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ABSTRACT: Concentration polarization (CP) is a ubiquitous
phenomenon in membrane separation that is possibly
responsible for the decline in overall efficiency. However, no
quantitative connection between the key membrane parameters
and the degree of CP has been established. In this study, the
variation in permselectivity during CP was comprehensively
elucidated using isostructural covalent organic framework
(COF) membranes with varied charge densities. A volcano-
like plot of output power density against charge population was
obtained, in contrast to the conventional presumptions
regarding an increase in the membrane charge density leading
to an enhancement in permselectivity, and a consequent
increase in osmotic voltage. The CP-induced detrimental effects were considerably mitigated by imposing a temperature
gradient on the solutions, which led to an increase in the thermophoretic mobility of ions. The reverse electrodialysis (RED)
device with alleviated CP yielded an output power density of up to 24.7 mW cm−2 with a temperature difference of ∼40 K; this
value far exceeds the commercial benchmark, thus establishing a new criterion for RED batteries. These results outline a
previously undiscovered benefit for linking thermoelectric conversion and RED to realize advanced energy-conversion
technologies.

Ion concentration polarization (ICP) is a fundamental
electrochemical phenomenon that induces a diffusion
boundary layer adjacent to a membrane. ICP is reflected

by the formation of an ion-depletion zone at the surface of a
permselective membrane facing the concentrated solution, and
an ion-enrichment zone comprising the transmitted counter-
ions at its opposite side.1,2 Therefore, ICP diminishes the
driving force that enables transmembrane transport of
preferential ions, which inhibits the practical applications of
numerous membrane-based separation processes.3,4

The extraction of osmotic energy has been increasingly
focused on in the past decade.5−12 Researchers have predicted
that 0.8 kW of Gibbs free energy can be obtained from the
controlled mixing of per cubic meter of river water and
seawater, which is sufficient to satisfy most of the energy
requirements for society.13 Reverse electrodialysis (RED) has
proven to be an efficient technology for directly harvesting this
energy.14−17 Despite enormous research efforts, full-scale
utilization of RED has thus far failed in realizing satisfactory

output power densities, limiting its practical application; this is
primarily because of the concentration polarization (CP) of
ionic membranes, which are at the heart of RED-based saline
batteries.18−20 Among the various parameters that determine
the performance of ionic membranes, charge density is a
particularly critical factor. Increasing the charge population
strengthens the overlapped electrical double layers (EDLs) by
attracting more counterions, thereby attenuating the leakage of
co-ions, which can theoretically increase the magnitude of the
electric potential and ionic conductance in the membrane
pores.21,22 However, this process may aggravate the ICP,
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resulting in a drop in current and potential, which in turn
deteriorates the maximum output power density.23,24 There-
fore, the charge population of these membranes should be
judiciously optimized to maximize power generation.

A strategy for overcoming this issue was demonstrated in the
present study, which involved exerting external hydrodynamic
convection effects at the membrane interface, leading to the
alleviation of the degree of ICP in high-ionic-density
membranes during RED. Imposing a temperature gradient
near the membrane was found to restrict the expansion of the
ICP zone, which enabled the realization of a higher power
production density (Figure 1). The small temperature gradient

required to drive the ion transport could be achieved using
low-grade heat sources (<100 °C), emphasizing the feasibility
of this strategy. The resulting RED device integrated with
thermoelectric conversion offered a power density of up to
24.7 mW cm−2, with the values enhanced by up to 4 times
upon introducing a temperature gradient of ∼40 K. This
research provides a practical approach to weaken the ICP
phenomenon while simultaneously establishing a path for
recycling waste heat to enhance the energy utilization
efficiency.

Covalent organic framework (COF) membranes were
employed as ionic membranes with varied charge densities in
this study. This type of material is susceptible to manipulation
of its charge density without altering the underlying topology
of the framework, which is a hallmark feature of reticular
chemistry.25−42 COF-BTAxBTHy/PAN membranes were
synthesized by covalently linking triformylphloroglucinol
(Tp) and terephthalohydrazide compounds on the liquid−
solid interfaces of a polyacrylonitrile (PAN) ultrafiltration
membrane, in accordance with our previously reported method
(Figure 2 and Figure S1).43 The charge density in the COF
membranes was adjusted by varying the molar ratio of 2,2′-
((2,5-di(hydrazinecarbonyl)-1,4-phenylene)bis(oxy))bis-
(N,N,N-trimethylethan-1-aminium) iodide (BTA) and 2,5-
bis(2-(dimethylamino)ethoxy)terephthalohydrazide (BTH)
using a multivariate strategy. Solid-state 13C nuclear magnetic
resonance (13C NMR), powder X-ray diffraction (PXRD)
patterns, N2 sorption isotherms, and scanning electron
microscopy (SEM) images confirmed the successful prepara-
tion of ∼300-nm-thick COF membranes (Figures S2−S12).
The charge densities of the membranes could be precisely
manipulated in the range of 0.007−0.18 C m−2, as indicated by
an electron probe microanalyzer (EPMA, Tables S1 and S2).

Considering that permselectivity is a key parameter in
determining the efficiency of a RED battery, the ion selectivity
of COF-BTAxBTHy/PAN was first determined over a broad
spectrum of salt concentration differences. A homemade flow
cell with three reservoirs was used for these experiments. KCl
solutions with concentrations ranging from 0.5 mM to 0.5 M
were placed in the middle reservoir of the flow cell separated
by the COF and PAN membranes, respectively, whereas 0.1
mM KCl solutions were placed in the side reservoirs. The
circuit was completed with a couple of Ag/AgCl electrodes
that were immersed in the side reservoirs (Figure S13).
Therefore, the redox potential of Ag/AgCl as a result of the
uneven potential drop at the electrode−electrolyte interface
could be eliminated. The anion transference number (t−) was
calculated using eq 1:

Figure 1. Illustration of ion concentration polarization phenom-
enon at the surface of a permselective membrane and the proposed
strategy for alleviating membrane concentration polarization by
imposing a temperature gradient to enhance the thermophoretic
mobility of ions. (a) Ion transport through a non-permselective
membrane. (b) Ion transport through a permselective membrane,
which is accompanied by the occurrence of ICP and the schematic
drawing of the distribution of counterions in the vicinity of a
permselective membrane during ICP. (c) Ion transport through a
permselective membrane with alleviated ICP by increasing the
hydrodynamic convection effects via introducing a temperature
gradient.

Figure 2. Schematic illustration of the isostructural covalent organic framework membranes with varied charge densities (orange structure).
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high
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=

(1)

where Voc, R, T, F, and ahigh and alow are the open-circuit
potential, gas constant, temperature, Faraday constant, and ion
activities of high-concentration and low-concentration sol-
utions, respectively. COF-BTA/PAN, which exhibited the
highest charged-site population, did not achieve the uppermost
t− values within the investigated range of concentration
differences. Instead, COF-BTA3BTH2/PAN, with a relatively
lower charge density, exhibited superior permselectivities
(Figure S14). This is in contrast to conventional expectations
regarding increasing the charge density of a specific channel
leading to the strength of the EDL by attracting more
counterions and facilitating the enhancement of ion
permselectivity and conductance. Indeed, the ionic conductiv-
ity−KCl concentration plots indicated that the conductivity of
COF-BTAxBTHy/PAN deviated from that of the correspond-
ing bulk solution (dashed line) at ∼0.1 M and steadily
plateaued at lower concentrations; the departure from the
values of bulk solutions was more apparent with increasing
charge population, implying the strengthened charge governed
ion transport (Figure S15).

To further examine the influence of charge density on
permselectivity, these membranes were assembled into a RED
stack to investigate their performance for viable osmotic energy
conversion. A cation-selective membrane, Nafion212, was
paired with COF-BTAxBTHy/PAN to form a complete
battery. NaCl solution (10 mM/0.5 M) was used to mimic
the ion concentrations at the river mouths. The output power
density−ionic density plot of COF-BTAxBTHy/PAN displays a
volcano-like curve (Figure 3a, light blue), and the correspond-
ing energy conversion efficiencies are 42.8, 43.4, 43.9, 43.4,
42.0, and 40.4% for COF-BTA/PAN, COF-BTA2BTH1/PAN,
COF-BTA3BTH2/PAN, COF-BTA1BTH1/PAN, COF-
BTA1BTH2/PAN, and COF-BTH/PAN, respectively (also
see details in the Supporting Information). The maximum
values did not correspond to the membrane with the maximum
charge population. Numerical calculations were performed to
gain insight into the origin of this intriguing behavior, and a
two-dimensional model with a channel of length 280 nm and
diameter 2 nm was constructed according to the thickness and
pore size of the COF membranes (Figure S16). The estimated
ionic concentrations in the nanochannels revealed that
although the Cl− concentration was considerably greater
than that of Na+ in all the investigated membranes, a
dependence on the population of charged sites was evident.

A plot of the ratio of Cl− and Na+ concentrations near the
channel aperture at the low-concentration side versus charge
density revealed distinct differences; a trend featuring an
increase and a subsequent decrease was apparent, with the
maximum corresponding to the channel with a charge density
of 0.09 C m−2 (Figure 3b). These tendencies were rationalized
using membrane CP, in that the increase in surface charge
density was accompanied by the attraction of more ions, which
led to a larger ion-depletion zone, whereas the opposite side
was more significantly populated by the transported counter-
ions to yield an ion-enrichment zone, resulting in an
appreciable decrease in the effective salinity ratio. I−V curves
were collected to provide evidence regarding the possible
relationship between the ICP and the membranes with high
charge densities. The results revealed that the profiles of COF-
BTAxBTHy/PAN with x/y > 2 were nonlinear (black and red
lines). An ohmic region was followed by a plateau region that
transited into an over-limiting conductance region, which is
characteristic of ICP.44,45 It is worth noting that no plateau was
observed in this scenario owing to the lower charge density of
COF-BTAxBTHy/PAN (x/y < 1.5), which was consistent with
the expected behavior (Figure 3c).

We performed numerical simulations to understand the
extent of concentration polarization in response to the
variations in the charge and pore densities. A set of simulation
systems with charge densities and number of pores in the
ranges of 0.007−0.18 C m−2 and 1−39, respectively, was
constructed to ensure that the parameters of the fabricated
COF membranes fell within the above-mentioned ranges (for
instance, when the number of pores in the calculation model
was 39, the corresponding pore density was slightly higher than
that of the COF membranes, Figure S16). The variations in
the ion distribution in response to the channel and charge
densities resulting from the mixing of 0.01 and 0.5 M NaCl
solutions were simulated (Table S4). As shown in Figure S17,
the concentrations of anions at the entrance of the pore
channels decrease, and the ion depletion boundary becomes
thicker with increasing pore density; this effect is further
enhanced in response to an increase in the charge density. To
quantitatively describe the extent of the ICP effect, we
measured the concentrations of Cl− ions at the entrance and
exit of the pore channels. The concentration differences
decrease when the pore density increases, and further decrease
with increasing membrane charge population. More specifi-
cally, the concentration ratio of Cl− ions between the high-and
low-concentration sides decreases from 45.9 for the system of a
single channel with a charge density of 0.007 C m−2 to 3.4 for

Figure 3. (a) Maximum output power achieved by the RED stack assembled with COF-BTAxBTHy/PAN and Nafion212, before and after the
introduction of a temperature gradient. (b) Numerically simulated plots of the concentration ratio of Cl− and Na+ close to the channel
aperture at the low-concentration side versus the charge density on the membrane, before and after the implementation of a temperature
gradient. Experimental I−V curves of COF-BTAxBTHy/PAN in various KCl solutions (c) before and (d) after the introduction of a
temperature gradient of 5 K. Error bars represent standard deviation of three different measurements.
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the 39-channel system with a charge density of 0.18 C m−2

(Table S5).
Increasing the hydrodynamic flow is known to decrease the

boundary layer to alleviate ICP. Therefore, a temperature
gradient was imposed to enhance the hydrodynamics of the
saline solutions. In particular, substantial energy is stored in the
form of heated river water during the cooling process,
providing tremendous promise for the implementation of
this strategy.46−59 To validate the efficiency of this approach,
temperature differences were induced by briefly heating of the
reservoirs filled with low-concentration solutions using a
heating rod. The instantaneous temperature difference
between the chambers was recorded using thermocouples,
and Voc was measure using Ag/AgCl electrodes. Notably, a
temperature gradient of 5 K led to a linear increase in the I−V
curves of COF-BTAxBTHy/PAN with x/y > 2. The
disappearance of the plateau region suggested the suppression
of ICP after the introduction of the additional driving force
induced by the temperature gradient (Figure 3d). Numerical
simulations were subsequently performed to elucidate the role
of the temperature gradient. The setup includes a positively
charged channel (a surrogate of a COF pore channel), which is
separated by warm and cold reservoirs containing 10 mM and
0.5 M NaCl solutions, respectively. The variations in the plots
of Cl−/Na+ ratios versus charge density near the channel
aperture in response to the introduced temperature gradient
indicate that the temperature gradient moderately influenced
the Cl−/Na+ ratios for the membranes with charge densities
smaller than 0.09 C m−2, but not for those with charge
densities higher than 0.09 C m−2 (Figures 3b and 4, and Figure

S18). The initial volcano-like curve obtained by plotting the
Cl−/Na+ ratio and charge density transformed into a climbing
profile upon the introduction of a temperature gradient of 5 K
(Figure 3b). Furthermore, according to the numerical
simulation, the concentration gradient of Cl− ions between
the high- and low-concentration sides increases from 3.4 to 5.0
for the 39-channel system with a charge density of 0.18 C m−2,
which provides evidence for the allevuatin of ICP (Table S5).

The impact of the imposed temperature gradient on the
power production density achieved by mixing 0.5 M and 10
mM NaCl for the membranes with varied charge densities via
RED was subsequently quantified. To facilitate the establish-
ment of a relationship between the variations in Voc (ΔVoc)
and the solution temperature (ΔT), ΔT was permitted to
change within ∼10 K to neglect the temperature-induced
variations in the activity coefficient of ions and electrolyte
potential. The time evolution profiles of ΔVoc and ΔT were
recorded using Ag/AgCl electrodes and a temperature
recorder, respectively. The measured diffusion potential
measured under open-circuit conditions was attributed to the
salinity gradient and thermal-stimulus-driven ion transport,
leading to a potential difference at the membrane boundary.
The ionic thermoelectric response induced by a temperature
gradient is characterized by the ionic Seebeck coefficient,
which can be calculated using eq 2:

V t
R
F

T a2 lnoc =
(2)

where t−, R, F, ΔT, and a are anion transference number, gas
constant, Faraday constant, temperature gradient, and ion
activity in low-concentration solution, respectively. Figure 5a
shows the real-time evolution of ΔVoc with regards to the
increased temperature of low-concentration solution. Plotting
ΔVoc against ΔT results in linear curves (Figure 5b). The ionic
Seebeck coefficient values derived from the slopes were
estimated to be 0.530−0.795 mV K−1 for COF-BTAxBTHy/
PAN with the values increased as the increase in charge
density. This trend was rationalized by the increase of
permselectivity along with the charge population increase
(Figure 5c).

After experimentally demonstrating the thermoelectric
conversion characteristics of the developed nanofluidic
systems, the proposed concept was used to construct a
prototype RED-based waste-heat energy harvester. The
diffusion potentials, transmembrane currents, and power
production densities were evaluated at various temperature
gradients. Enhancing the temperature gradient facilitated ion
transport, as demonstrated by the increase in transmembrane
potential, current, and Pmax. Notably, the increase in electric

Figure 4. Numerical simulation of the impact of the imposed
temperature gradients on the Na+ (dashed line) and Cl− (solid
line) distribution in the nanochannels with various charge
densities for (a), (b), and (c) are in the presence of temperature
gradient of 5, 0, and 2 K, respectively.

Figure 5. (a) Thermoelectric responses of COF-BTAxBTHy/PAN. The synchronous time evolution of ΔVoc in response to the temperature
changes of low-concentration solutions (the ΔT values correspond to the overlapped curves above the orange arrow). (b) Linear fits of ΔVoc
against ΔT according to eq 2; all the fits yielded R2 > 0.99. (c) Ionic Seebeck coefficient (sensitivity) of COF-BTAxBTHy/PAN and the
corresponding t− values calculated using eq 2 (average of three different batch experiments).
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potential with temperature was observed to gradually flatten
(Figures S19 and S20). This is because of the dependence of
the thermoelectric conversion of these systems on the
membrane permselectivities, which is relevant to the EDL.
The thickness of the EDL can be determined using ion activity
and temperature. Higher temperatures lead to thinner EDLs,
which results in a decrease in ion selectivity and consequently a
small potential. However, the increase in temperature increases
the movement of ions, leading to a significant increase in
current. Therefore, Voc increased only from 158.8 to 185.2 mV,
whereas Isc increased remarkably from 12.3 to 41.8 μA in the
case of COF-BTA/PAN subjected to a temperature gradient of
40 K (Figure 6a). Resistances were introduced to the external
circuit (RL, Figure S21) to estimate the output power density
(P) using eq 3:

P
I R

4

2
L=

(3)

The evolution of the output power density with the
temperature difference is depicted in Figure 6b, which reveals
that the power density achieved by COF-BTAxBTHy/PAN
increased ∼2.5−4 times with a temperature gradient of 40 K.
Because of the alleviation of ICP, COF-BTA/PAN afforded
the highest Voc and Isc values among the investigated
membranes, yielding a power density of 24.7 mW cm−2,
which is ∼50-fold greater than the commercial benchmark (0.5
mW cm−2) and also far exceeds the reported systems (Table
S3). Notably, the volcano like plot of the output power density
against the membrane charge density in converted into a plot
of climbing line after introducing a temperature gradient >5 K,
confirming the role of heating during the alleviation of ICP in
the RED device (Figure 6c.)

To gain deeper insights into the effect of imposed heating, a
set of control experiments was conducted. It can be shown that
increasing the temperature of the NaCl solutions often leads to
an increase in the output power density. More specifically, the
RED device assembled using COF-BTA/PAN and Nafion212
affords an output power density of 21.4 mW cm−2 when the
temperature of the system is increased by 40 K. The output
power density increases to 24.7 mW cm−2, only when the
temperatures of the low-concentration side is increased by 40
K, and decreases to 13.1 mW cm−2 when the temperature of
the high-concentration side is increased by 40 K (Figure S22).
These phenomena can be rationalized as follows: Increasing
the temperature of the system accelerates the movement of
ions, thereby increasing the current and the accompanying
output power density (Figure S23). However, because ions
spontaneously move from the low- to high-temperature sides,
according to the principle of increasing entropy, heating the

dilute solution to introduce a temperature gradient ensures
that the heat-driven ion transport is in the same direction as
that of the salinity gradient, resulting in the largest increases in
the current and voltage among the tested conditions.

Long-term stability of the system is critical for practical
applications. It takes <1 min to collect an I−V curve for
calculating the output power density, during which the system
can be considered as existing in a quasi-steady state. For long-
term operation, the deleterious effects of convection and
temperature polarization cannot be ignored. To address these
concerns, a dynamic flow cell was adopted, whereby the
electrolyte solutions were circulated using a peristaltic pump to
maintain the steady ionic strengths of each reservoir. The
stability evaluation shows that the power density does not
decrease within 14 days of operation, as exemplified by the
RED stack paired with COF-BTA/PAN and Nafion212
(Figure S24).

A family of isoreticular COF membranes with varied charge
populations was investigated for use in RED batteries, and the
occurrence of ICP during the process of separation was
confirmed. The relationship between membrane charge density
and permselectivity was corroborated by a combination of
experimental data and rigorous numerical simulations. The
introduction of a temperature gradient was found to be a
simple and reliable strategy to alleviate the ICP phenomenon
during RED. The increase in temperature amplified the
thermophoretic mobility of ions and consequently decreased
the ion-transport resistance. This research is anticipated to
provide an alternative strategy for alleviating CP, while
simultaneously offering an avenue to utilize untapped low-
grade heat energy.
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