive cell (see details
in Experimental section). As the first step, we tested the ICR
ability of the heterogeneous membranes, where KCI was adopted
as the testing electrolyte because of similar diffusivities of the two
major transporting ions, K and CI™ (~2 x 107° m* s~ ).*% As
expected, compared with the homogeneous ANM and Nafion

Experiment |
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membranes revealing the linear I-V responses (ohmic behavior),
the heterogeneous Nafion/ANM shows apparent non-linear ICR
effect (diode-like behavior)*>* with a ratio of 15.6 (Fig. 2a and S4,
ESIt). For all the concentrations tested, the current and conduc-
tance at positive voltages are higher than those at negative volt-
ages of the same magnitude, indicating that the Nafion/ANM can
rectify ion transport even in high-concentration 500 mM KCl
solutions (Fig. 2a and S5, ESI}). The rectification ability of the
ionic diode membrane can be quantified by estimating the ICR
ratio defined as the ratio of currents at +2 V and —2 V.* The
averaged rectification abilities of the Nafion/ANM made were
about 15.1-, 18.2-, 10.3- and 2.0-times in 1 mM, 10 mM, 100 mM
and 500 mM KCl solutions (Fig. 2b and Table S1, ESIT). The local
maximum dependence of rectification ability on the salt
concentration is consistent with the previous experimental find-
ings** and theoretical predictions**** for various types of
nanofluidic didoes. This dependence could be attributed to the
net effects of the Debye length screening and amount of enriched/
depleted ions at the nanoconfinement.*® In addition, we tested
the ANM thickness effect on the rectification ability of Nafion/
ANM (Fig. 2¢ and Table S2, ESI}). It is pointed out that a rela-
tively higher ICR ratio (>10-fold) can be reached using the ANM
with a relatively low thickness (<62.2 pum). It is expected that
a thinner nanochannel membrane reveals a smaller ion trans-
portation resistance,* which might lead to an increase in recti-
fication if this effect dominates the ion transport behavior. It is
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Fig. 2 Space charge-regulated ion transport in the Nafion/ANM. (a—c) Experimental and (d—f) simulated ion transport behaviors of the Nafion/
ANM system considered. (a) Experimental /-V curves of the Nafion/ANM and the pure ANM substrate recorded in 1 mM KCl solution. Summarized
ICR ratios as a function of the (b) KCl concentration and (c) ANM thickness. The salt concentration in (b) is fixed at 10 mM. (d) Simulated /-V curves
of the Nafion/ANM and ANM in 1 mM KCL. In the simulation, we assumed that the space charge density of the Nafion layer is =5 x 10’ C m~> and
the surface charge density on the ANM wall is 0.08 C m~2. (e) Spatial variations in the total ionic concentration in the region focusing on the
interface of the Nafion/ANM at a transmembrane voltage of +2 V (left) and —2 V (right). The dotted curve highlights the Nafion region with a space
charge. Enrichment and depletion of ions in the Nafion/ANM can be found at +2 V and —2 V, respectively. (f) Axial variations of the total ionic
concentration in the Nafion/ANM.
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noted that although the decrease in the ANM thickness decreases
ion transportation resistance and thus increases rectification
ability, it can also reduce the total positive surface charges on the
ANM walls. The latter effect would mitigate the asymmetric
degree of charge distribution in the heterogeneous Nafion/ANM,
and if this effect dominates, the rectification ability of Nafion/
ANM may start to decrease with the decrease in the ANM thick-
ness (Fig. 2c). Similar behaviors can be found in Fig. S6 (ESI),t
where the rectification ratio of Nafion/ANM decreases from ~18.2
to ~4, as the Nafion thickness increases from ~4.1 pm to ~35.3
um, attributed to the increase in ion transportation resistance.
We also tested the influence of the pore size of the ANM on the
rectification ability of Nafion/ANM in 10 mM KCl solution
(Fig. S7, ESIt). The ICR ratios of Nafion/ANM with the ANM pore
diameters of ~27, ~52 and ~92 nm measured were about 9.2,
18.2 and 3.2, respectively, suggesting that an ionic diode
membrane with higher rectification efficiency can be realized
using the ANM with a smaller pore size. We therefore confirmed
that the incorporation of a space-charged Nafion PE layer into the
considered heterogeneous membrane can create the asymmetries
of charges and geometries,"**>*" inducing significant diode-like
ICR effects.

To clearly understand the underlying physics behind the
rectification of Nafion/ANM, we modeled the current-voltage
curve of the system comprising a space-charged Nafion PE layer
and a cylindrical nanochannel (Fig. S8, ESIf) based on the
modified Poisson-Nernst-Planck and Stokes-Brinkman

50 100 500
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equations (see details in Experimental section and ESI}). As
shown in Fig. 2d, the simulated I~V curves of the Nafion/ANM
and ANM systems considered are in excellent agreement with
the experimental findings (Fig. 2a). The former rectifies ion
current and shows preferential and enhanced ion transport at
positive voltages, but the latter does not rectify and shows
voltage-independent I-V response. The rectification of the
Nafion/ANM is supported by the voltage-dependent variations
in total ionic concentration (Fig. 2e and f), which show the
enrichment (depletion) of ions near the region of ANM close to
the Nafion and ANM interface at +2 V (—2 V). However,
the simulated symmetric ANM shows the expected
voltage-independent variations in total ionic concentration
(Fig. S9, ESIY).

As the second step, we investigated the osmotic ion transport
of the Nafion/ANM by analyzing its I-V characteristics under
a series of NaCl concentration gradients (Fig. 3). In the experi-
mental setup, we fixed the low concentration at 0.01 M in the
reservoir adjacent to the ANM side and changed the high
concentration from 0.5 M to 5 M in the other side reservoir
(Fig. 3a). The choice of this design stems from the fact that the
amplified open-circuit voltage (V,.) and closed-circuit current
(Isc) could improve the ion selectivity and transportation under
this salinity gradient direction (Fig. S10, ESI). Fig. 3b illustrates
the I-V curves recorded by applying a 0.5 M/0.01 M NaCl
gradient through the Nafion/ANM and ANM systems. As shown,
the former can produce a V,. of ~121 mV and an I, of ~4.84 uA,
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Fig. 3 Space charge-enhanced osmotic energy conversion. (a) Schematic of the osmotic energy conversion device used, where the Nafion side
of the heterogeneous membrane is in contact with a higher concentration solution. (b) /-V curves of the Nafion/ANM and ANM recorded in the
0.5 M/0.01 M NaCl concentration gradient. The open-circuit voltage (V) and closed-circuit current (/s.) of the ANM are ca. 69.5 mV and 1.39 pA,
respectively, and both the corresponding values are enhanced up to 121 mV and 4.84 pA for the Nafion/ANM. The remarkable amplification of V.
and /. indicates the enhanced ion selectivity and ion transport with the incorporation of a space-charged Nafion PE layer. (c) Achieved /s, Vo
and (d) energy conversion efficiency of Nafion/ANM as a function of the NaCl gradient. The low concentration is fixed at 0.01 M.
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both of which are remarkably larger than those outputted from
the ANM (V. of ~69.5 mV and I, of ~1.39 pA). Introduction of
a highly space-charged Nafion PE layer onto the ANM increases
Voe and I by approximately 74.1% and 248%, respectively. This
proves the space charge enhanced ion selectivity and ion
transportation in Nafion/ANM. We then estimated the salt
concentration gradient-dependent osmotic energy conversion
performance (Fig. 3¢, d, and Table S3, ESIT). It should be noted
that to estimate the pure concentration gradient-driven
performance (e.g., osmotic potential, Vysy,, and maximum
energy conversion efficiency, nmay), the electrode calibration
with the redox potential, resulting from the uneven potential
drop at the electrodes in the presence of a concentration
gradient, has been performed (see Fig. S11 and details in the
ESIT).>* As expected, both I and V,. increase with the increase
in the NaCl concentration gradient (Fig. 3c), due to the increase
in the driving force for osmotic transport.”> Moreover, the
produced Vg, are all higher than 75 mV regardless of the levels
of concentration gradient, resulting in a high cation selectivity
(¢ > 0.783) of the heterogeneous membrane (Table S3 and
Fig. S12, ESIf). Consequently, the Nafion/ANM can achieve
conversion efficiencies of ca. 37.5, 25.3 and 16.0% at 50-, 100-
and 500-fold NaCl gradients, respectively (Fig. 3d and Table S3,
ESIY). It should be noted that by mixing synthetic seawater and
river water (0.5 M/0.01 M NaCl gradient), the averaged efficiency
realized by the heterogeneous Nafion/ANM can be as high as
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37.5%, reaching the high-performance level compared with
the other state-of-the-art ion-selective membranes reported
(Table S4, ESIt). The superior efficiency of the heterogeneous
membrane could be attributed to the significantly enhanced
cation selectivity.

Ultrahigh osmotic power in high saline environments

The results shown in Fig. 2 and 3 indicate that the incorporation
of a highly space-charged Nafion PE layer into the heterogeneous
membrane is capable of inducing apparent ICR effects and
significantly improving the membrane ion selectivity and ion
transport. This suggests the potential use of the Nafion/ANM as
a high-efficiency osmotic power generator. To demonstrate this,
we then tested the practical osmotic power output by transferring
the generated current (I) from the measured system to an
external load resistor with a tunable resistance of R;, and the
power was calculated as P = P> x R;.>"® Fig. 4a shows that
regardless of the salinity gradient, the output current density
decreases with the increase in external resistance and drops
sharply when the external resistance approaches the internal
resistance of the membrane, in agreement with the earlier
reports.>** Consequently, the power density goes through a local
maximum with the increase in external resistance and the
maximum output power density can be identified as Ry, equal to
the internal resistance of the membrane (Fig. 4b). The Nafion/
ANM can achieve the maximum osmotic power densities as
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Fig.4 Ultrahigh osmotic power generation in a hypersaline environment. (a) Generated current density and (b) power density of the Nafion/ANM
as a function of the external load resistance at different NaCl gradients. The maximum power densities achieved are 5.13, 8.08 and 22.1 W m~2 at
50-fold, 100-fold and 500-fold concentration gradients, respectively. (c) Power density output achieved by the ANM, Nafion, and Nafion/ANM at
a 50-fold NaCl gradient. (d) Comparison of the osmotic power densities achieved by the Nafion/ANM and the reported ion-selective membranes

at the same 5 M/0.01 M NaCl gradient.
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Fig. 5 Theoretical demonstration of the space charge-enhanced osmotic power. Simulated (a) P—V curves and (b) contours of the counterion
concentration in the Nafion/ANM and ANM systems under consideration at a 500-fold salinity gradient.

high as about 5.13, 8.08 and 22.1 W m™? at the resistances of 24,
16 and 9.8 kQ under the 50-fold, 100-fold and 500-fold NaCl
gradients, respectively (Fig. 4b and S13, ESIt). The increase in the
salinity gradient leads to an increase in the osmotic power and
a decrease in the membrane resistance, in agreement with the
results of previous works.”*® Notably, when synthetic seawater
and river water (0.5 M/0.01 M NaCl gradient) are mixed, the
maximum power density produced by the Nafion/ANM is up to
5.13 W m™ 2, which crosses the commercial benchmark (5 W
m %) and surpasses that of most of the previously reported
nanochannel membranes®~>”**7¢ (Table S4, ESI?).

We also compared the osmotic power generated from the
heterogeneous Nafion/ANM with that of the pure Nafion
membrane and ANM, which show nearly 57% and 145%
improvements, respectively, under the same testing condition
(Fig. 4c and S14, ESI¥). This proves the space charge-enhanced
osmotic power by incorporation of a Nafion PE layer into
a heterogeneous ionic diode membrane. The influences of the
Nafion thickness and the AMN pore size were further investi-
gated in a 0.5 M/0.01 M NaCl gradient for a deeper under-
standing of the optimal conditions for the heterogeneous
membrane design (Fig. S15, ESIt). As shown, the increase in the
Nafion thickness from 4.1 pm to 35.3 pum leads to a decrease in
the averaged power density from 5.00 W m~> to 1.01 W m >
(Fig. S15c, ESIY), attributed to the increase in the ion trans-
portation resistance. In addition, the outputted power density
of the Nafion/ANM can be maximized by using the ANM with
a pore diameter of ~52 nm (Fig. S15f, ESI{). Similar behaviors
can be found in Fig. S7,f where the Nafion/ANM shows the
highest rectification ability by using the ANM with a pore
diameter of ~52 nm. It shows that the ionic diode membrane
with a higher ionic rectification ability is able to produce
a higher osmotic power.

It should be noted that we also compared the output power
density from the Nafion/ANM with that of all the earlier re-
ported state-of-the-art ion-selective membranes under the
condition where salt lake water (5 M NaCl) is mixed with river
water (0.01 M Na(l),>*283955-6% 95 shown in Fig. 4d and Table S5
(ESI).T Most surprisingly, under such high saline conditions,
the power density achieved reaches an unprecedentedly high
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value (22.1 W m™?), as compared to earlier works (Fig. 4d). From
the above-demonstrated facts, it can be inferred that the
significant improvement in the osmotic energy conversion
performance (especially in hypersaline environments) could be
attributed to the space charge-enhanced ion transport and
selectivity as well as the rectification effect.

To support the space charge-enhanced osmotic power, we
modeled the two power-voltage curves based on the Nafion/
ANM and ANM systems considered. The system parameters
used in the simulations are the same as those in Fig. 2d, and the
details of the model can be found in our previous works>*** and
in the ESL.{ The simulation results shown in Fig. 5a indicate
that the considered Nafion/ANM system indeed can achieve
a higher maximum osmotic power than that of the ANM, in
agreement with the experimental finding. The boosting osmotic
power can also be supported by the higher selectivity to coun-
terions by the Nafion/ANM, as shown in Fig. 5b. We also tested
the salinity gradient direction effect on the osmotic power
conversion of the space-charged system under consideration
(Fig. S16, ESIT). Consistent with our experimental finding, the
space-charged Nafion side of the Nafion/ANM in contact with
a higher concentration solution can achieve a higher osmotic
power. This finding is inconsistent with the earlier study,*
which considered the Nafion layer as a local apparent surface
charge and reported that a better efficiency can be realized by
setting a lower concentration solution in the Nafion side. All the
experimental and simulation results shown above feature the
essential role that the space-charged PE layer plays in the
enhancement of current rectification and osmotic energy
conversion in the heterostructured membrane.

Conclusions

In summary, we have demonstrated that the incorporation of
a space-charged PE Nafion layer into a heterogeneous
membrane can reveal significant ionic rectification even under
high salt conditions and amplify ion transport and selectivity,
thus achieving high osmotic energy harvesting. By mixing
synthetic seawater and river water (0.5 M/0.01 M NaCl gradient),
the exploited PE-based ionic diode membrane can deliver
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a power density of about 5.13 W m™?, across the commercial
benchmark. Most importantly, the power density achieved can
be boosted up to ~22.1 W m~? in hypersaline environments (5
M/0.01 M NacCl gradient), which is the highest among all the
reported osmotic energy generators. All the experimental find-
ings of the diode-like ion transport property and boosted
osmotic power are well supported by our simulations, which
provide insights into the underlying mechanism of space-
charge enhanced properties. This study not only provides
fundamental basis but also opens up a new avenue of using PE
materials for high energy harvesting from salty solutions.

Experimental section
Fabrication of the Nafion/ANM

The main ANM substrates with highly ordered straight channels
were fabricated by a two-step anodization method (Fig. S1, ESIt)
as described earlier.>** The as-received aluminum foils (Al,
99.9995%) were electropolished with a mixed HClO, (20 vol%)
and ethanol (80 vol%) solution under 20 V at room temperature
for 90 s. The polished Al foils were first anodized by 0.3 M
H,C,0, solution at 20 °C under 50 V for 30 min and then all the
disordered oxidized layers were removed by the mixed CrO;
(1.8 wt%) and H3PO, (6 wt%) solution at 60 °C for 1 h. Then, the
treated Al foils were anodized second time under the same
condition of the first anodization for 1, 3, 5, and 8 h to receive
membranes with different lengths of the alumina nanochannel
array. To receive the ANMs with connected pores, the remaining
Al layers were removed by a mixed CuCl, (1.5 wt%) and HCI
(53 wt%) solution at room temperature, followed by the removal
of the residual barrier layers by 5 wt% H;PO, at 30 °C for
70 min. The heterogeneous nanochannel membrane Nafion/
ANM was fabricated by drop-casting 10 puL of 5% Nafion 117
solution (Sigma-Aldrich) onto the as-prepared ANM, followed by
a thermal annealing process in an oven at 45 °C for 24 h.

Material characterizations

The morphological and elemental characterizations of the
Nafion/ANM were performed using a scanning electron micro-
scope (SEM; JSM-7900F, JEOL) equipped with an EDX detector
at an accelerating voltage of 10 kV. The contact angle
measurements were conducted by dropping a 5 pL pure water
droplet on each side of Nafion/ANM surfaces using a goniom-
eter equipped with an optical surface analyzer (OSA60-G,
Ningbo NB Scientific Instruments). The membrane zeta poten-
tials of the Nafion film were characterized using a zeta potential
analyzer (SurPASS 3, Anton Paar) in 10 mM KCI solutions at
different pH values. The FTIR spectrum of the Nafion pressed in
KBr pellets was recorded using a spectrometer (Trace-100, Shi-
madzu) in the range of 400-4000 cm™".

Electrical measurement

The ion transport property and osmotic energy conversion
performance of all the devices used were tested using a Keithley
6487 picoammeter (Keithley Instruments, Cleveland, Ohio)
through a custom-made conductive cell and a pair of Ag/AgCl
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electrodes. The fabricated membranes were mounted between
two half-compartments of the conductive cell. For ion transport
property tests, the current-voltage (I-V) curves were recorded
with KCI solutions of different designed concentrations. For
osmotic energy conversion tests, the working electrode was
placed in a higher-concentration compartment and three sets of
NaCl concentration gradients (50-fold, 100-fold, and 5000-fold)
were adopted. For fair comparison, all measurements of the
output current density and power density were carried out with
an effective testing area of ~3 x 10* um?, the same as that used
in the previously reported studies.?***?®

Multiphysics simulation

All current-voltage (I-V) curves of the PE/nanochannel system
under consideration in the absence and presence of a salinity
gradient were simulated by simultaneously solving the modified
Poisson-Nernst-Planck and Stokes-Brinkman equations,*
which have been proven to be accurate in capturing the
underlying physics of ion transport property in similar PE-based
nanofluidic systems.'®*% To receive an affordable computa-
tional cost, we simplified the Nafion as a PE layer bearing
a uniformly distributed space charge density of —5 x 10’ Cm >,
in accordance with the typical values of synthetic poly-
electrolytes (ca. 1 x 10°-1 x 10° C m?),°*%” and the ANM as
a cylindrical channel of 25 nm radius and 1000 nm length.
We assumed that the ANM carries a surface charge density of
0.08 C m~?, in agreement with previous studies.®*® The other
details of the governing equations, boundary conditions and
parameters used in the simulation can be found in the ESLt
The model adopted was numerically solved using the
commercial finite element software, COMSOL Multiphysics
4.3a, on a high-performance computer.
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