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The increase of energy demand added to the concern for environmental pollution linked to energy
generation based on the combustion of fossil fuels has motivated the study and development of new
sustainable ways for energy harvesting. Among the different alternatives, the opportunity to generate
energy by exploiting the osmotic pressure difference between water sources of different salinities has
attracted considerable attention. It is well-known that this objective can be accomplished by employing
ion-selective dense membranes. However, so far, the current state of this technology has shown limited
performance which hinders its real application. In this context, advanced nanostructured membranes
(nanoporous membranes) with high ion flux and selectivity enabling the enhancement of the output
power are perceived as a promising strategy to overcome the existing barriers in this technology. While
the utilization of nanoporous membranes for osmotic power generation is a relatively new field and
therefore, its application for large-scale production is still uncertain, there have been major
developments at the laboratory scale in recent years that demonstrate its huge potential. In this review,
we introduce a comprehensive analysis of the main fundamental concepts behind osmotic energy
generation and how the utilization of nanoporous membranes with tailored ion transport can be a key to
the development of high-efficiency blue energy harvesting systems. Also, the document discusses
experimental issues related to the different ways to fabricate this new generation of membranes and the
different experimental set-ups for the energy-conversion measurements. We highlight the importance of

optimizing the experimental variables through the detailed analysis of the influence on the energy
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Accepted 25th August 2021 capability of geometrical features related to the nanoporous membranes, surface charge density,

concentration gradient, temperature, building block integration, and others. Finally, we summarize some
DOI: 10.1035/d1sc03581a representative studies in up-scaled membranes and discuss the main challenges and perspectives of this

rsc.li/chemical-science emerging field.

a promising candidate due to its great theoretical potential. SGE
is based on the conversion of Gibbs free energy released from
the mixing of solutions with different saline concentrations into
electrical energy.”™ It is estimated that energy of 0.8 kW h m 3
can be harnessed at the sea-river confluence exploiting the

1 Introduction

The growing demand for energy on top of the concern due to
environmental pollution has triggered active research to
develop new efficient ways to obtain sustainable energy."” Over

the last few decades, methods based on wind, water, geothermal
and solar sources have attracted special interest due to their
reliability, availability, and technological potential.>® In this
context, the possibility to obtain salinity gradient energy (SGE)
(so-called salinity gradient power or blue energy) emerges as
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entropy changes involved in the mixing.'>"*

One of the pioneering studies related to this sustainable
energy was published by R. E. Pattle in 1954." In this work, the
author assures that the free energy involved when a river mixes
with the sea is comparable to those obtainable for a waterfall of
680 ft (interestingly, nowadays the confluence is often referred
to as the “silent waterfall”).® Furthermore, the first reverse
electrodialysis (RED) system was implemented by stacking
cation and anion exchange membranes separated by alter-
nating seawater and river water. Then, in 1974 Norman et al.
designed a new way to harvest SGE by using osmotic
membranes in a process called pressure retarded osmosis
(PRO).™ Except for some pioneering studies and patents

© 2021 The Author(s). Published by the Royal Society of Chemistry
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published around the nineteen seventies, the difficulty to create
suitable membranes was hindering further advances in the
field."*"® Later on, advances in technology and materials
science, and the development of more efficient membranes
paved the way for extensive progress in this field,"”'® to the
extent that, currently, there is a broad knowledge about
different approaches to efficiently harness SGE either by
membrane-based processes (e.g¢ RED and PRO) or
electrochemical-based methods such as capacitive mixing.">*
Also, some pilot plants have shown promising results demon-
strating the real technological potential of the membrane-based
SGE methods.***” However, conventional membranes contain-
ing subnanopores exhibit limited flux ion efficiency and it is
difficult to further improve their properties.

In the last few decades, the development of new nano-
fabrication techniques with precise control at the nanometer
scale has encouraged rapid and continuous growth in the study
and design of nanodevices with a wide variety of applica-
tions.”®** Motivated by the fascinating properties of biological
ion channels and exploiting the concept of “learning from
nature”, the creation of platforms based on solid-state nano-
channels (SSNs) has attracted the attention of the scientific
community.**** In this scenario, the development of
membrane-containing SSNs appeared as promising compo-
nents for energy harvesting systems.**** The immense potential
of the combination of nanotechnology and energy-related
applications rapidly captured the attention of the scientific
community causing full and continuous progress in the field of
nanoporous membrane-based energy harvesting.'**

The possibility of this new generation of nanoporous
membranes to operate as energy harvesters mostly comes from
the presence of charged groups on the surface of nanometric
pores (this property will be addressed in more detail below). So
far, different methods to harvest energy using charged nano-
porous membranes have been reported including streaming
current,** diffusion current,* and diffusio-osmotic current.*® In
some cases, the differences reside not only in the experimental
set-up but also in the basic principles. The streaming current is
generated by applying an external mechanical force such as
a pressure drop.*”*® This fact establishes the selective transport
of counter-ions in the electrical double layer which enables the
conversion of an external mechanical force into electrical
energy. Beyond its technological relevance, this method has
also become useful for physicochemical surface characteriza-
tion.*” On the other hand, the diffusion current is obtained by
the exposure of an ion-selective nanoporous membrane to
a gradient concentration.’>** As detailed below, an asymmetric
electrolyte concentration combined with the membrane perm-
selectivity promotes a net flux of counter-ions across the
membrane. This results in the creation of transmembrane
potential and enables the conversion of Gibbs free energy of
mixing into electrical energy without applying external forces.
Finally, the diffusio-osmotic current is generated in a similar
way to the diffusion current, but in contrast, the phenomenon
involves the energy harvesting through the osmotic pressure
gradient in the interfacial diffuse layer established by the salt
concentration difference.*® The last two processes influence the
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SGE harnessing methods and are addressed in detail in this
review.

The application of the new generation of nanoporous
membranes is considered a promising strategy to exceed the
commercial benchmark value of 5 W m™2 proposed in previous
investigations for salinity gradient energy technologies.?>*">>->¢
To achieve this goal, several strategies have been reported, most
of them require both the development of membranes based on
new materials and the integration of functional building blocks
into the membrane pores to render unique features related to
the ion selectivity and flux.>”*® However, considering the current
state-of-the-art, the future of nanoporous membranes for RED
remains controversial. In particular, while laboratory-scale
experiments demonstrated the supremacy of the results ob-
tained for nanoporous membranes over the traditional ones,
much work is necessary to transfer these results into scaled-up
systems. In particular, a close and interdisciplinary effort
among engineering, materials science, nanotechnology, phys-
ical chemistry, and electrochemistry will play a crucial role in
increasing energy conversion capabilities and make possible
the scaling up of this technology (Fig. 1).

This article presents an overview of the state-of-the-art of
nanofluidic reverse electrodialysis (NRED) employing a new
generation of nanoporous membranes. The next section intro-
duces some basic terminology that will be employed throughout
the review. Then, the main fundamental concepts about ion
selectivity in charged nanoporous membranes and salinity
gradient energy generation principles are presented. Sections 4
and 5 are focused on the analysis of the experimental set-ups
and the various nanofabrication methods, respectively. The
impact of different experimental variables on the performance
of NRED devices is analyzed in Section 6, while the different
scaled-up devices for NRED based on multi-channel, two-
dimensional (2D), and three-dimensional (3D) membranes are
introduced in Section 7. Finally, the review article finishes with
two sections including the upcoming challenges, the conclu-
sions, and perspectives related to this emerging field to take
a step towards the evolution of these novel innovations at the
lab-scale into technological platforms with favored features
both in economic and environmental terms.

2 Basic definitions

To avoid ambiguities, this brief section introduces the main
conventions used in this review to describe the different
nanostructures. In all cases, the term nano is used for structures
that contain at least one dimension in the nanometric range (1-
100 nm). In the case of single-pore or low pore-density systems,
the term “nanochannel” will refer to channels with a high
aspect ratio (length >> aperture size) whereas the term “nano-
pores” will be used for “channels” with a low aspect ratio
(length ~ aperture size).”® Typical examples of nanochannels
are those obtained in ion-track-etched membranes and anodic
aluminum oxide (AAO). Typical examples of nanopores are
pores obtained in atomically thin 2D membranes such as
boron-nitride, SiN, or MoS, (Fig. 1).

Chem. Sci., 2021, 12, 12874-12910 | 12875


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03581a

Open Access Article. Published on 24 September 2021. Downloaded on 2/25/2026 12:59:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Review

Electrolyte symmetry

Electrolyte gradient  * New generation !
i '

|
g ‘ . of nanoporous membranes '

| ! 1D Membranes .

lon selectivity 3

e =W

lon current ' !
rectification ! 2D Membranes '

- - -
- o -

Fig. 1 Scheme illustrating the combination of the knowledge from different areas such as nanotechnology, materials science, and electro-
chemistry with the aim to harvest salinity gradient energy. On the right, schematic examples of the different types of nanoporous membranes are
shown. Scanning electron microscopy images in the nanotechnology section were adapted with permissions from ref. 38 and 63. Copyright ©
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright © 2020 Published by Elsevier B.V. Membranes in the Materials science section
were reproduced with permission from ref. 64 and 65. Copyright 2020, The Author(s). Published by Springer Nature. Copyright © 2020, Oxford

University Press.

In the case of up-scaled membranes (membranes with
a high density of channels/pores), three major kinds of
systems are addressed in this article: multi-channel
membranes (or 1D membranes), 2D laminar membranes,
and 3D membranes (Fig. 1). Multi-channel membranes refer
to membranes containing a high density of discrete parallel
oriented nanochannels such as the case of multi-channel
track-etched and AAO membranes. 2D laminar membranes
refer to ultrathin membranes of large lateral dimensions
created by the stacking of nanosheets of materials such as
MXene, graphene, or black phosphorus.®® While it is possible
to create 2D membranes with a single discrete pore via
nanofabrication techniques such as focused ion beam or
electron beam (as shown in Fig. 1), in the case of up-scaled
energy conversion systems, the laminar structure (stacked
nanosheets) forming interstitial nanochannels is the most
common 2D membrane design.®® Finally, 3D membranes
refer to membranes consisting of micrometric networks with
interconnected pores such as hydrogel-based membranes.
The main aim of these definitions is to distinguish between
the different mechanisms of ionic transport (Fig. 1). In the
case of multi-channel and 3D membranes, the transport of
ions is across the different channels and interconnected pores
respectively, whereas in the case of 2D layered membranes the
interstitial spaces between the nanosheets act as “lamellar
channels” enabling the ion transport.** Finally, the termi-
nology nanoporous membrane is intended to encompass all the

12876 | Chem. Sci, 2021, 12, 12874-12910

membranes discussed throughout this review, i.e. commonly
thin ion-selective membranes (length ~< 100 pm) with pore
(or channel) size in the nanometric range.®

3 Osmotic energy conversion —
fundamental concepts

3.1 Selectivity mechanism in charged nanoporous
membranes

The immersion of a charged surface in an electrolyte solution
promotes spatial ionic redistribution due to the influence of the
surface electrostatic potential. The interface region in the
solution is usually called the electrical double layer (EDL).**¢®
As a result of the interactions between the ions and the surface
electrostatic potential in the EDL, an enrichment of counter-
ions (ions with the opposite charge type to the surface charge)
and a depletion of co-ions (ions with the same charge type of the
surface charge) is produced. Even though it is difficult to exactly
determine the extension of the EDL, under certain conditions, it
is possible to obtain an equation that accounts for the behavior
of the surface electrostatic potential in terms of the distance to
the surface. As an example, for low electrical potentials (<|25
mV|) and planar surfaces, the electrical potential expression can
be reduced to the Debye-Hiickel approximation (one-
dimensional):**"*

¥(x) = Yo exp[—kx] (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where y(x) is the electrostatic potential at distance x from the
charged surface with respect to the potential in the bulk
volume, ¥, is the electrostatic potential at the charged surface (x
= 0) with respect to the potential in the bulk and « is a decay
constant related to the Debye length (ip) as follows (for
a monovalent salt 1 : 1):

_ 1 _ SEOkB T
o= —\ 26 @)

where kg is the Boltzmann constant, T is the temperature, C, is
the salt concentration, e is the electron charge and, ¢, and ¢ are
the vacuum and solvent permittivity, respectively. Ap is usually
referred to as the characteristic thickness of the electrical
double layer and, as shown in eqn (2), it only depends on the
temperature and bulk ion concentration (C, = C(x — ))
(Fig. 2(a)). For different salt concentrations, it follows from eqn
(1) that the electrical surface potential vanishes most rapidly for
increasing bulk concentrations due to the more effective
screening of surface charges (Fig. 2(a)). Furthermore, consid-
ering these expressions and the Boltzmann equation, a rela-
tionship between the anion and cation concentrations in terms
of the x-distance from the charged surface can be obtained as
follows:*”

Qm:Qw%%gq 3)
where Cj(x) is the i-ion concentration at distance x of the
charged surface and z; is the i-ion charge. Eqn (3) reveals a clear
anion enrichment (counter-ion) and cation depletion (co-ion) at
the vicinity of positively charged surfaces (Fig. 2(b)).

It is worth mentioning that these equations are only valid for
flat surfaces and low surface electrostatic potential (i.e. low
surface charge density) and when some of these assumptions
are broken, the equations need to be modified. As an example, if
cylindrical surface and Debye-Hiickel approximation are
assumed, a derivation in terms of the surface charge density can
be obtained by applying sophisticated mathematical methods:”

W(r) = oKo(kr)/[ek Ky (k)] (4)

where r is the radial distance from the axis of the cylinder, ¢ is
the surface charge density, r. is the radius of the cylinder and,
K, and K; are the second kind Bessel functions of zero and first
order.

In contrast, if the geometry is maintained (flat surfaces) but
now the surface electrostatic potential is higher than ca. 26 mvV,
the Gouy-Chapman expression becomes valid:">”*

[exp(zey(x)2kgT) — 1]/[exp(zey(x)2kgT) + 1]
= {[exp(zeyo/2kpT) — 1)/[exp(zeyo/2kpT) + 1]}exp[—kx] (5)

This equation reduces to eqn (1) when low surface electro-
static potential is considered. In comparison with eqn (1), for
highly charged surfaces, the electrostatic potential predicted by
eqn (5) displays a more pronounced diminution as x
increases.”®”* While flat surfaces are still considered in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Electrical potential as a function of the distance to the
charged surface for different monovalent electrolyte concentrations.
As bulk salt concentration (Cp) increases, the electrostatic potential
vanishes more abruptly. (b) Relative concentration of anion (solid lines)
and cation (dashed lines) as a function of the distance to the charged
surface for different monovalent bulk concentrations. Decreasing the
bulk concentration causes an enrichment phenomenon at longer
distances. Ap: Debye length.
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deduction of this equation, this could be valid in the case of SSN
with a radius much higher than the Debye length.>®

As can be seen in eqn (4) and (5), the expression complexity
drastically increases as fewer assumptions are considered. In
the case of nanocurved and highly charged (¥, > 26 mV)
surfaces, as it is the case of several SSNs, numerical methods are
usually needed to describe the ion concentration inside the
channel.?®”* In this context, even though the Debye-Hiickel
approximation is only applicable for low surface potentials,

Chem. Sci., 2021, 12, 12874-12910 | 12877
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from a qualitative perspective, the equation not only success-
fully describes the effects of electrolyte concentration and
valence state but also enables easy understanding of the effect
of the experimental variables on the electrostatic potential. For
this enormous conceptual value, in this review, we usually refer
to eqn (1) and equations derived from it. Further details on
these models can be found in ref. 28 and 70.

The fact that Ap represents the characteristic length of EDL
denotes great relevance for ion transport processes across
nanofluidic devices with sizes in the order of Ap. Surface charges
are expected to promote a non-negligible enrichment of
counter-ions inside of the nanostructure leading to an increase
in the counterion concentration in the channel which results in
surface-charge-governed transport.**”* While the relationship
between the Ap and channel size is the most used theoretical
framework to explain the selectivity in channels with r. ~ Ap,
arecent study has demonstrated that a more complete criterion
of selectivity is provided by analyzing the Dukhin length (Ip,).”
Iy is defined as the ratio between the surface and bulk
conductance and can be expressed in terms of the surface
charge o as:

g

= <Gy (6)

lDu

Consequently, the relationship between the I, and the
channel radius . can be used as a reliable criterion of selectivity
(or Dukhin number Du = (Ip,/r)). More in detail, when Iy /7. >
1, the system can display a selective behavior independent of
the ratio Ap/r.. Considering the topic addressed in this review,
the analysis in terms of Du allows us to conclude that, similar to
traditional ion-selective membranes, it is possible to achieve
ion selectivity in membranes with larger nanopores (e.g. 10-100
nm).” Finally, this ion-selective behavior arising from the
sessile surface charges fulfills the prime requirement for acting
as a nanofluidic RED (NRED) membrane and, therefore, allows
the nanoporous membranes to become good candidates for
osmotic energy conversion applications.

The slippage, another important phenomenon in nano-
channels, is given by the friction of liquid/solid at the interface
(for further details see ref. 72, 76 and 77). This phenomenon can
have profound implications on electrical and diffusive transport
and for this reason, it has been widely studied.”®* The slippage
can be characterized with a slip length b defined as the distance
where the linear extrapolation of the velocity component
vanishes which depends on the fluid viscosity and the friction
coefficient of the surface.”»”*”” This parameter highly depends
on the features of the surface such as roughness and the
strength of the surface-liquid interaction. One of the most
remarkable consequences of this phenomenon is related to the
appearance of important values of zeta potentials even on
surfaces with low charges.”®” Regarding the focus of this
review, the hydrodynamic slip has been highlighted as
a phenomenon that can strongly enhance blue energy conver-
sion in RED systems by reducing the solid-liquid viscous
friction.®**
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3.2 Salinity gradient energy

The worldwide growing demand for energy and environmental
problems caused by the burning of fossil fuels leads to
increased research into new ways of sustainable energy gener-
ation.®” In this context, the salinity gradient energy (SGE) is
perceived as a promising sustainable approach for electrical
energy with great potential and availability.*>***” The funda-
mental concept of SGE comes from the production of electrical
energy through the Gibbs free energy involved when two elec-
trolyte solutions of different activities are mixed.*® The Gibbs
free energy of mixing (AGn,x) released in mixing processes
between concentrated and diluted solutions is described by the
following equation:***>%°

AGmix = Gm - (Gc + Gd) (7)

where Gy, G, and G4 correspond to the Gibbs free energy of the
final mix, the concentrated and the diluted solution, respec-
tively. Note that G,, represents the final state whereas the term
G. + G4 corresponds to the initial state. Also, the Gibbs free
energy of the system (G) can be written as:

G=> nu; (8)

where n; and y; are the number of moles and chemical potential
of i-compound in the solution, respectively. In the absence of
pressure gradients and an electrical potential applied, u; is
expressed as:

i = puf + RT In(y,x;) 9)

with wf, v; and x; being the standard chemical potential, the
activity coefficient of i-compound, and the mole fraction of i-
compound respectively. Finally, combining (8) and (9) and
replacing n; with the product of concentration and volume
(C;y), it is possible to write the following equation:***

AGmix = Z[Ci.m VmRT ln('Yi,m-xi,m)
- (Ci,chRT ln(Yi,cxi,c) + Ci,d VdRT ln(’Yi,dxi,d))] (10)
Eqn (10) allows estimating the Gibbs free energy involved
in the mixing process. For instance, AGix is estimated to be
around —1.5 MJ (negative magnitude indicates released
energy) when mixing 1 m® of river water (0.01 M NaCl) and 1
m?® of seawater (0.5 M NaCl).* This process is irreversible
and when two solutions are directly mixed, this energy is
rapidly dissipated.®™** From this perspective, the main goal
of an SGE system is focused on controlling the mixing
process in such a way that the energy involved could be
harnessed and efficiently converted into electrical energy. As
already mentioned, several methods have been reported to
tackle this goal, e.g. RED, diffusion-osmotic, PRO, and
capacitive mixing.’* Considering the characteristic of nano-
porous membranes addressed in this review, the attention
will be focused on the RED process and diffusion-osmotic
mechanism.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3 Nanofluidic reverse electrodialysis (NRED)

In contrast to the conventional reverse electrodialysis, the
NRED entails the “controlled” mixing employing nanoporous
membranes rather than the conventional “dense” membranes
containing sub-nanopores. The utilization of these nanoporous
membranes for energy conversion has attracted special atten-
tion due to its technological potential in the energy production
field ensured by the combination between ion selectivity and
low resistance.”

When a charged membrane that contains channels is
exposed to an electrolyte solution, this will attract counterions
while expelling co-ions due to the electrostatic interactions
(Donnan exclusion) (see Section 3.1). Considering that the
counterion concentration inside of the membrane is higher
than those in the adjacent solution and the opposite occurs for
the co-ion, a concentration gradient is established that
promotes a flux of co-ions from the solution to the membrane
and in the opposite direction for the counterions. However, the
net flux of ions is null since this concentration gradient is
counterbalanced due to the appearance of an electrical poten-
tial, the so-called Donnan potential yp, which is given by:**¢

(RT n Vm,An) (11)

am

VUp = V¥m — ¥ = FLZ,-X
where ¥, and y; refer to the potential in the membrane and
solution respectively, a,, and ay are the ion activities in the
membrane and solution respectively, Vy, is the partial volume
of i-component and Aw the osmotic pressure differences
between the two phases.

In the case of NRED, the method consists of exposing
a membrane that contains charged nanochannels or nanopores
to a concentration asymmetry, i.e. to electrolyte solutions with
different concentrations at each side (Fig. 3). This fact estab-
lishes an ion flux across the membrane creating a trans-
membrane potential (E,,) with three components:>*49527:98
En =8 — 2 = Yair + (W'p — ¥'p) (12)
where ¢? and y? refer to the potential on each side of the
membrane and ¥, and ¥/, to the respective Donnan poten-
tials. Yqir denotes the diffusion potential due to the different
numbers of ions transported into the channel (Fig. 3). In
particular, the Donnan potential in the more concentrated
reservoir (y/p) is lower due to the more efficient screening of the
surface charges. Also, the difference in the transport numbers
of the ions (i.e. the fraction of the current transported by each
ion) into the channel generates a concentration gradient in the
membrane with its respective potential vq;¢. Furthermore, as
can be seen in Fig. 3 (zoom-in), at the membrane-solution
interface a diffusion boundary layer is formed due to the
different transport numbers of the ions in the solution
compared to those in the membrane.*****® This fact causes
a partial diminution in the ion activities in the concentrated
reservoir whereas it produces an increase in the ion activities in
the diluted reservoir. This concept, referred to as ion concen-
tration polarization (ICP), will be addressed in detail along with
the review.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation describing the concentration (C) and
electrical potentials (y) involved when a charged membrane is placed
separating a concentration gradient. The zoom-in illustrates the
formation of diffusion boundary layers at both sides of the membrane/
solution interfaces. More detailed approaches are available in ref. 94,
95 and 98. E,,;: membrane potential; subindex: i: i-ion; s: solution; D:
Donnan; diff: diffusion.

To derive a useful expression for E,, and the experimental
variables, the transference number ¢; is introduced which
denotes the fraction of the current carried by the i-species (1;):*®

li= 7 (13)

(14)
with I being the total current. For an electrolyte of type A™B™",

e+t =1 (15)
where the sub-index + indicates the charge of the ion.

The magnitude of E,, depends on the asymmetry of charges
at each side of the membrane which is related not only to the
ion activities but also to the capability of the ion to be trans-
ported through the membrane:®®?>%°

i
AG = —FE, = ZZ—iA,l.L,- (16)
where AG denotes the Gibbs free energy change due to the
transport of one mole of the electrolyte from the concentrated to
the diluted compartments without any change in the compart-
ment bulk concentrations.
Considering the case of a monovalent salt:

1
E,=——=(t;Ap, —t-Ap_)

¥ (17)
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Introducing the expression for the chemical potentials,

aB
Ap, = Au_ = RT In (%“) (18)

Asalt

where af,;; and a2, are the salt activities in the diluted (a,) and
concentrated (ay) reservoirs respectively. Finally,

B = (0.~ ) 5 (%) (19)
En=(2t, —1) % In (Z—*L‘) (20)

Therefore, exposing a perm-selective membrane to
a concentration gradient gives rise to a transmembrane voltage
difference (Nernstian) that depends on both the gradient
magnitude as well as the membrane capability to transport
counter-ions over co-ions. Furthermore, this equation depicts
the possibility to estimate the transport number under the
operative conditions, and therefore, to analyze the membrane
selectivity by measuring E,,.*>'*® Note that this equation was
derived neglecting the water transport. If the solvent transport
was considered, the final equation would look like eqn (19) but
the transport numbers would be apparent rather than the real
values.” Finally, it is worth mentioning that an equivalent
equation can be derived via Teorell, Meyer, and Sievers theory
(TMS theory) by employing eqn (12) as the starting point.*”*°

Taking into account the existence of E,,, the electrical
potential generated in the nanochannels by the ionic current
can be expressed as:'**"'%

Vi=En — IR, (21)

where V; is the applied external transmembrane voltage and R,
is the channel resistance (this is a simplification because, for
high-pore densities, the presence of additional resistances
coming from the solutions, electrodes, and interface
membrane/solution should be considered). In the absence of
additional voltage drops, eqn (21) indicates that E,, is acquired
from the interpolation of the I~V curve at I = 0. Furthermore,
this equation can be rewritten for the case of electrodes con-
nected to an electrical load (resistance load, Rjpaq):***

En=1x (R + CRload) (22)

One of the most important parameters to characterize the
system performance in energy-conversion is power (P):

P=Ix V,or P=P x Ru (23)

Combining eqn (22) and (23), the following useful expression
for P in terms of Rjy,q is obtained:*0:10410

2
Em Rload

P: P —
(Rload + Rc)

(24)

When Rjpaq = R, the output power acquires the maximum
value (Ppay):
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El'ﬂ2
Pmax = 25
IR, (25)

Applying eqn (21) for the case V; = 0 yields:
IosmEm

Prax = —— 26
: (26)

where I, is the osmotic current and, similar to E,,,, in the absence
of additional drop voltage, I, is easily extracted from the I-V
curve. In the case of up-scaled membranes, the maximum power is
usually reported in terms of the maximum power density (PDyyax),
i.e. the Py value is divided by the area of the exposed membrane
(working or testing area). As can be seen, in the case of single-pore
systems, PDy,.x is determined via the channel cross-section area,
but this value is not very relevant because the relationship between
the pore-density and output power is not linear.'*
Finally, combining (24) and (18), Pnmax can be expressed as:

{(m - 1)% 1n(‘::)r
4R,

Pmax = (27)

This equation has a high conceptual relevance since it
denotes the need to achieve an adequate balance among the
gradient concentration, the channel resistance, and the selec-
tivity of the nanofluidic device for optimizing Py, In other
words, a permselectivity membrane is not sufficient to obtain
high P« values. For instance, Fig. 4 shows the effects on the
power of variables such as the concentration gradient,
membrane resistance, and selectivity. According to eqn (27), to
increase the energy harvested, the increment and diminution of
ion selectivity and membrane resistance are necessary since
these parameters would enable more efficient mixing (Fig. 4(a)
and (b)). In the case of the gradient, an increase of the differ-
ence of concentration between the high- and low-concentration
reservoirs promotes an increase in the driving force of the SGE
method and thus, an increment in the power (this trend is also
evidenced in eqn (10)) (Fig. 4(c)). However, it is worth
mentioning that this equation only considers the resistance due
to the membrane but, in practice, additional resistances that
affect (e.g. resistances from solution and diffusion boundary
layers) the output power must be considered.'*”'*® For its part,
variation in the reservoir concentrations can significantly affect
the membrane selectivity, which would also generate a devia-
tion from the power value predicted by eqn (27). These issues
will be addressed in detail throughout the review.

Another parameter with paramount relevance for SGE
systems is the efficiency (n) of the energy-conversion system
which was defined by Fair and Osterle as the energy recovered
compared to the AG;x applied:”

I xV;

J.RT In (a—“>
ay

where J; is the solute flux. For a monovalent salt, J; is defined as
follows:*>1%°

n= (28)

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03581a

Open Access Article. Published on 24 September 2021. Downloaded on 2/25/2026 12:59:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Js=J++J_ (29)
The current generated by the selective ion diffusion can in
turn be expressed in terms of the fluxes of the cation and anion:
I=zFJ, —J.) (30)

with z being the absolute valence number.
As the cation transference number is the cation contribution

to the current, it can be defined as follows:'*?
|1, ] /4]

t. = = 31
AN I VA RSV G

Considering that the maximum power is obtained when R)yaq
= R, and therefore, V; = E,,/2, the maximum efficiency (7max)
can be expressed as:

F(J, —J_)En

Nmax = ) (32)

2(J. +J_)RT In (‘L“
a,

Combining eqn (32) with eqn (19) gives

_ V=) —t)

s = =507 ) (33)

(34)

Finally, considering the definition of the transference
number, eqn (34) can be rewritten:
(21, —1)

= —F 35
Mmax 2 ( ]

The maximum efficiency acquires values between 0 and 0.5
(or 0-50 when expressed in percentage value). Values around 0.5
can be obtained by maximizing the membrane selectivity, thus
creating highly asymmetric ionic transport. This method for the
efficiency calculation is an oversimplification since it does not
consider other processes that contribute to the loss of efficien-
cies such as water transport and unutilized energy."** However,
as we will see, it is the most common way to estimate the effi-
ciency in blue energy systems at the lab scale.

3.4 Diffusio-osmotic mechanism

As was pointed out in a pioneering study by Derjaguin,'* when
a solid surface is exposed to a salinity gradient, an osmotic
pressure gradient is generated in the diffusion layer yielding
a diffusion-osmotic flow. In contrast to the NRED process (and
RED), the diffusion-osmotic flow can be achieved even in
membranes without ion permselectivity due to the interaction
between the ions and the surface.'””'**> For this reason, the
diffusion-osmotic process is considered an intermediate
between RED and PRO. More in detail, the gradient concen-
tration promotes an interfacial osmotic pressure gradient in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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first few nanometers from the surface that generates a water flux
with a plug-like profile. The velocity of this flow (Vpo) can be
estimated with the following expression:*®
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Vbo = 36

po 875]]37] L ( )

where 7 is the water viscosity, Iy is the Bjerrum length (~0.7 nm

in water at room temperature), Alog C is the concentration

gradient, and L the pore length. If the surface contains a net

charge density (o) different from 0, this flow carries the excess of

ions and, concomitantly, generates a diffusion-osmotic current

(Ipo) that obeys the following expression:*®

IDO = NZ'TCI‘C(T VDO (37)

where N and r. are the number and radii of the pores. It is worth

mentioning that this expression is valid for highly charged

surfaces. In the case of low-charge surfaces, it is expected that

Ipo « ¢°.% For this process, the increment in the surface area
entails increments in the diffusion-osmotic current."*

4 SGE: experimental aspects

Fig. 5(a) shows a typical half-cell (or unit cell) used for NRED (or
diffusion-osmotic) experiments at a laboratory scale. The
nanoporous membrane is placed in a cell and separates two
reservoirs filled with two electrolyte solutions of different
activities (e.g. NaCl or KCl) and, to obtain the osmotic energy
parameters, an arrangement of two or four electrodes is con-
nected to a potentiostat or an external circuit with a load
resistance (Fig. 5(b)). Typically, this kind of lab-scale experiment
is performed by using a pair of Ag/AgCl electrodes. Taking into
account that each electrode is immersed in a chloride-based
solution with a different activity, the cell can be represented
by the following scheme:*

Open-circuit voltage
Ag / AgCli, / KCl or NaCl (ay) | membrane | KCI or NaCl (a,) / AgCls, / Ag

E, E E,

m

If Ag/AgCl electrodes are considered to be identical,
a concentration cell is generated due to the voltage drop at the
electrode surfaces. The potential magnitude of this concentra-
tion cell is Eeqox:

RT
Eredgox = EL — Ey = — In (a_H)

7 @ (38)

So, under these conditions, the open-circuit voltage (OCV) is
given by:

OCV = E,, + Eredox (39)

In this way, the open-circuit voltage (OCV) or reversal voltage

corresponds not only to the contribution provided by the

membrane (i.e. E;,) but also experiences an additional voltage

drop due to Eieqox. Therefore, to obtain pure osmotic energy
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contribution, E..qox Must be subtracted. This aim can be
accomplished by different methods. On the one hand, the
voltage drops at the electrode surface can be prevented by
working with Ag/AgCl electrodes with salt bridges and
immersing both electrodes in the same electrolyte concentra-
tion, typically 3 M KCL****"** However, depending on the salt
type used in the experiments, additional junction potentials
must be considered.™® In long-time experiments, ion leakage
from the salt bridge can change the electrolyte concentration in
the reservoirs (especially in the low concentration reservoir)
which produces a negative impact on the energy performance.*
On the other hand, if the experiments are carried out with Ag/
AgCl electrodes without salt bridges, the Ei.qox contribution
can be either directly estimated from eqn (38) or measured by
replacing the ion-selective membrane with a non-selective
membrane.'"'%"” With E .qox in hand, I, and E,, are ob-
tained applying the following expressions:*'®

Iosm = ISC - Iredox = ISC - GEredox (40)

E,, =OCV — E_gox (41)
where I is the short-circuit current (i.e. the current at vV, = 0 V),
Ledox is the current due to the voltage drop at the electrode
surface and G is the conductance. Note that if E..qox = 0 V due to
the use of Ag/AgCl electrodes with salt bridges, Iosm = Isc and Ey,
= OCV.

Typically, there are two classical routine SGE experiments
and therefore, two common ways to obtain the SGE parameters:
(a) I-V curves by scanning the transmembrane voltage employ-
ing a potentiostat (or an ammeter with a voltage source); (b)
current-load resistance (I-R) and power-load resistance (P-R)
curves. In the former method, as depicted in eqn (21), the
response is characterized by a linear I-V curve shifted from the
(0;0) point (Fig. 5(c)). From the intersection in the x and y-axis,
OCV and I5c are obtained. Then, E,, and I, are deduced by
subtracting the contribution of the redox potentials (eqn (40)
and (41), if applicable). Finally, it is possible to obtain Py, t:,
and 7.y from eqn (26), (20), and (35), respectively.® It is worth
noting that in some systems, the I-V response can be slightly
non-linear and the employment of eqn (26) could lead to little
deviations in the Py, estimation.”® In these cases, representing
power vs. voltage (P-V) curves and obtaining Py, graphically
could be the best option. In the latter method, the extracted
osmotic power is transferred to an external circuit with an
electronic load (eqn (24)) (Fig. 5(d)). When Rj,.q = R., the curve
exhibits a maximum value corresponding to the maximum
extracted output power.”"'** However, some authors have re-
ported overestimation in the P,,,, obtained by this method due
to the difficulty in subtracting the redox contribution.****°

To increase the voltage generated, different unit cells can be
connected in series (tandem cells), or cation-selective and
anion-selective membranes can be stacked alternately (full
cells) separating concentrated and diluted solutions (Fig. 5(e)).
In this regard, under ideal conditions, the purely osmotic open-
circuit voltage linearly scales with the number (n,,) of nano-
porous membranes:*>***

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic illustration of an experimental set-up with a four-electrode arrangement using nanofluidic reverse electrodialysis

measurements. (b) Equivalent circuit diagram depicting the different contributions to the overall response. E .q4ox: VOltage drop at the electrode
surface; SGE: salinity gradient energy; R.: membrane resistance and E,,: membrane potential. (c) Characteristic /-V curve in the presence of an
electrolyte concentration gradient. The graph shows the redox (/;eqox @aNd Ereqox) and osmotic energy contributions (/osm and E,,). (d) Extracted
power in terms of external resistance. Maximum power (Pn.x) is obtained when the external resistance acquires the value of membrane
resistance (R.). (e) Scheme illustrating the half (left) and full-cell (right) configurations. In the case of the full-cell configuration, the gray and green
membranes correspond to cation-selective and anion-selective membranes.

OCV = nyE, (42)

In this case, Ey, is the membrane potential of each cation and
anion-selective membrane (considering the same permse-
lectivity in both cases). Moreover, from a technological
perspective, the use of full cells results in a promising alterna-
tive to maximize the energy extracted regarding the total volume
of high- and low-concentration solutions (specific extractable
energy) since, in contrast to half-cells, the mixing is due to the
flux of both cations and anions.'® It is worth mentioning that,
in practice, the scale-up is not linear due to different sources of
energy losses such as additional resistances which lead to the
need to optimize the architecture of the cell and elec-
trodes.>>'%71222 Finally, as it will be shown later, by employing
full or tandem cells, several authors have demonstrated the
possibility to switch on LEDs, calculators, and other electronic
devices.53,123,124

Beyond the experimental aspect, it is possible to carry out
a theoretical analysis of NRED performance by Poisson-Nernst-
Planck and Navier-Stokes (PNP-NS) model-based simulations.
The results based on the PNP-NS model have acquired great
relevance regarding the influence of experimental variables
such as length, size, electrolyte gradient, etc., either in single-
pore or high-pore density systems. Details about PNP-NS

© 2021 The Author(s). Published by the Royal Society of Chemistry

simulations for single and multi-channel systems are addressed
in ref. 125-130.

Although routine experiments related to energy conversion
are performed under asymmetric electrolyte conditions, exper-
iments in the presence of symmetric salt concentration are very
common for characterizing the ion transport properties of the
nanoporous membranes. In these cases, the membrane is
placed in a two-half cell separating two reservoirs filled with two
identical electrolyte solutions, and two or four-electrodes are
connected to a potentiostat or picoammeter (with a voltage
source) in a similar way to those used for the SGE experiments
(Fig. 6(a)). Commonly, a cyclic linear sweep voltage program is
applied, and simultaneously, the current is recorded. As the
ions are the signal carriers, the response is often called the
iontronic output. Under surface-charge governed transport,
symmetric membranes display an ohmic behavior, i.e. a linear
relationship between transmembrane current and voltage, with
a surface charge-dependent conductance (slope of I-V curve)
(Fig. 6(b)). On the other hand, when the ion-selective membrane
is asymmetric either by the presence of asymmetrical channels
or asymmetric modifications, the response is characterized by
an ionic current rectifying behavior (diode-like behavior)
(Fig. 6(c)).*** In other words, the platform displays a non-ohmic
(non-linear) transport described by an enhanced current at

Chem. Sci., 2021, 12, 12874-12910 | 12883
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a given voltage polarity. Moreover, the rectification efficiency is
quantified employing the rectification ratio (or rectification
factor) which is determined from the ratio between the current
in the high and low conductance branches, respectively.'**
Usually, the rectification ratio increases as the surface charge
increases.”®*'** As explained below, this kind of transport
provides attractive features related to energy conversion
applications.**1%*

5 Nanofabrication methods

One of the major challenges behind the construction of plat-
forms based on nanoporous membranes for energy applica-
tions is centered on the reproducible synthesis of the
nanostructure. For this reason, researchers have made great

(a) Symmetric channel Asymmetric channel

— -

(b) ' /

=== High surface High surface
charge charge

= Low surface = Low surface
charge charge

v — | v

Fig. 6 (a) Schematic illustration of an experimental set-up with a four-
electrode arrangement routinely used in ion transport routine exper-
iments. The membrane can contain either symmetric or asymmetric
channels. (b) Left — characteristic linear /-V curve for a membrane with
symmetric nanochannels. Under a surface-charge-governed regime,
the response is strongly dependent on the surface charge. High
concentration of surface charges leads to high conductance (steep
slope). Right — characteristic /-V curve with a rectifying behavior for
a membrane containing asymmetric nanochannels. Under a surface-
charge-governed regime, the response is strongly influenced by the
surface charge. Higher surface charge leads to higher rectification
efficiency (ratio between /| (high conductance branch) and / (low
conductance branch)).
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efforts in the study and development of new ways for the
controlled fabrication of nanoporous membranes from
different materials. So far, the creation of membranes con-
taining nanopores or nanochannels with size and density well-
defined has been achieved by techniques involving ion, electron
beams, and electrochemical methods. It should be noted that
the synthesis protocols for ultrathin, two-dimensional (2D), and
three-dimensional (3D) membranes, are very different. This
section is a summary of drilling and synthesis methods
employed in the design of nanoporous membranes.

5.1 Multi-channel membranes - 1D membranes

5.1.1 Ion-track-etching technology. Taking advantage of
the damage caused by high-energy ion beams, it is possible to
produce solid-state nanochannels in polymer membranes (e.g.,
polyimide - PI-, polycarbonate — PC-, polyethylene terephthalate
- PET-, etc.) in a two-step procedure called the ion-track-etching
technique (Fig. 7(a)(i)).”>*****° Towards this aim, in a first step,
a polymeric membrane with a thickness in the micrometric
range is irradiated with swift heavy ions (kinetic energy ~ MeV
to GeV) generating a cylindrical damaged region of several
nanometers in diameter along the ion path called the ion-track.

Also, the final number of tracks per area unit can be adjusted
during irradiation from a single ion up to 10">-10" ions per
cm” (ion fluence) (Fig. 7(a)(ii)).*** This fact has important
technological relevance since it makes possible the accurate
control of the final channel number in a certain membrane area
(pore density).

After irradiation, in a second step, each ion-track is trans-
formed into a nanochannel by a selective chemical etching
procedure.®®'** The selectivity of the track etching process is
based on the radiation damage with pronounced changes in the
chemical and physical properties compared to the non-
irradiated bulk material. For track etching, the irradiated
materials, such as PC or PET, are typically exposed to aqueous
NaOH solutions whereas PI foils require NaOCl solutions with
active Cl."** The geometry and size of the final channels is
controlled by choosing suitable etching conditions, e.g.
increasing the time of etching results in larger channels or
adding a surfactant to the etchant modifies the opening
geometry of the nanochannels (Fig. 7(a)(iii)-(v)).>***'**"**® For
nanosized channels, the channel shape (cylindrical or conical)
has a strong influence on the I~V curve, e.g. leading to a diode-
like behavior. The geometry control thus has a significant effect
on the performance of SGE devices based on track-etched
nanochannels.

5.1.2 Anodic oxidation method. Until now, several
methods have been reported for the generation of alumina
membranes containing nanochannels."***** Most of them are
based on the two-step electrochemical anodization (oxidation)
of aluminum in acidic electrolytes (Fig. 7(b)).**> In a first step,
a clean aluminum sheet is anodically oxidized in an acidic
electrolyte (e.g. oxalic acid, sulfuric acid, phosphoric acid, etc.)
to form an alumina layer onto the metallic membrane. Then,
the preformed alumina is removed by a chemical treatment
with phosphor-chromic acid giving rise to a textured concave

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) (i) Scheme of ion-track-etching nanofabrication technique. (ii) Scheme illustrating the possibility of obtaining membranes with
different pore densities by tuning the ion fluence. Scanning electron microscopy images of different membrane cross-sections containing
channels with different geometries: (iii) cylindrical in polyimide (PI); (iv) conical in polycarbonate (PC) and (v) bullet in polyethylene terephthalate
(PET). (b) Schematic illustration of the different steps involved in the fabrication of anodic aluminum oxide (AAO) membranes containing
nanochannels by electrochemical anodization. Figure (a)(i) adapted with permissions from ref. 140. Copyright © 2012, Toimil-Molares. Figure (b)
adapted with permissions from ref. 152. Copyright © 2004 American Chemical Society. Figure (a) (iii) was adapted with permissions from ref. 142.
Copyright © 1996 Published by Elsevier B.V. Figure (a) (iv) was adapted with permissions from ref. 38. Copyright © 2018 WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim. Figure (a) (v) was adapted with permissions from ref. 63. Copyright © 2020 Published by Elsevier B.V.

pattern on the aluminum substrate. Subsequently, the
aluminum substrate is exposed to a second anodic oxidation
step in some acidic electrolyte to form highly ordered pores in
the alumina. Finally, the aluminum barrier is detached by
applying a voltage pulse (or chemical etching) and concomi-
tantly, a free-standing anodic aluminum oxide (AAO)
membrane with well-ordered pores is obtained. These methods
allow the creation of pores in a honeycomb-like array in the
diameter range of 5 to 250 nm and pore density ~10"" pores per
cm?”.11153 Nevertheless, it is worth mentioning that in these
systems, the pore density is linked to the pore diameter due to
the hexagonal package and, therefore, it is difficult to vary both
parameters independently. Porous alumina membranes con-
taining ordered nanochannels are commercially available in
a wide variety of dimensions.

5.2 Single nanopores on 2D materials

5.2.1 Focused ion beam. In focused ion beam techniques,
low energy focused ion beam, typically Ga ions with energies in
the range of keV, impinges the surface and removes the material
until a nanopore is formed.*****® This process is based on sput-
tering, which removes atoms due to collisions of the projectile
with surface atoms. One of the major drawbacks of this technique
is the fact that each pore has to be drilled individually and the
membrane material needs to be ultra-thin (~100 nm), and have
a low roughness. This technique has mainly been applied to
produce nanopores in materials such as SiN or SiC. It was also
demonstrated that these ultrathin membranes with pores can be
used as support for other nanostructures such as boron nitride
nanotubes or MoS, nanopores.**** Considering the difficulty in
obtaining up-scaled membranes, this method is often confined to
single-pore systems, and therefore, its utilization in the creation of

© 2021 The Author(s). Published by the Royal Society of Chemistry

nanoporous membranes for energy conversion is limited. Never-
theless, single-pore membranes created by focused ion beam
techniques have been useful for the analysis of the influence of
different experimental variables related, e.g. the pore size.

5.2.2 Electron beam (e-beam). A focused electron beam can
also be used to produce solid-state nanopores. In this tech-
nique, the sample is irradiated with the high-energy electron
beam of a transmission electron microscope (TEM) which
causes sputtering and drills a hole in the material.***™*** Similar
to the focused ion beam technique, this nanofabrication tech-
nology is mostly confined to the creation of single-pore systems
in ultrathin membranes.

5.3 2D laminar and ultrathin nanoporous membranes

The balance between ion selectivity and high conductance gave
rise to 2D laminar and ultrathin membranes, which are
a desirable feature for the development of the SGE platforms.®”
2D laminar nanoporous membranes are typically obtained by
stacking nanosheets, thus creating interstitial interlayer spaces
that work as nanofluidic channels.®* Until now, 2D laminar
nanoporous membranes have been created using various
materials, such as carbides, nitrides,**® carbonitrides of early
transition metals (MXene),"” graphene,'**'**®  black-
phosphorus (phosphorene),'” boron nitride nanosheets,*
and kaolinite,"”* among others."””

There are at least two common methods for the creation of
2D laminar membranes: (a) vacuum filtration and (b) layer-by-
layer (LbL) assembly. Membranes based on MXene, graphene,
black phosphorus, and reconstructed kaolinite are usually ob-
tained by vacuum filtration of a stable colloidal dispersion of
the material that produces the assembly of the membrane
(Fig. 8(a)).'**'"*'* Subsequently, the material needs to be
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detached to form the free-standing membrane. In some cases,
the preparation of the material dispersion requires some
pretreatments. For instance, in the case of MXene, the starting
solid often contains an Al layer in the phase. This is why
a selective chemical etching (e.g. with HF) is required before-
hand to replace the A-group layer from the M,,,;AX,, phase with
other terminal groups such as -OH, -O, or -F.””*"”” In the case
of graphene, the dispersion can be obtained either commer-
cially or by exfoliation of graphite applying different protocols
(modified Hummers' method)."”®

The layer-by-layer method is attractive for the creation of
composite 2D nanoporous membranes (Fig. 8(b))."”® For each
component of the composite membrane a dispersion is
prepared and then, a substrate (e.g. a glass slide) is alternately
immersed in each dispersion. The assembly of the material
onto the substrate surface during immersion is achieved by
exploiting different intermolecular interactions such as elec-
trostatic interaction or van der Waals forces. The thickness of
the composite membrane is adjusted by the number of
immersion cycles. After a given number of immersion cycles,
the material is dried and the free-standing membrane is peeled
off from the substrate.

5.4 3D nanoporous membranes

3D membranes consist of micrometric networks with inter-
connected pores, as in the case of hydrogel-based membranes.
The generation of 3D nanoporous membranes is accomplished
with a wide variety of reactions depending on the chemical
nature of the network such as sulphonation reactions, non-
solvent induced phase separation, photoinduced polymeriza-
tions of different precursor solutions, chemical oxidations (e.g.
using 2,2,6,6-tetramethylpiperidine-1-oxyl radical as the cata-
lyst), generation of agarose hydrogels, just to name a few.***80-154

38 838
Vacuum filtration

Colloids of
2D materials
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Conventionally, this kind of membranes can not only be created
with a wide variety of thickness (in the micrometric range), pore
sizes, and distribution but also can be used as a building block
for the development of different asymmetric structures through
its combination with other nanofluidic platforms such as AAO
or track-etched foils. Also, in contrast with the previous systems,
3D nanoporous membranes containing interconnected nano-
pores enable the ion flow in various directions which promotes
a decrease in the resistance.** These concepts will be addressed
in more detail in Section 7.2.

6 Enhanced nanofluidic osmotic
energy — the impact of structural and
experimental variables on SGE
performance

Recently, researchers have dedicated great efforts to determine
the principal parameters that define the performance of SGE
generators. Understanding the influence of the different struc-
tural and experimental variables on the energy conversion
performance of nanofluidic-based platforms is crucial on the
way to technological readiness. This section presents and
discusses the effect of parameters such as nanochannel geom-
etry (diameter, shape, length), pore density, and surface charge
density, and experimental variables such as pH, concentration
gradient, electrolyte nature, and temperature on the nano-
porous membrane energy-conversion capability. Since many of
these variables are often interconnected, the experimental
situation is rather complex. Here we use a simplified scenario to
provide guidelines for the creation and study of SGE platforms
based on nanofluidic devices.

(b)

/ Material 1 \

g

] Material 2« Material 1,>

l Peeled off

composite membrane

(a) Schematic illustration of a 2D-laminar membrane created by vacuum filtration. (ii) Picture and (iii) scanning electron microscopy image

of graphene oxide membrane. (b) Schematic illustration of 2D-laminar membranes created by layer-by-layer assembly. Figure (a) adapted with
permission from ref. 43. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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6.1 Channel diameter

Nanochannel diameter is one of the most critical parameters
and it has been the subject of study in several research papers.
As an example, Tseng et al. theoretically studied the influence of
diameter in a single cylindrical channel via Poisson-Nernst-
Planck model simulations."* Their results showed a remarkable
effect of the channel dimension both on E,, and I 4. Conven-
tionally, a lower channel dimension results in a better ionic
selectivity due to the EDL overlapping that leads to a maximi-
zation of E,. Also, a small channel enables working with a high
concentration gradient keeping the ion selectivity, which yields
high 7max values. However, the diminution of the channel
diameter generates a decrease of I,s, (per channel) and there-
fore, a reduction of the power.®® This fact can be attributed to
the decrease in the ion flux per channel caused by the critical
decrease in the inner space.*>*

Power maximization is a trade-off situation in which it is
necessary to maximize ion selectivity and effective gradient but
without compromising the I, values. Experimentally, this fact
was evidenced by Feng et al. in their work focused on the NRED

Channel size and geometry
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performance of a nanopore in a single-layer MoS,.*> When the
pore size was lower than 10 nm, the pore displayed best E,,
values but it negatively impacted on I,¢y,. On the other hand,
when the pore size was slightly higher than 10 nm, the pore
displayed a high I, but with a decrease of Ey,. Finally, the
estimated maximum output power density was 10° W m™~? for
a pore diameter of 10 nm. A similar trend was also evidenced in
bullet-shaped single nanochannels (Fig. 9(b)).*

In contrast to this behavior seen in single-pore membranes,
the results obtained in multi-channel systems show that smaller
pores can be a key to minimizing the detrimental effects of
concentration polarization and thus, maximizing the output
power in up-scaled membranes. This effect will be addressed in
more detail in the following sections.'®>'%

Although pore diameters comparable to Ap could be thought
of as a limiting constraint, some authors have reported inter-
esting counter-examples.'****¢ Siria et al. reported the develop-
ment of a single boron nitride nanotube with an inner radius of
40 nm that achieved an extracted power density of 4 kW m™2.%
The authors claim that the current generated by a diffusio-
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(a) Dependence of calculated output power with the channel curvature for channels with a tip diameter of 20 nm and variable base

diameters (D). Reproduced with permission.?® Copyright 2018, Elsevier Ltd. All rights reserved. (b) Dependence of output power and maximum
efficiency (mmaxw) ON the effective channel size for bullet-shaped polyethylene terephthalate nanochannels at pH 10 and a 1000-fold gradient.
Reproduced with permission.®®* Copyright, 2020 Elsevier Ltd. All rights reserved. (c) Dependence of the calculated electrical output power and
efficiency on the channel length for a cylindrical channel with a diameter of 10 nm and a surface charge of —0.06 C m~2 and applying a 3000-
fold concentration gradient. (d) lon concentration distribution for two channels with different lengths. The ion concentration polarization effect
is higher for shorter channels. HC and LC refer to high and low concentrations respectively. Reproduced with permission.*** Copyright 2017,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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osmotic process has its origin in the osmotic pressure gradient
in the interfacial diffusion layer due to the difference in salt
concentration. They provide this reason why high performance
was obtained with a nanotube appreciably larger than EDL.

6.2 Geometrical asymmetry

To overcome the trade-off between the size and the SGE
parameters, membranes with channels of asymmetric geometry
have been proposed. The membranes are typically 10-20 pm
thick and have nanochannels with a small aperture (tip) of a few
nanometers in diameter, whereas the other aperture has
a diameter in the micrometer range (>100 nm). By employing
this strategy, it is possible to decrease the channel resistance
without considerably affecting ion selectivity.*"'**>'*7'#¥ Further-
more, the disruption of the symmetry usually promotes the
generation of devices with diode-like behavior which is advan-
tageous since this non-ohmic behavior can suppress the back
current and thus boost the output power by reducing the Joule
heating loss."****** Within asymmetric geometry, the most
studied systems contain bullet-shaped and conical nano-
channels. Hsu et al. compared the performance of a channel
with the same length, tip, and base diameter but different
shapes using PNP simulations.*”® The authors found that if the
base diameter of the channel is not excessively large (<1400 nm),
the bullet-shaped geometry achieved the best power values
because its higher inner space leads to a significant enlargement
of Insm (Fig. 9(a)). In contrast, the trumpet geometry results in the
lowest power value due to its low inner space, which yields the
lowest Iosm values. According to the simulations, the efficiency
(or selectivity) of the trumpet geometry yields best results
whereas the bullet shape displays the worst values and the
conical geometry has intermediate efficiency. In this regard,
Laucirica et al. reported for the first time an experimental anal-
ysis on the performance of a PET membrane with a single bullet-
shaped nanochannel as the SGE device (Fig. 9(b)).*® In a similar
way to that observed in cylindrical channels, the channel size
and the power obtained denoted a trade-off situation. On the one
hand, the increment of tip and base diameter enabled higher
Iosm values (if the ion selectivity was maintained) but produced
a decrease of Ey,,. Beyond this trend, the device with an optimized
size displayed a high output power of 80 pW per channel by
combining appropriate experimental conditions with this bullet-
shaped geometry which exceeded the reported values in conical
nanochannels of similar dimensions.**

6.3 Channel length

The decrease of the channel length is considered to produce an
increment in I,y (R. diminution) with a loss of selectivity (Ey,
diminution), setting another trade-off situation.'?%'?"'8192 Tg
shed light on this problem, Cao et al. conducted a comprehen-
sive analysis of the impact of the channel length on the energy-
conversion performance.”” Employing PNP simulations, the
authors found that the trade-off between the increment of I,
and the decrease of E,, resulted in an enhancement of the
output power at low and moderate concentration gradient
(<300-fold) as the channel length decreases. However, when the
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SGE experiment was carried out at high concentration gradients
(>300-fold) an anomalous dependence between the output
power and the channel length was evidenced (Fig. 9(c)).
Increasing the concentration gradient causes a severe ion
concentration polarization (ICP) in short nanochannels (<400
nm) that gives rise to a diminution in the effective concentra-
tion gradient. Thus, the real difference of transmembrane
concentration (effective concentration gradient) is lower than
the bulk concentration differences at each side (concentration
gradient) (Fig. 9(d)). This fact induces a decrease in both E,,, and
Iosm. Concomitantly, in discrepancy with the intuitive view-
point, if the concentration gradient was higher than 300-fold,
an excessive decrease in the channel length led to a drastic drop
in the maximum power. Considering this scenario, the authors
claim that a length in the range of 400-1000 nm is the best
option when the concentration gradient is around 3000-fold.
For channel lengths lower than 400 nm the behavior is
controlled by ICP (polarization-dominated region) whereas for
channel lengths larger than 1000 nm, the power decreases due
to the high R. values (resistance-dominated region) (Fig. 9(c)).
This behavior was experimentally observed by Su et al. in AAO
membranes."* By varying the time of the second anodization
step during the AAO membrane synthesis, the authors created
membranes with a wide range of channel lengths for SGE
studies. In agreement with the PNP simulations, they found
that a significant decrease in the channel length led to a detri-
ment in the osmotic power due to the ICP-induced decline in
the effective concentration gradient. On the other hand,
a significant increase in channel length led to lower osmotic
power values due to the higher membrane resistance. According
to the simulations, the relationship between P, and the
channel length has a maximum value when the thickness of the
membrane was about 8 pm. Additionally, these authors
demonstrated that this trend is independent of the surface
charge value and polarity.

6.4 Pore-density

Beyond the studies on single-pore membranes with accurate
control of the different structural parameters, to create SGE
devices with potential technological applications, the scale-up
to high-pore density membranes is a major challenge.
Although initial experimental studies estimated the multi-
channel device potential considering it a linear dependence of
the single-pore power, several recent theoretical®***'* and
experimental studies'® have reported important deviations
from linearity. Yazda et al. reported a comprehensive experi-
mental study about this topic by analyzing the energy conver-
sion performance of a 2D composite membrane formed by
silicon nitride and boron nitride (Fig. 10)."** Taking advantage
of a novel nanopore fabrication technique called tip-controlled
local breakdown, they were able to create membranes with
different pore-to-pore spacing and subsequently, to evaluate the
energy capabilities under the different conditions (Fig. 10(a)).
The analysis of the results shows that the diminution in the
interpore distance to values lower than ~500 nm yields an
abrupt drop in both the E,, and I, which was ascribed to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a probable interplay between the Dukhin length and concen- density, the authors found a value of 500 nm as the optimum
tration polarization (Fig. 10(b) and (c)). Therefore, in order to  pore-to-pore spacing (Fig. 10(d)). Wei Guo and coworkers thor-
minimize the pore-pore interaction and maximize the power oughly investigated the reasons behind the anomalous behavior
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in multi-channel membranes in comparison to the extrapolated
single-pore systems by PNP simulations (Fig. 10(e)).****” They
found that the power output achieved by a multi-channel
system with pore densities lower than 10° pores per cm?® could
be appropriately estimated through the linear dependence of
the single-pore results. However, for pore densities higher than
10° pores cm ™2 the pore-pore distance is drastically diminished
and the pore-pore interaction cannot be neglected. In these
cases, the high pore densities induce a strong ICP near the
membrane in the low-concentration reservoir that produces an
increment of the entering resistance and, concomitantly,
hindered the osmotic energy capabilities (Fig. 10(e)). This
rationalizes why the power values strongly deviate from the
value obtained by linear estimation from single-pore systems
(Fig. 10(f)).****® In addition, several studies have shown that the
ICP effect in multi-channel systems is lower as the channel
diameter decreases due to the diminution in the ion flux per
pore for smaller channels and the concomitant mitigation in
the ICP (Fig. 10(g)).*****>'% For this reason, the use of smaller
nanochannels can be crucial for the development of up-scaled
membranes. Furthermore, as described in the following
sections, the use of heterogeneous membranes has been widely
employed as an approach to reduce the mechanisms that vanish
the output power harvested in membranes with high pore
density. Despite the considerable advances in the last few years,
the mitigation of the effects arising from pore-pore interaction
in high-pore density membranes remains a major challenge in
this area (see Section 8.1).

6.5 Surface charge density and location

The modulation of surface charge density is one of the most
widely used strategies to experimentally improve the SGE
conversion performance. There are at least two common
approaches for adjusting the surface charge: (a) the control of
experimental conditions such as pH or light; and (b) the
attachment of different charged building blocks onto the
channel surface.

(a) Surface charge modulated by pH or light. The pristine
nanochannels/nanopores created in different materials such as
MoS,, silica, AAO, or polymers (PET, PI, or PC) have a pH-
dependent surface charge density. Usually, an increment in
the surface charge density is assumed to increase both E,, and
I,sm- Hence, setting the pH under any condition that provides
a high charged density on the surface is a simple option to
enhance the performance of the SGE device.>**'® Nevertheless,
recently Hsu et al. showed an anomalous dependence between
the surface charge density and the output power.'* These
authors conducted a comprehensive experimental study on the
impact of pH (surface charge density) on the osmotic output
power using a funnel-shaped single nanochannel in PET. The
surface charge density of the channel grew with increasing pH,
but the osmotic power diminished abruptly above pH = 10. The
authors attributed this anomalous behavior to the increment in
the ICP effect due to the massive rise in the surface charge
density when the pH value exceeded 10. In more detail, the high
surface charge density combined with the small tip size
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(diameter of 15 nm) generates a strong EDL overlap that causes
an increment in the ion concentrations at both sides of the
membrane (ICP effect). This fact leads to a decline in the
effective transmembrane gradient (effective chemical potential
difference) and, concomitantly, in the output power.** There-
fore, while a highly charged state of the surface is a primordial
requirement to achieve ionic selectivity and, usually a good
performance, the excessive increment of the surface charge can
induce a negative impact, mainly in highly confined nanofluidic
devices.>**

In a different approach, some materials offer the opportunity
to modulate the surface charge density via a non-invasive
stimulus, such as light. For instance, Graf et al. demonstrated
an increase in the energy-conversion properties of MoS, nano-
pores via light irradiation.?** This fact was ascribed to the light-
induced increment in the surface charge of the pores. Similar
strategies have been reported in 2D MXene membranes and
TiO,/C3N, heterojunction nanotubes.”***** These examples
illustrate the possibility to combine solar energy and SGE with
a relatively simple strategy.

(b) Surface charge modulated by building block immobili-
zation. Another common approach to tune the surface charge
density is based on the immobilization of different molecular
systems with charged groups.”****® As an example, Laucirica
et al. reported the development of an SGE device by the asym-
metrical modification of a single PET bullet-shaped nano-
channel with a polyaniline (PANI) film."* Amino and imino
groups of PANI are partially charged at low pH which enabled
the utilization of this platform as an energy conversion system
operative under almost unexplored acidic pH conditions. The
surface charge inversion due to the integration of PANI film was
evidenced by the sign inversion of E,, when I-V curves were
recorded applying a concentration gradient. By applying a 1000-
fold gradient of KCI at acidic pH, PANI film promoted an
increment of 100% of output power (~15 pW) compared to the
unmodified channel. Recently, Lin et al. introduced a novel
development of a high-performance SGE device by functional-
izing a conical channel with poly-i-lysine.'*® Notably, the
channel contained both aperture diameters above 400 nm.
Although this magnitude widely exceeded the Debye length (at
Cxcl = 1 mM Ap = 9.6 nm), the system presented ion selectivity
and remarkable performance as an osmotic power nano-
generator given by a P, = 120 pW (per pore) applying a 500-
fold gradient. This peculiar behavior was attributed to the high
positive charge provided by poly-i-lysine chains. In this regard,
a recent study showed analytically that the ionic selectivity in
these cases is further explained in terms of the Dukhin number
rather than the EDL overlap (see Section 3.1).”

Beyond the importance of surface charge magnitude and
sign, the location of charges also acquires a crucial role. For
instance, a recent study showed that the immobilization of
a polyelectrolyte layer not only on the walls of the channels but
also on the outer walls of the membrane represents a simple
approach to enhance the power output.****” On the other hand,
the creation of systems with a distribution of net charges within
the entire volume of the nanochannel interior (space charge)
rather than just on the nanochannel walls (surface charge) has

© 2021 The Author(s). Published by the Royal Society of Chemistry
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demonstrated to be a simple way to improve the SGE
performance. %1820

In the last few years, asymmetric modifications producing
heterogeneous membranes composed of two different mono-
layer porous membranes have been used as an essential strategy
to boost the power in NRED systems.?***'° In 2019, Wei Guo and
coworkers carried out a PNP-based study on the fundamental
aspects of heterogeneous membranes as osmotic nano-
generators.”"* In contrast to homogeneously charged nano-
fluidic devices, they demonstrated that the existence of
a heterojunction suppresses the ICP phenomenon without
compromising the ion selectivity. The effective concentration
gradient does not vanish, and therefore, the I,q, and the
extracted power increase. The analysis also includes the influ-
ence of the structural parameters of the heterogeneous region
such as diameter and length. By employing a heterogeneous
region with a small pore diameter (<20 nm), the ICP effect is
overcome but a drastic reduction in the overall ion selectivity
was also observed. These results suggest that it is indeed
possible to boost the power exhibited by introducing a hetero-
junction region and to obtain an optimal balance between ICP
suppression and high ion selectivity. For this, the optimization
of the length and diameter of the heterogeneous region plays
a crucial role. On the other hand, the disruption of the
symmetry by introducing an asymmetric modification enables
obtaining devices with diode-like behavior. This characteristic
positively impacts the osmotic energy performance (see Section
6.2)."

6.6 Concentration gradient

Concentration gradient is one of the experimental variables that
more critically impact the SGE generation. Typically, an incre-
ment in the concentration gradient causes a boost in the output
maximum power since it generates a rise in both the I, and
E., (Fig. 11(a)).*>***>'* However, in some cases, this relation-
ship is not completely fulfilled and an excessive increment in
the difference of transmembrane concentration can be coun-
terproductive in the power exhibited. For a fixed diameter and
pore-density, the concentration gradient has strong effects on
the obtained power. On the one hand, the increment of the
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concentration gradient directly increases the power as it
produces a richer free energy source from a thermodynamic
point of view (eqn (20)). However, a high concentration gradient
requires that one side of the membrane is exposed to a high
electrolyte concentration, which concomitantly produces a loss
of ion selectivity due to the efficient screening of surface charges
(see the relationship between Debye length and salt concen-
tration in eqn (2)).'°>"'7*2¢21> Considering eqn (20), this fact
produces a decline in E,, due to the diminution of counter-ion
transference number. On the other hand, if the electrolyte
concentration in the diluted reservoir is excessively low,
a similar detriment in the output power can occur due to the
diminution of ¢,, but in this case, this effect is attributed to the
diminution in the surface charge caused by the regulation
charge effect at low electrolyte concentration.'****2'*

For asymmetric channels, also the directionality of the
gradient is important; i.e. at which side of the nanoporous
membrane the highly concentrated and diluted solutions are
placed (Fig. 11(b)).>***>2'¢ Supported by PNP simulations in
geometrically asymmetric nanochannels, different authors
showed a better energy-conversion performance when the
diffusion flux was established from base-to-tip instead of tip-
to-base which means that, to achieve the best output power
and efficiency, placing the concentrated solution in the base
side and the diluted solution in the tip side is conve-
nient.*»'**1% The reason behind this behavior is ascribed to
the increase (decrease) of the selectivity when the tip side was
exposed to the diluted (concentrated) solution since the ion-
selective mechanism in asymmetric channels stems from the
tip region.”” However, when the asymmetry is provided by
targeted surface modification, instead, anticipating which will
be the best arrangement is more difficult. In these experi-
ments, the system is usually tested in both configurations
(Fig‘ 11(b)).64’218'219

6.7 Electrolyte nature

In addition to the concentration (i.e. activity) gradient, Cao et al.
performed a comprehensive analysis of how the electrolyte
nature impacts the performance of an SGE device based on
a single conical PI nanochannel.”” Combining experimental
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results with PNP simulations, the authors showed that the net
diffusion current (I,s,) is dominated not only by the ion-
selectivity of the nanoporous membrane which favored the
counter-ion flux but also by the inherent different diffusive
properties of counter-ions compared with the co-ions of a given
compound. To boost output power and efficiency, these two
mechanisms must act synergistically.**®

Thus, the power in a cation-selective nanochannel can be
increased by selecting KF instead of LiCl as the higher inherent
diffusion of K in comparison to F~ (D > Dg-) and the cation
flux favored due to the cation-selective membrane would have
a collaborative effect. For the case of an anion-selective
membrane, the use of LiCl instead of KF is recommended
since the higher inherent diffusion of Cl~ in comparison to Li"
(Dcr- > Dyy+) and the anion flux favored due to the anion-selective
nanoporous membrane would work synergistically.

In the case of sub-nanopore membranes, both size and
diffusivity of hydrated and dehydrated ion sizes need to be
considered.””*** For example, for nanoporous membranes
based on metal-organic frameworks (MOF) with pore sizes
around 6-7 A it was shown that counter-ions with a size lower
than the pore size of the MOF are able to pass through the MOF
porosity yielding higher ion fluxes and selectivity.”** Consis-
tently, the transport across the porous MOF in the case of
counter-ions with larger hydrated sizes is more restricted which
leads to a detriment in the power capabilities. Quantitative
results of different upscaled MOF-based membranes will be
addressed in more detail in Section 7.2.

6.8 Temperature

Temperature is a relevant factor in the NRED performance since
it directly affects the ion diffusion coefficients. In principle, the
NRED experiment can be carried out both under isothermal and
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asymmetrical temperature conditions (ie. the solution
temperature at each side of the membrane being different).
Until now, most experiments have been performed under
isothermal conditions, where usually the Py, is enhanced as
the reservoir temperature increases due to the maximization of
both I, and E,, (see dependence of E;, on T in eqn

(20)).126,225,226
Enm = (26, — 1)% 1n(“—”)

. (43)

Otherwise, the 7. is practically not modified as both
diffusion coefficients (counter-ion and co-ion) are modified
similarly and, therefore, the transport numbers remain almost
unchanged."**** However, other temperature effects rather
than that directly expressed in eqn (20) could arise. For some
materials, temperature-induced changes in the surface charge
which also cause variation in 7, have been reported.'”>>>7??%
As an example, on silica surfaces, an excessive increase in the
temperature can result in a drastic diminution in E,, and power
explained by a reduction in the effective surface charge density
owing to the formation of hydrophobic patches that mask the
mesoporous surface.?””

An asymmetric temperature configuration in NRED was
addressed in detail by Liu and coworkers in their studies based
on numerical simulations in cylindrical nanochannels.”***® The
effect of the temperature gradient was evaluated as a function of
the temperature difference and the gradient direction, denoted
as positive temperature difference (PTD) when the low-
temperature reservoir coincides with the low concentration
reservoir and as negative temperature difference (NTD) when the
low-temperature reservoir coincides with the high concentration
reservoir (Fig. 12(a)). The authors found that both NTD and PTD
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(a) Different experimental configurations for temperature-dependent experiments of energy conversion. HC and LC refer to high and

low concentration reservoirs respectively. (b) Electrical power displayed applying a 1000-fold concentration gradient at different temperature
configurations. (c) Influence of the asymmetric temperature directionality on the power ratio compared with the isothermal condition
(enhancement factor) in a cylindrical nanopore of diameter 20 nm, length 50 nm, surface charge density —0.05 C m~2. (d) lon concentration
profiles for different temperature configurations. A negative temperature gradient (NTD) leads to a diminution of the ion concentration
polarization. Reproduced from ref. 229 with permission. Copyright © 2019, Oxford University Press.
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enable an increment in I, compared to the isothermal condi-
tion (considering the low temperature of the asymmetric exper-
iment) since the electrical resistance depends on the average salt
temperature. Nevertheless, while the NTD caused an increment
in the selectivity and therefore, in E,,,, the PTD produced a detri-
ment in this parameter. This fact produced a boost in the
extracted power for the NTD configuration but, in contrast,
a trade-off situation for the PTD (Fig. 12(b) and (c)). The authors
argued that in the NTD situation the diffusion coefficients are
enhanced along the osmotic-diffusion direction owing to the
temperature impact and thus, the ion concentration inside of the
channel is diminished and the selectivity maximized. Also, in the
NTD case, the concentration in the channel exit in the low
concentration reservoir is diminished due to the effect of the
temperature on the diffusion coefficients which suppresses the
ICP effect enabling the best Py, (Fig. 12(d)) to be obtained.
Considering these results, this configuration can acquire special
relevance for avoiding the ICP promoted by the pore-pore
interaction in multi-channel membranes.>*

These results suggest that an increment in the osmotic
energy can be achieved by simultaneously combining temper-
ature and concentration gradients. Thus, the thermo-osmotic
energy conversion obtained from the utilization of natural
water sources (e.g. river and seawater) and low-grade heat waste
could be a key for expanding the boundaries of NRED and thus,
to widely exceed the commercial benchmark.?®" Furthermore,
low-grade heat waste can be harnessed for the thermal regen-
eration of low and concentrated solution giving rise to a type of
RED in a closed-loop called RED heat engine.”*

7 Towards the construction of NRED
platforms with technological
applications

The fundamental insights for the optimization of an NRED
device have been introduced in previous sections, presenting
results on either single-pore membranes (or low-pore density)
experiments or PNP simulations. Nevertheless, with the purpose
of producing real NRED devices, the scaling-up from single-pore
to multi-channel is a crucial issue. Unfortunately, this is not
a trivial challenge due to the hindered Py, caused by the pore-
pore interactions (see Section 6.4)."* Furthermore, the NRED
applicability would depend on the properties of the available
water sources. As an example, from its conception, the RED
system was usually intended to be operated with river water
(~0.01 M) and seawater (~0.5 M) which not only establishes
a specific gradient magnitude (~50-fold gradient) but also fixes
other experimental variables such as the pH and electrolyte
nature. In the last few years, the opportunity to use different
water sources such as saline industrial waste or brine solutions as
salinity gradient power resources has gained impetus due to their
benefits in terms of power, environmental impact, and versa-
tility.>* Also, as we will see, all the results were obtained
employing millimeter working areas which is not a realistic
condition (see Section 8.1). For the construction of NRED plat-
forms with technological applications, these aspects have to be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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considered. This section presents strategies reported by different
researchers that enable them to tackle the aforementioned
challenges. For ease of reading, this section is subdivided into
two parts introducing the following systems: (a) two-dimensional
(2D) and other ultrathin membranes, and (b) multi-channel and
three-dimensional (3D) materials (see Fig. 1).

7.1 2D-materials based and ultrathin membranes for the
development of SGE nanodevices

Up-scaled 2D membranes usually involve 2D-laminar
membranes. Well-known examples of these materials for
developing SGE devices are graphene,***'%*>* hexagonal boron
nitride, carbon nitride,'*® MXene,'* molybdenum disulfide,”*
among others."*'7%>** In the case of 2D layered membranes the
interstitial spaces among the nanosheets act as “lamellar
channels” enabling ion transport. As previously explained, the
combination of ultrathin membranes and highly charged
“lamellar channels” can be a key in the development of highly
efficient membranes for osmotic energy conversion due to their
intrinsic high ion selectivity and lower resistance.'***** In this
section, some of those results obtained in up-scale 2D-based
membranes are summarized.

Ji et al. created NRED stacks by alternating negatively and
positively charged 2D graphene oxide membranes created by
flow-induced self-assembly and subsequent thermal stabiliza-
tion (Fig. 13(a)).””® Due to the natural negative charge of gra-
phene oxide, in the case of positive 2D membrane construction,
the graphene oxide nanosheets were previously functionalized
to form positively charged imidazolium groups. The ion selec-
tivity of both membrane types in combination with the low
resistance to the ion fluxes provides an output power density of
0.77 W m™ 2 per NRED stack applying a concentration gradient
of 50-fold (simulated seawater and river water system)
(Fig. 13(b) and (c)). Based on their platform, the authors were
able to harvest osmotic energy from different water sources
such as acid rain, industrial wastewater, brine, and urine which
extends the applicability of this NRED system. Finally, the
output voltage of the system reached 2.7 V by stacking 13
membrane pairs. It was demonstrated that this is sufficient to
operate different electronic devices such as a calculator and
light-emitting diodes (LEDs) (Fig. 13(d)).

One of the most employed strategies to decrease the
membrane resistance and increase the ion selectivity is the
appropriate functionalization of the membrane. In the case of
2D-layered membranes, the creation of hybrid membranes by
assembling different materials has become an attractive
option.***?*® Wu et al. reported the construction of a composite
membrane formed by graphene oxide and cellulose nanofibers
(GO/CNFs).*® Under optimized conditions and applying
a concentration gradient of 50-fold (mimicking seawater/river
water), the system exhibited an output power density of
4.19 W m?* exceeding results obtained with isolated cellulose
nanofibers and graphene oxide. This enhancement was
ascribed to larger interlayer distances that allow fast ion
transport and high transmembrane flux but without losing
selectivity due to the space charge introduced by CNFs.
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(a) Scheme of the experimental set-up of nanofluidic reverse electrodialysis stacks based on negative and positive graphene oxide (n-GO

and p-GO) membranes. (b) The iontronic output under different directionalities is shown too. HC — high concentration reservoir — denotes an

aqueous solution of 0.5 M NaCl and LC - low concentration reservoir
(black) and output power (blue) in terms of external resistance. The

— corresponds to an aqueous solution of 0.01 M NaCl. (c) Current density
curve displayed a maximum at P ~ 0.8 W m~2. (d) Schematic cell and

dependence of voltage for the different number of nanofluidic reverse electrodialysis stack units (50-fold gradient). Tandem graphene oxide-
based nanofluidic reverse electrodialysis systems can power an LED. Reproduced with permission.*?* Copyright 2016, WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.

Additionally, these authors studied the osmotic energy perfor-
mance in terms of temperature. When increasing the temper-
ature from 298 to 323 K, the output power was boosted due to
the rise of both ion mobility and negative surface charge
density. However, above 323 K the output power decreased
owing to the formation of so-called nanopancake-like gas layers
that shielded the charged zone. A similar temperature-
dependence was evidenced in a previous work carried out on
silica nanochannels.””

More recently, Zhu et al. introduced the first up-scaled 2D-
membrane based on MoS, for energy conversion purposes.'’>
The main difficulty in creating large areas of MoS, 2D-
membranes comes from the low strength and stability of the
stacked membrane. However, by combining MoS, nanosheets
with cellulose nanofibers (CNFs), the authors demonstrated

12894 | Chem. Sci, 2021, 12, 12874-12910

a MoS, lamellar nanoporous membrane with high conductivity,
high ion selectivity, good mechanical strength, and stability in
aqueous media. The nanocomposite membrane was created by
vacuum filtration of a dispersion containing both components,
the CNFs and MoS, nanosheets. The energy conversion
performance was studied for CNFs/MoS, nanoporous
membranes containing different amounts of CNFs and MosS,
phases. The increase in CNF concentration boosted the ion
selectivity due to a larger amount of surface charges, but an
excessive increment in the amount of this component yielded
a detriment in the ion flux because of the physical sterical
hindrance. For its part, the employment of MoS, in the metallic
phase (M-MoS,) rather than in the semiconducting phase
enables enhancement of the ion flux and selectivity due to the
high electron density of M-MoS,. Therefore, by using MoS, in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the metallic phase and optimizing the weight content of CNFs
to 8%, the system displays PDp,,« ~ 5.2 W m™> applying an
electrolyte gradient mimicking the natural seawater/river water
system. Furthermore, using natural seawater from the China
East Sea and river water, a PD,,, of around 6.7 W m™> was
achieved which exceeds the commercial ion-exchange
membranes. Notably, the final response was independent of
the pH which opens the door for the utilization of different
water sources such as ultra-acidic or alkaline wastes.

In the last few years, MXene compounds have emerged as
a promising material for the construction of 2D-membranes
with applications in nanoosmotic generators.>*® These mate-
rials are based on the chemical formula M,,;,X,, T, where M is an
early transition metal (e.g. Ti, Cr, Mo, etc.), X is carbon and/or
nitride and T is the terminal group (typically -O, -OH, or -F).
MXene compounds are usually synthesized by selective etching
of the A-group layer in the M,,;;AX,, (MAX) phase.*******! These
terminal groups provide the surface charge to the MXene
nanosheets and contribute to the interplanar spacing. One of
the seminal articles on the MXene-based 2D layered
membranes for NRED was published by Wang and coworkers in
2019.'”° The authors constructed lamellar Ti;C,T, membranes
via the etching of Al from Ti;AIC, followed by the assembly of
the Ti;C,T, dispersion by vacuum-assisted filtration (Fig. 14(a)).
The resultant device exhibited a highly charged state at alkaline
PpH that, in combination with the low membrane resistance,
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enabled them to harvest an output power of 21 W m > and
maximum efficiency of 40% applying a 1000-fold concentration
gradient at room temperature (Fig. 14(b)). Furthermore, the
increment in the temperature allowed maximizing the ion
mobilities and the surface charge yielding a PDyyay of 54 W m >
(Fig. 14(c)).

Exploiting the same material, Zhang et al. built a composite
membrane based on Ti;C,T, MXene and aramid nanofibers
(MXene/ANFs) (Fig. 14(d)).>*® The aramid nanofibers not only
offered negatively charged groups but also enlarged the inter-
layer channel and acted as an interlocking agent to connect the
nanosheets by hydrogen bonding. The aramid nanofiber
content on the composite membrane had to be optimized since
an excessive amount reduced the ion flux due to partial blocking
of the 2D channels (Fig. 14(e)). Thus, under optimized condi-
tions, these authors reported a PDp,x of 4.1 W m 2 by using
seawater from the Mediterranean Sea and river water from the
Elbe River as gradient sources. Additional theoretical and
experimental results showed that the good performance is
explained not only by the increment of surface charge (and
interlayer channels) but also by the spatial distribution (“space
charge”) of charges offered by aramid nanofibers (Fig. 14(f)).

Recently, the development of a bio-inspired layer-by-layer
assembled nanocomposite membrane (ABN) based on aramid
nanofibers (ANFs) and boron nitride nanosheets (BNn) was re-
ported.’* The system was created by the layer-by-layer
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(@) Scheme of the TizC,T, MXene membrane and the experimental set-up. (b) Output power density and the maximum efficiency

extracted for different concentration gradients. (c) Power density as a function of the temperature. Adapted with permission.*”* Copyright 2019,
American Chemical Society. (d) Schematic representation of TizC,T, MXene/aramid nanofiber (ANF) membrane structure (MXene/ANF). (e)
Power density obtained for the composite membrane with different ANF contents. (f) Power density obtained for different pH values. Repro-
duced with permission.2°® Copyright 2019, The Author(s). Published by Springer Nature.
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deposition of aramid nanofibers and boron nitride nanosheets
onto a PDDA-pretreated glass. This revealed remarkable
mechanical properties with a tensile strength of 370 MPa and
chemical stability in a wide range of pH and temperature. The
negative charge of ABN made it possible to use it as an electrical
nanogenerator yielding an osmotic P, density of 94 mW m >
(without subtracting redox contribution PDy,,, ~ 600 mW m™?)
when applying a gradient of artificial seawater and river water.
This result exceeds values obtained by other electrokinetic
energy conversion methods.”” Also, an NRED system con-
structed with 10 tandem-connected osmotic cells was able to
supply electronic devices with a liquid crystal display and the
ABN-based membrane was able to act as a nanopower generator
even with organic solvents.””® Interestingly, these results were
obtained using an effective area of 3.14 mm® but, when the
effective area was decreased to 0.03 mm?, Ppax density was
boosted to 5.9 W m~? (without subtracting redox contribution).
This finding suggests a non-linear behavior of the response in
terms of the effective areas. For this reason, the article high-
lights the importance to perform the NRED experiments under
conditions that emulate practical applications. The trade-off
between the output power and working area was also evi-
denced by Chen et al. in the study of the energy conversion
performance of a nanocomposite membrane based on aramid
nanofibers and graphene oxide.**®

7.2 3D-materials and other multi-channel membranes for
the development of SGE nanodevices

With the purpose of developing platforms with technological
applications, the scientific community has made considerable
efforts during recent years to achieve an efficient scale-up to
multi-channel membranes. The employment of 3D materials
has been proposed as a simple way to obtain membranes with
low cost and easy scalability acting as efficient SGE
devices.®>133184244245 The combination of interconnected 3D
nanostructured networks together with the high surface and
space charge leading to high conductance and selectivity has
been identified as determining factors.**® In the last year,
several proofs-of-concept have been introduced in the synthesis,
characterization, and energy conversion testing of these mate-
rials. Zhang et al introduced an organic heterogeneous
membrane constructed by the integration of a functional poly-
electrolyte hydrogel based on polystyrene sulfonate (PSS) on
a porous aramid nanofiber (ANF) membrane via the sequential
blade-casting method (210 pm-thick) (Fig. 15(a)).** The chem-
ical, electrostatic, and structural asymmetries resulted in
a rectifying behavior with surface-charge-governed ion
conductance below 0.1 M KCl. Furthermore, the enhancement
of ion diffusion caused by a widely charged 3D hydrogel
network added to the high cation selectivity provided by nega-
tive groups of PSS and ANF, and the advantages of interfacial
design allowed it to act as an efficient energy nanogenerator. In
order to obtain the best performance, both the gradient direc-
tion as well as the PSS content in the hybrid membrane were
optimized. On the one hand, the results evidenced an incre-
ment in the power by establishing the ion diffusion direction
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from the ANF membrane to the PSS hydrogel (forward gradient)
(Fig. 15(b) and (c)). On the other hand, an increment of PSS
content up to 7% wt led to a boost in the power due to the
increment in the surface charge (Fig. 15(d)). Additional incre-
ments of PSS are counterproductive owing to the increase of
steric hindrance and concomitantly, a decrease in the ion flux.
Finally, under optimized conditions, the device displayed a Py,
density of ~5.06 W m~? by mixing natural seawater and river
water (~130-fold) exceeding the commercialization benchmark
(Fig. 15(e)). This work demonstrated the technological potential
of heterogeneous membranes based on 3D polyelectrolyte
hydrogels as SGE platforms.

Recently, nanoporous membranes containing metal-organic
frameworks (MOFs) or covalent organic frameworks (COFs)
have emerged as an attractive approach due to the exceptional
properties of these materials such as their distribution of
ordered sub-nanochannels, the tailorable surface properties,
the high surface area, and relatively straightforward chemical
synthesis.?**?****® In this regard, Zhao et al. introduced an
inorganic-organic composite membrane that consisted of the
integration of MOF nanosheets into a heterogeneous organic
membrane.”® This ion-selective membrane was created in
a two-step process. First, a sulfonated polysulfone (SPSF) solu-
tion was cast and, subsequently, dried on a Si wafer. Then,
a dispersion of sulfonated poly(ether etherketone) (SPEEK) and
previously synthesized MOF nanosheets (zinc(u) tetrakis(4-
carboxy-phenyl)porphyrin) was spin-coated on the SPSF modi-
fied substrate (Fig. 16(a)). The formed membrane (MOF-SPEEK/
SPSF) had a total thickness of 4.3 um and displayed a good
cation selectivity ascribed to the presence of sulfonated groups
(Fig. 16(b)). Moreover, energy conversion experiments showed
an enhancement of power output of the MOF-SPEEK/SPSF
(6.96 W m ?) compared to those obtained with the SPSF
(2.7 W m~?) and SPEEK/SPSF (5.95 W m~?) membranes when
a 50-fold salinity gradient was applied (Fig. 16(c)). These results
were attributed to both the asymmetrical structure and the
diminution of ion transport resistance promoted by the high
porosity of MOF. Furthermore, this value could be maximized to
7.9 Wm™? and 24 W m ™2 by setting the pH = 11 and applying
a 500-fold salinity gradient respectively (Fig. 16(d)). Finally, the
authors introduced a novel method to apply a temperature
gradient by irradiating a Si wafer with light.

The functionalization of nanochannels with different
molecular systems has been one of the most applied
approaches to obtain a high performance in multi-channel
membranes.'%?18219.230-235 1 jy et ql. developed a highly selec-
tive nanoporous membrane based on the integration of the
MOF UiO-66-NH, onto the surface of a highly ordered AAO
membrane (UiO-66-NH,-AAO).>** The composite membrane
was created by in situ growth of the MOF UiO-66-NH, onto a pre-
synthesized AAO membrane modified with 3-triethox-
ysilylpropylamine (APTES). The previous modification of the
AAO membrane with the APTES is a crucial step since it acts as
a crosslinker enabling the successful integration of the MOF.
Despite the asymmetric structure, the UiO-66-NH,-AAO
membrane displayed a low rectifying behavior which was
ascribed to the trade-off between asymmetric wettability and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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|-V curves applying a 50-fold gradient under different directionalities. (c) Power density for the hybrid membrane and the isolated building blocks
in both gradient directions. (d) Power density vs. the PSS content. The graph depicts the trade-off between the increment of surface charge and
the increment of steric hindrance. (e) Power density and current density in terms of load resistance applying a gradient of natural seawater and
river water (~130-fold). Reproduced with permission.®* Copyright 2020, The Author(s). Published by Springer Nature.

asymmetric pore-structure. The study of ion transport at
different electrolyte concentrations showed a charge-governed
transport below 1 M KCI due to the positively charged MOF
and AAO membrane under neutral pH conditions. The ion-
selective behavior was exploited in SGE experiments. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

exposure of the composite membrane to asymmetric electrolyte
concentrations (1000-fold KCl) evidenced the generation of I, =
1.81 pA and E,, = 72.7 mV when the MOF side was exposed to
the concentrated solution (forward direction). The exposure of
the MOF side to the diluted solution (the reverse direction)
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(a) Schematic illustration and (b) scanning electron microscopy image of the inorganic—organic composite membrane metal—organic

framework—sulfonated poly(ether etherketone)-polysulfone (MOF-SPEEK/SPSF). The zoom-in image demonstrates the asymmetric structure.
(c) Power density in terms of load resistance for the SPEEK/SPFS (M-1) and MOF—-SPEEK/SPSF (M-2) membranes applying a 50-fold gradient. The
integration of MOF in the heterogeneous membrane led to an increment in the output power. (d) Power density in terms of load resistance for
the MOF—SPEEK/SPSF membrane applying a 500-fold gradient. Reproduced with permission.2*® Copyright 2020 Elsevier Ltd. All rights reserved.

showed a clear diminution in the power capability. In this way,
the analysis of power capabilities by P-R curves exhibited
a respective value of 4.93 W m 2 and 7.12 W m ™ ? at 50-fold and
500-fold of KCI forward asymmetric concentration. Usually, it is
assumed that the diffusion coefficients are the most relevant
factor in the selection of the electrolyte. However, when nano-
porous membranes based on MOFs are used, the hydrated ion
radius acquires a central role due to the comparable magnitude
of this parameter and the size of MOF cavities, as commented
above. In this case, the performance as SGE of the composite
membrane for a 100-fold gradient displayed power densities
around 28.6 W m ™2, 11.0 W m 2, and 0.0216 W m™ > for KBr,
KCl, and KNO; respectively. Considering that the relationship
between hydrated anion radii is Br~ (6.62 A) < Cl~ (6.64 A) <
NO;~ (6.70 A) and the pore size of UiO-66 is around 6-7 A, this
trend was attributed to partial size exclusions in the MOF
porosity. Finally, the composite membrane presented good
stability showing a loss in the power capability of only 12% after
seven days.

Xin et al. introduced a heterogeneous nanofluidic device
created by the deposition of the abundant biomaterial silk

12898 | Chem. Sci,, 2021, 12, 12874-12910

nanofibers (SNF) onto a porous AAO substrate (Fig. 17(a)).>*®
The hybrid membrane displayed interesting properties such as
mechanical robustness, aqueous stability, long-term stability,
and surface-charge-governed transport at high KCI concentra-
tion. The energy conversion properties were ascribed to the
synergic mechanism of ion storage of the AAO substrate and the
ionic selectivity of the SNF layer (Fig. 17(b)). Considering this
mechanism, these authors ensured that the relationship
between the size of SNF and AAO pores played a central role. On
the one hand, an excessive decrease in the pore size of the AAO
membrane (<70 nm) limited the effective contact between the
SNF film and the AAO pores yielding a decrease in the power. On
the other hand, an excessive increment in the pore size of the
AAO membrane (>110 nm) reduced the ion storage capability of
the AAO membrane diminishing the output power (Fig. 17(c)).
Thus, by optimizing the pore size of the AAO membrane and the
length of SNF film, this device was able to act as a nanopower
generator with an artificial sea-river water system obtaining
a maximum P,y density of 2.86 W m~? under alkaline condi-
tions (Fig. 17(d)). This value was enhanced by incrementing the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration gradient. Moreover, the system achieved SGE
conversion efficiently in a broad range of pH (Fig. 17(e)).
Polymer membranes with a large pore density have been
extensively used for the development of SGE
devices.'8183186:205.257.258 Gimilar to those results obtained in
AAO, the main methodology is focused on the creation of
heterogeneous membranes via the deposition of a highly
charged layer on the membrane interface. For instance, Xu et al.
presented the development of an asymmetric membrane by the
integration of negatively charged 2,2,6,6-tetramethylpiperidine-

SNF membrane

AAO membrane

View Article Online

Chemical Science

1-oxyl radical oxidized cellulose nanofibers (TOCNs) (9 pm-
thick) onto a porous track-etched PET substrate (12 um-thick;
pore density ~10% pores per cm™~?).*®* The hybrid system dis-
played unique rectification properties and cation selectivity
ascribed to the asymmetrical structure and the high negative
charge density of the TOCN layer. Furthermore, supported by
PNP simulations, the authors ensured that the heterogeneous
membrane configuration allowed weakening of the ICP on the
TOCN side. Exploiting these features, the NRED membrane
showed a PDy,,,, of ~0.96 W m 2 with efficiencies around 25.2%
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pH

(@) Scheme of the hybrid membrane created by the integration of the silk nanofibers (SNFs) onto the anodic aluminum oxide (AAO)

membrane. Scanning electron microscopy image (scale bar 0.2 pm) of the SNF surface containing pores with an average diameter of around
~20 nm (inset). The Tindall effect promoted by the SNF solution is also shown. (b) Schematic representation of the AAO/SNF membrane. The
AAO membrane acted as an ion storage layer, whereas the SNF film acted as an ion-selective layer. (c) Output power density in terms of the AAO
pore size (the subindex refers to the pore size). Pore size between 80 and 100 nm led to an optimal response. (d) Extracted power density vs. the
external resistance. (e) Power density as a function of the pH for two different SNF film thicknesses. The power displayed a maximum at basic pH.
However, the hybrid system achieved a good performance in a broad range of pH. Reproduced with permission.?*¢ Copyright 2020, The

Author(s). Published by Springer Nature.
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mimicking the concentration gradient of seawater and river
water. These values could be enhanced by alkalinizing the pH
due to the deprotonation of carboxyl and hydroxyl groups of
TOCNs and PET.

8 Upcoming challenges

Currently, there is vast knowledge about the main parameters
affecting the energy performance in nanofluidic devices. Also,
along Section 7, several articles based on up-scaled membranes
either 2D or 3D materials achieving maximum power densities
(PDpax) around or even exceeding the commercial benchmark
(4-6 W m™?) have been reported (Fig. 18). Undoubtedly, great
advances in the use of nanoporous membranes as NRED
devices at the laboratory scale have been achieved in the last few
years. However, in order to convert these novel innovations into
technological platforms, several issues must be tackled. In
principle, there are, at least, three important issues that need to
be addressed in the immediate future: (a) scaling-up the
systems to realistic working areas and to reduce the ICP impact,
(b) creation of full NRED cells, and (c) improvement of the
mechanical and antifouling properties of nanoporous
membranes.

8.1 Setting realistic scales for working areas

In Fig. 18, different reported PD,,x values in terms of the
membrane thickness are shown. Also, the color of the point
indicates the working area employed. Results exposed in this
figure denote the promising performances obtained in the last
few years by employing nanoporous membranes. Furthermore,
in several cases, the performances were compared (under the
same conditions) with commercial membranes and these have
shown overcoming energy capabilities.*** However, the working
area employed in each case is still far away from realistic values
that enable the real application of these platforms. Specifically,
most of the studies exhibiting output powers around the
commercial benchmark were obtained with working areas
below 0.1 mm?®. Considering that the degree of mixing with
small areas is minimal, the driving force is maintained, and
therefore, PD,,., is maximized. However, under this condition,
the amount of energy extracted is very low and therefore,
constitutes a limitation.

In the last few years, several authors have expressed the
relevance of increasing the working areas in order to mimic the
real operation conditions.******?3 The increment of the working
area allows enhancement of the energy produced by a certain
volume of solution (an increase of extractable energy efficiency)
since this fact leads to transport of more moles of ions and,
concomitantly, mixing of the solution. However, this increment
dramatically affects the output power since more mixing
reduces the gradient concentration and concomitantly, the
driving force of SGE.'*®**® Thus, to obtain an adequate balance
between energy efficiency and PD,,, it is imperative to increase
the working areas beyond the millimeter scale.

The trade-off between extractable energy and PDy.« by
increasing the working area can be related to the previously
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membrane thickness (a) and the maximum efficiency (b) for most of
the different studies addressed in Section 7. Data are also summarized
in Table 1.

explained commitment relationship between the output power
and pore-density due to the ICP effect (Section 6).'” While it is
possible to despise this phenomenon in single-pore systems,
ICP acquires a central role in nanoporous membranes. One way
to analyze the ICP is considering that this leads to changes in
the concentrations (or activities) at the membrane surface and,
concomitantly, generates a diminution in the effective concen-
tration gradient.'®® As depicted in eqn (27), this diminution in
the gradient magnitude and, therefore in the driving force of
NRED, has a direct consequence on Py,

o -0 ()]

Prax = 4Rc

(44)

Analyzing from another perspective, it is possible to consider
that the ICP generates an increase in the entering resistance (i.e.
the resistance in the reservoir and at the membrane/reservoir
interface) as a result of which the extracted power vanishes.**”
Thus, beyond the conceptual richness of eqn (27), this equation
is only applicable for ideal cases since if an equivalent electrical
circuit is created, the presence of ICP (or diffusion boundary
layers) introduces a new external resistance (in some articles
referred to as boundary layer resistance, rg;). From a theoretical
perspective, this resistance is not accounted for by eqn (27).
However, it is so relevant that the increase of the membrane
conductance (1/R.) above 10° S m~> could not increase the ob-
tained power due to the dominant role of rg;.**®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is worth mentioning that, usually, the relationship
between pore density and power has been mostly studied via
numerical methods or in systems with very accurate control of
porosity. Undoubtedly, these studies provided invaluable
information about the fundamental basis of the scaling-up
problem and constitute the foundations to address the crea-
tion of efficient membranes with high-pore density. However, it
is necessary to be aware that, in practice, some additional issues
not contemplated in fundamental studies could arise about this
point. Some examples could involve the appearance of
micrometer-sized defects and partial loss of mechanical prop-
erties due to the high porosity. In both cases, these facts could
be another source of power capability loss. In this context, the
scaling-up of nanoporous membranes remains a major chal-
lenge. In the last few years, several authors have found that the
ICP can be diminished by optimizing several nanofluidic
parameters such as channel size (see Section 6.4), channel
length (see Section 6.3), the asymmetric integration of different
building blocks (heterogeneous membranes) (see Section 6.5),
or even the application of different temperature gradients (see
Section 6.8).193>11:229

8.2 Full NRED cells

If the efficiency of extractable energy is considered, the use of
a single nanoporous membrane (cation- or anion-selective) to
construct the cell results in an inefficient NRED device (and
even more if the currently employed working areas are consid-
ered).’*”'*® This configuration only enables the diffusion of one
kind of ion and consequently, it only allows harvesting (in an
ideal process) half of the Gibbs free energy available. In
contrast, the stacking of cation-selective and anion-selective
nanoporous membranes separated by concentrated and
diluted solutions makes it possible to appreciably increase the
open-circuit voltage. This full cell configuration employing
nanofluidic devices has already shown some promising
results.®'* It is worth mentioning that while under ideal
conditions the potential should scale linearly (eqn (42)), in
practice, this increment rate is not achievable due to different
sources of energy losses (e.g. ohmic resistance). In these cases,
the optimization of several cell parameters, such as the reser-
voir thickness, is of paramount importance.'*®

For its part, the creation of full NRED cells involves the
generation of both anion-selective and cation-selective
membranes and this fact is a challenge that needs to be further
addressed.”” Considering the up-scaled devices cited in Table 1,
only 25% of the reported systems correspond to anion-selective
nanoporous membranes, which seem to be a major challenge.”**

8.3 Improving the mechanical and antifouling properties of
membranes

The membrane can be considered the heart of RED and NRED
devices and, for this reason, it is highly desirable that certain
features related to their mechanical and antifouling properties
are accomplished. In Section 5, Nanofabrication methods, the
main methods used for the development of NRED devices were
introduced. Aiming to convert these novel platforms into

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applicable devices, the nanofabrication methods and the
materials must enable us to not only obtain membranes with
mechanical properties that ensure long durability but also easy
and low-cost scalability.>” Considering the eventual challenge of
large-scale production, the study of different straightforward
and robust chemical routes for the reproducible development of
nanoporous membranes is needed. In this way, some studies
have shown interesting procedures for the development of
efficient membranes by combining relatively simple protocols
and bioabundant materials.>***** However, until now, these
issues have not been exhaustively studied.

Moreover, in contrast to laboratory experiments, water
sources employed in up-scaled RED devices are expected to
contain different non-desirable inorganic, organic and micro-
bial constituents.’*”**® This acquires more relevance when the
system operates with natural sea and river water since these
materials could deposit onto the membrane promoting
a dramatic decrease in the energy capabilities especially in
anion-selective membranes.****> Affordable ways to prevent
fouling could involve the integration of different building
blocks onto the NRED membrane surface with antifouling
properties.®>*%?%* In this regard, the functionalization of
membranes with 2D materials with antifouling properties has
been highlighted as an interesting alternative.>” Besides, in all
the cases, the pretreatment of water and defouling generate
non-negligible energy consumption. In order to be economi-
cally viable, these costs must also be afforded by the NRED
system. Considering the early stage of development of NRED,
this issue also remains scarcely studied.

8.4 Expanding the SGE possibilities

As has been addressed throughout the review, the current state
of RED is not still completely viable in economic terms. On the
other hand, while the use of nanoporous membranes has
shown promising results at the laboratory scale, its future at the
large scale is also uncertain. In this context, to expand the
possibilities of SGE-based methods, researchers have proposed
different alternatives such as desalination and energy conver-
sion. In general, these alternatives were applied in RED systems
rather than NRED. In this line, in order to analyze the economic
potential of NRED, the study of these different alternatives will
be imperative. In the following, these alternatives will be briefly
explained (for further details ref. 18 is recommended).

8.4.1 Energy conversion. The power generated by RED (or
eventually NRED) systems can be stored either by hydrogen
production or converting into a storage battery.’®*® In the
former case, the hydrogen ion can be reduced in the cathode to
form H, whereas the hydroxide ion is oxidized in the anode to
form O, (water splitting). The potential needed for this process
could be produced either by placing a RED stack between the
cathode and anode (internal integration) or externally applying
the RED process (external integration). Considering the growing
interest in the use of H, as a fuel, its generation via SGE
methods has been addressed in recent years.”*>%® Exploiting
a similar concept, the combination of RED with microbial fuel
cells for both H, production as well as CO, reduction into

Chem. Sci., 2021, 12, 12874-12910 | 12901
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Table 1 Summary of some of the up-scaled systems addressed in this review®?
Working
Membrane type Description Thickness/um Gradient concentration PDyax/W m™> %pn  area/mm” Ref.
2D and ultrathin ~ Graphene oxide membranes 10 50-fold (artificial, NaCl) 0.77 36.6 0.8 123
membranes (membrane pair)
Graphene oxide membrane vertically 350 50-fold (artificial, NaCl) 10.6 35  ~0.009 233
oriented
Graphene/CNF membrane 9 50-fold (artificial, NaCl) 4.19 30 0.03 228
Graphene/PPSU-Py copolymer 31 50-fold (artificial, NaCl) 0.76 N/A N/A 237
Black phosphorus membrane 8 50-fold (artificial, NaCl) 1.6 N/A  0.03 170
Black phosphorus/graphene oxide 8 50-fold (artificial, NaCl) 3.4 N/A  0.03 170
composite membrane
Black phosphorus/graphene oxide 8 150-fold (natural) 4.7 N/A 0.03 170
composite membrane
MoS, nanosheets/CNF composite 4 50-fold (artificial, NaCl) 5.2 32 0.03 172
membrane
MoS, nanosheets/CNF composite 4 ~50-fold (natural sea water) 6.7 N/A 0.03 172
membrane
Ti;C,T, membrane 2.7 1000-fold (artificial, KCI) 20.85 40.6 0.0163 175
Ti;C,T, membrane 15 50-fold (artificial, NaCl) 0.53 45.6 0.78 241
TizC,T, membranes N/A 50-fold (artificial, NaCl) 4.6 44.2 0.2 53
(membrane pair)
Ti;C,Tx membrane N/A 50-fold (artificial, NaCl) 0.00168 N/A N/A 203
(with light)
Ti;C,T,/ANF composite membrane 4.5 50-fold (artificial, NaCl) ~3.7 35  0.03 208
TizC,T,/ANF composite membrane 4.5 150-fold (natural) 4.1 N/A  0.03 208
ANF/boron nitride nanosheets 1 50-fold (artificial, NaCl) 5.9 N/A 0.03 124
ANF/boron nitride nanosheets 1 50-fold (artificial, NaCl) 0.6 N/A 3.14 124
Carbon nitride membrane 0.25 1000-fold (artificial, KCI) 0.21 N/A N/A 166
Silk fibroin membrane 0.1 50-fold (artificial, NaCl) 4.06 4.3 0.03 289
Reconstructed nanokaolinite 25 100-fold (artificial, KCI) 0.18 442 0.2 171
membranes
Block copolymer membrane 0.5 50-fold (artificial, NaCl) 2.1 24.3 0.03 209
Block copolymer membrane 0.5 Natural sea and river water  2.04 N/A  0.03 209
Core-rim polycyclic aromatic 2x107° Artificial sea and river water 67 8 3x107° 113
hydrocarbon membrane
3D and multipore PAEK/PES composite membrane 11 50-fold (artificial, NaCl) 2.6 37 N/A 135
membranes SPEEK membrane ~27 50-fold (artificial, NaCl) 5.8 N/A  0.03 65
Free-standing COF membrane 10.7 50-fold (artificial, NaCl) 5.9 N/A  0.03 248
MOF-SPEEK/SPSF composite 4.3 50-fold (artificial, NaCl) 6.96 40  0.03 249
membrane
AAO/MOF (UiO-66-NH,) ~18 50-fold (artificial, NaCl) 2.96 N/A 0.03 224
AAO/MOF (UiO-66-NH,) ~18 50-fold (artificial, KCI) 4.93 N/A 0.03 224
AAO/MOF (UiO-66-NH,) ~18 100-fold (artificial, KBr) 26.8 43.7 0.03 224
AAO/MOF-199-PSS 85 50-fold (artificial, NaCl) 2.87 0.03 218
PSS/ANF 210 50-fold (artificial, NaCl) 3.9 19.2 0.03 64
PSS/ANF 210 130-fold (natural) 5.06 N/A 0.03 64
Polymer polyphenylsulphone with 7 50-fold (artificial, NaCl) 1.44 N/A N/A 244
pyridine (PPSU-Pyx)
AAO/mesoporous carbon 64.2 50-fold (artificial, NaCl) 3.46 37.3 0.03 219
AAOQ/silk nanofibers 65 50-fold (artificial, NaCl) 2.43 17.2 0.03 256
AAO/SPEEK 80 50-fold (artificial, NaCl) 4.2 N/A 0.03 181
PET/TOCNs 21 50-fold (artificial, NaCl) 0.96 25.2 ~9 182
PET/BCP (polystyrene-b-poly(4- 13.5 50-fold (artificial, NaCl) 0.35 N/A N/A 258
vinylpyridine))
PET/Cyt C 23 50-fold (artificial, NaCl) 0.86 N/A 0.03 290
PC/Hydrogel (acrylic acid-co- 25 50-fold (artificial, NaCl) 4.08 ~28 0.03 183
acrylamide-co-methyl methacrylate)
AAO/nanoporous polymeric membrane  ~60 50-fold (artificial, KCI) 1.3 N/A 0.03 252
AAO/nanoporous polymeric membrane  ~60 Natural sea and river water 1.51 N/A 0.03 252
AAO/ionomer (copolymer of ~99.2 50-fold (artificial, KCI) 3.15 27.2 0.03 253

tetrafluoroethylene and perfluoro
(4-methyl-3,6-dioxa-7-octene-1-
sulfonic acid)) membrane
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Thickness/um Gradient concentration

Working

PDyax/W m™2 %pn  area/mm> Ref.

Membrane type  Description
AAO/mesoporous silica ~60
AAO/polyamide and graphene ~61.5
oxide
AAO/carbonaceous ordered ~135
mesoporous nanowires
Ionized wood (pair) 1000

50-fold (artificial, NaCl) 4.5 N/A  0.03 250
50-fold (artificial, NaCl) 3.73 N/A 0.03 169
50-fold (artificial, NaCl) 2.78 N/A 0.03 255
60-fold (artificial, NaCl) 0.005 46.1 100 259

“ N/A: not available. ” For comparative purposes, mainly results at 50-fold gradients and under neutral pH conditions in up-scaled membranes were
selected. In all cases, 50-fold gradient concentration corresponds to a gradient mimicking the sea/river water system, i.e. Cy = 0.5 M and Cy, =

0.01 M.

different carbonaceous compounds has also been studied.****"*
Remarkably, this last combination displayed better perfor-
mance in terms of power and efficiency compared with the
isolated constituents. Finally, in the case of storage batteries,
the energy from the SGE system is converted into hydrogen and,
subsequently, stored in a flow battery.>”>>"*

8.4.2 Desalination. Desalination technologies are widely
used for obtaining potable water from seawater.””* This process
generates brine solutions with a high salinity content (e.g. ~1-
2 M of NaCl) that can be used as the highly concentrated
solution in the RED (or eventually NRED) process which could
involve a benefit for the RED process in terms of power (see
Section 6.6).>%?”> On the other hand, the energy produced by the
RED can be used in the desalination process. Thus, different
hybrid systems based on the combination of desalination
technology and RED have been proposed, e.g. reverse osmosis
(desalination technology) with RED.>”*?7 Remarkably, this
combination showed both diminution of energy consumption
during the desalination process as well as mitigation of the
environmental impact related to the disposal of desalination
brine solutions.>**$*

8.4.3 Closed-loop. Since its conception, RED (and NRED)
has been mostly conceived for utilization in open-loop with
river and seawater. While this setup has the main advantage of
harnessing the energy directly from these natural sources, it
also has some disadvantages such as: the system has to be
installed in specific places (estuaries), the conditions of water
are not stable (salinity and temperature) and, water pretreat-
ment is required to avoid fouling of the membrane.” In this
regard, the RED heat engine system appears as an interesting
alternative.”®> In this procedure, the salinity gradient between
the high- and low-concentration solutions is regenerated via
thermal post-treatment with a heat engine. Thus, the effluents
are firstly mixed during the RED process, and then, these are
regenerated into the high- and low-concentration solutions by
thermal treatment (e.g. using waste heat) and finally, coming
back into the RED system (closed-loop). The regeneration can
be achieved either by salt (e.g. using thermolytic salts) or solvent
(e.g- membrane distillation) extraction.'®?3>2%2-254 Consequently,
this technology also allows converting low-grade waste heat into
energy which expands the application possibilities.>*>

© 2021 The Author(s). Published by the Royal Society of Chemistry

9 Conclusions and perspectives

In summary, lab-scale experiments to generate sustainable and
low-environmental impact from saline gradients employing
nanofluidic devices have shown promising results. The reason
is associated with the increment in the balance between resis-
tance and selectivity displayed in nanofluidic membranes. Also,
there is vast knowledge about the impact of different experi-
mental variables such as electrolyte gradient, structural
parameters, pH, and temperature, on the SGE conversion
performance of nanoporous membranes. Undoubtedly, inter-
disciplinary efforts from different fields such as materials
science, engineering, nanotechnology, and electrochemistry,
will be key in the further growth of this emerging field. In
particular, the integration of different building blocks for the
creation of hybrid (or heterogeneous) nanoporous membranes
based on either ultrathin, 2D, 3D, or multi-channel materials
has shown to be an interesting alternative to find a good
balance between ion selectivity and low ion resistance. By
exploiting this strategy, a considerable amount of new nano-
porous membranes displayed a response exceeding (or around)
the commercial benchmark at laboratory scale (Fig. 18 and
Table 1).

While the results obtained in the last few years are prom-
ising, there are some conditions and concepts that remain
scarcely studied and need to be addressed in the immediate
future. So far, most of the reported results were obtained using
small working areas, which are not adequate for real applica-
tions as the great results in terms of power density and effi-
ciency come together with low net energy values. As it was
exposed, the increment in the working area results in a detri-
ment in the power density, and therefore, it is an issue that
must be tackled to convert these lab-scale innovations into
promising technological platforms with real applications. Also,
the transference of results obtained in single-pore systems to
upscaled nanoporous membranes remains a challenge, the
reason behind this behavior is related to the ICP effect and
consequently, the drastic diminution in the driving force of
salinity gradient power, the effective concentration gradient.
These issues are perhaps the main problems to be faced in the
immediate future.

Chem. Sci., 2021, 12, 12874-12910 | 12903


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03581a

Open Access Article. Published on 24 September 2021. Downloaded on 2/25/2026 12:59:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

On the other hand, most of the studies introduced in NRED
are based on half-cells, i.e. the cell is constituted by a single
nanoporous membrane (anion or cation-selective) separating
the reservoirs with the concentrated and diluted solutions.
These configurations are ideal to study the performance of new
membranes but, in order to enhance the extracted energy, it is
also important to consider the design of full cells. This issue
opens the doors to different problems still scarcely studied. For
instance, the construction of full cells is linked to the avail-
ability of both cation and anion-selective membranes. While the
design of efficient up-scaled nanoporous membranes has
rapidly grown over the last few years, it is important to look for
further chemical and nanofabrication routes conferring
optimum mechanical properties and promising scalability.
Moreover, except for some examples of anion-selective
membranes with appreciable energy-conversion performance,
the design of this kind of membrane, in particular, is still
a major challenge. On the other hand, the importance of scaling
the systems to full cells brings with it the need to optimize
several parameters related to the cell architecture, fluid
management, and electrodes to diminish the energy loss.>*®

Usually, NRED is designed to be applied to sea and river
water due to their wide availability. However, the aperture to
different effluents could not only increase the technological
potential of this emerging field but also enables the exploitation
of different water and organic wastes. In this regard, the
understanding of ion transport and specifically, the energy
conversion properties of these nanoporous membranes exposed
to organic solvents remains limited. Furthermore, beyond the
specific source, the use of different waste or natural effluents
involves the presence of different non-desirable compounds.
This fact denotes the importance of implementing different
antifouling strategies to supply the NRED systems. Again, this
highlights the importance of further developing different
chemical and physical routes for the creation of nanoporous
membranes with not only tailorable ion transport but also ful-
filling other requirements related to the cost, scalability, and
long-term stability.

It is important to highlight the wide range of opportunities
to couple NRED systems with different devices and technolo-
gies. Considering that NRED is in the early stage of develop-
ment, this issue has not been deeply addressed. Nevertheless,
several examples are employing RED systems combined with
other technologies to expand the possibilities of this field."® In
this regard, several authors have proposed different ways of
storing the energy provided by RED.***?¢” Also, by taking
advantage of low-grade waste heat, RED systems can be used in
a closed-loop.**?> The RED devices can be coupled with different
desalination technologies enabling both a decrease in energy
consumption and environmental impact.>”7?’%*%¢  Finally,
several authors have proposed the use of RED for water reme-
diation by the direct or indirect reactions in the electrode
chambers.?®”?*® These applications need to be addressed in the
years to come.

Even though much work still needs to be done to turn the
lab-scale nanoporous membranes into platforms with real
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applications, the results obtained in this emerging field are
promising.
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