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ABSTRACT

Polyelectrolytes are ubiquitous in nature and in the products we use daily. The
combination of their connectivity and charge lead to many useful properties in
solution and near surfaces. Electrostatic forces dominate much of the behavior of
charged species near solid surfaces; however, nonelectrostatic forces arising ion
specific interactions or from varying polymer chemistry play an important role
in tuning electrolyte and polyelectrolyte properties. The balance of these forces
depends on factors like the salt concentration, solution pH, and properties of the
surface. The current work outlines the thermodynamics of charged systems and
investigates the structure and phase behavior of polyelectrolytes near solid surfaces.
In particular, the work covers the thermodynamic aspects of preferential adsorption
of small ions in electric double layers, polyelectrolyte adsorption, polymer-mediated
interactions of surfaces using strong and weak electrolytes, surface phase transitions
and contact angles of complex coacervates on solid surfaces, complexation-induced
conformational phase transitions of polyelectrolyte brushes, and electro-swelling of
weak polyelectrolyte brushes. The wide variety of problems addressed here reflects
the variety of applications of polyelectrolytes and contexts in which polyelectrolytes
appear.
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C h a p t e r I

INTRODUCTION

This introductory chapter gives an overview of polyelectrolytes, their uses, and the
challenges associated with understanding their behavior near solid surfaces. The
subsequent chapters address the theoretical description of inhomogenous charged
systems in a variety of contexts, ranging from the structuring of small ions near a
charged surface to surface phase transitions of polyelectrolytes.

This chapter includes content from our previously published article:

Balzer, C.; Jiang, J.; Marson, R. L.; Ginzburg, V. V.; Wang, Z.-G. Langmuir 2021,
37, 5483–5493, DOI: 10.1021/acs.langmuir.1c00139

Balzer, C.; Zhang, P.; Wang, Z.-G. Soft Matter 2022, 18, 6326–6339, DOI: 10.

1039/D2SM00859A
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I.1 Polyelectrolytes
Foundation
Polyelectrolytes are polymers with ionizable groups. When immersed in a solvent
(usually water), the ionizable groups dissociate their counterions and impart positive
or negative charge on the polymer. The most popular synthetic polyelectrolytes
are poly(acrylic acid) (PAA) and poly(styrene sulfonate) (PSS). Naturally occurring
biopolymer examples include alginate, pectin, and chitosan [3, 4]. Common proteins
typically contain a collection of positive and negative ionizable groups based on the
charge of amino acid residues, such as glutamic acid, arginine, aspartic acid, or
lysine [5].

The presence of charge on a polymer leads to diverse structural and thermodynamic
properties. Interactions between charges are long-ranged. Like-charges along the
chain repel one another, yet the polymer connectivity prevents charges from sep-
arating. Compared to their neutral counterparts, polyelectrolytes take on a more
extended conformation due to this internal repulsion, looking more like a rigid rod
or so-called cigar rather than a random coil [6] (Figure I.1). In addition to intrachain
interactions, the polymer interacts with other chains and small ions in solution, lead-
ing to polyelectrolyte conformations that depend on the local charge environment
from other chains and solution, the sequence of ionizable groups, and the strength
of the charge–charge interaction [7–10]. For example, adding salt, such as sodium
chloride, to a polyelectrolyte solution will screen the charge–charge interactions,
making the polymer conformation appear closer to that of a neutral polymer. Many
other properties of polymer systems, such as the viscosity and overlap concentration,

Figure I.1: Schematic of neutral polymer versus polyelectrolyte conformations. The
scaling relationships show how the polymer size (radius of gyration) scale with the
chain length. In the case of polyelectrolytes, the scaling is linear with the degree
of polymerization # , but also depends on the strength of electrostatic interactions
(Bjerrum length, ;�) and the fraction of charged monomers 5 in the backbone.



3

are derived from the polymer conformation, so the behavior of polyelectrolytes can
differ greatly from neutral polymers [11]. Despite the vast conceptual and practical
understanding gained since the term “polyelectrolyte“ was coined by Fuoss [12], a
deceivingly simple question remains at the heart of polyelectrolyte research: how
does the local ionic environment couple to the internal modes of polyelectrolytes?

Uses
Polyelectrolytes are truly ubiquitous materials, both in nature and in the products
we use daily. The prevalence in nature and research interest is driven by their innate
water solubility, ionic conductivity, strong ionic interactions that give rise to useful
and sometimes befuddling solution properties, interaction with ions in solution, and
surface activity [13]

Nature creatively and efficiently uses polyelectrolytes. DNA and RNA are polymers
that carry a highly negative charge due to their phosphate backbones. Viruses,
eukaryotes, and bacteria have all evolved to pack large amounts of DNA, despite
the high charge density, into small volumes of the cell [14] in a way that must
be accessible and reconfigurable. Cells create compartmentalized regions of cel-
lular material via polyelectrolyte liquid–liquid phase separation to mediate cellular
processes [15–17]. Even the disposal of said droplets is mediated by wetting of poly-
electrolyte droplets in a elastocapillary-driven autophagy process [18, 19]. Several
other compelling examples exist and are reviewed elsewhere [9].

Modern consumer products, emerging energy technologies, and novel biomedical
technologies rely on the properties of polyelectrolytes [20–23]. The earliest and
most popular application of polyelectrolytes is in colloidal dispersions [24, 25].
Inorganic colloids, such as metal-oxides, are often are used to modify the flow or
optical properties of a solution. For example, titanium dioxide is the main white
pigment used in paint formulations. These lyophobic colloidal particles tend to ag-
gregate in solution, which degrades material performance. Polyelectrolytes can be
added to the formulation to interact with the colloid surface and prevent aggregates
from agglomerating (Figure I.2). If the polymer-colloid interaction is specifically
tuned, a polyelectrolyte can act as a flocculant or coagulating agent, allowing separa-
tion of solid-liquid mixtures [22]. In personal care, shampoo products are complex
formulations that rely on cation polyelectrolytes to carry anionic, dirt-finding sur-
factants to the hair and also lubricate the hair for better manageability [26, 27].
In the human body, the main component of mucous membranes are proteoglycans
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(anionic polyelectrolytes), and researchers use the complexation between cationic
biopolymers and these anionic polyelectrolytes to increase the efficacy in drug deliv-
ery [4]. Suffice to say that polyelectrolytes exist all around us and there are a myriad
of ways that they are leveraged for practical uses. Many other applications will be
discussed in the subsequent chapters. One can also read more about the historical
developments of polyelectrolytes in the fantastic review by Dobrynin [28].

Figure I.2: Schematic showing polyelectrolyte adsorption and polymer-mediated
interaction between surfaces. (left) Depiction of polyelectrolyte adsorption. (right)
Depiction of two colloidal sized particles with adsorbed polyelectrolyte. The ad-
sorbed polyelectrolyte provides an electrostatic and steric barrier that prevents the
colloidal particles from aggregating.

The design space one must explore for polyelectrolytes (architecture and chemical
sequence) and solution conditions (salt concentration, polyelectrolyte concentra-
tion, pH, solvent type, etc.) to address all of the applications above is too difficult to
accomplish by experiments alone. Predicting and designing materials to have desir-
able properties for the applications above requires accurate theoretical descriptions
of polyelectrolytes.

I.2 Challenges and Opportunities of Surfaces
Polyelectrolytes interact with themselves and the surrounding solution at multiple
length-scales. The long-range nature of the electrostatic interactions leads polyelec-
trolytes to strongly interact with species of opposite charge. In an effort to minimize
the electrostatic free energy, oppositely charged polyelectrolytes often form com-
plexes or counterions may condense on the polyelectrolyte backbone [29–31]. The
theoretical description of polyelectrolytes in bulk solutions relies on accurately de-
scribing the electrostatic correlations, which arise based on the local environment
that surrounds a charged species [32]. Wolfgang Pauli said that “God made the
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bulk. Surfaces were designed by the devil” [33]. The quote was not necessarily
intended for thermodynamics of charged systems but the statement rings true. Sur-
faces take the complexity of bulk systems and add new length-scales, interactions,
and inhomogeniety; however, the strong inhomogeniety imposed by a solid surface
can sometimes simplify the electrostatic interactions. The presence of a solid sur-
face, or other interface, permits local net charge in an electrolyte solution that is not
possible in a bulk solution. In such a case, charge assembly is conceptually sim-
ple and many of the simpler electrostatic descriptions, such as mean-field theories,
perform well since the relative effect of electrostatic correlations is reduced. To
illustrate this idea, consider polyelectrolyte multi-layers prepared by layer-by-layer
assembly, where a series of adsorption and washing steps of a polyelectrolyte on
a charged substrate (Figure I.3). The attraction of opposite charges drives strong
adsorption of the initial polyelectrolyte layer. Subsequent layers adsorb, or complex,
due to the same electrostatic forces. The high degree of charge separation leads to
layer-by-layer assembly being a reliable and robust way to create multi-layers of
controlled thickness [34], enabling their use in a wide variety of contexts, such as
encapsulation and preparation of films for drug delivery [35–37].

Figure I.3: Schematic of layer-by-layer assembly of polyelectrolyte multi-layer films.
Reproduced from Izumrudov, V. A.; Mussabayeva, B. K.; Murzagulova, K. B.
Russian Chemical Reviews 2018, 87, 192, DOI: 10.1070/RCR4767.

Much of the interesting behavior and applications of polyelectrolytes occur near
surfaces. The applications follow two main themes: using polyelectrolytes to
modify surface properties or using a surface to localize and mediate a process. For
the first theme, the diversity of polymer chemistry and generality of charged assembly
near a surface leads surface modification in many areas, such as lubrication [38,
39], biosensing [40], anti-fouling [41–43], and assembly of nanoparticles [44, 45].
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The second theme is more elusive and underlies important of the open questions in
polyelectrolyte research. Surface-mediated processes, like assembly, are often multi-
component and seen in biological systems. For example, recently, Gozen posited
that solid surfaces, such as rocks and minerals, enabled the origin of life by providing
a platform for surface-mediated subcompartmentalization of lipid assemblies and
other non-trivial protocell structures, networks, and colonies [46] (Figure I.4).

Figure I.4: Subcompartmentalization in surface-adhered model protocells. Confo-
cal micrograph, reconstructed in 3D, showing a model protocell on a solid surface
enveloping several subcompartments. Reproduced from Spustova, K.; Köksal, E. S.;
Ainla, A.; Gözen, I. Small 2021, 17, 2005320, DOI: 10.1002/smll.202005320.

In the following chapters, we will traverse various aspects of polyelectrolytes near
solid surfaces. A central theme of this work is the interplay between electrostatic and
nonelectrostatic forces near a solid surface. Chapter II overviews the main princi-
ples of surface thermodynamics of charged systems, focusing on small ion systems,
and applies a robust thermodynamic theory known as classical density functional
theory to study the effect of preferential ion adsorption on the energy extraction
from mixing fresh and salt water. Chapter III explores the interplay between non-
electrostatic and electrostatic adsorption in determining colloidal stability for both
strong and weak polyelectrolyte dispersants. Chapter IV addresses the formation
and growth of polyelectrolyte complexes as films and droplets on a solid surface for
applications in underwater adhesives and other surface coatings. Chapter V investi-
gates the responsive nature of strong and weak polyelectrolyte brushes by exploring
complexation of oppositely charged polyelectrolytes and the electroresponsiveness
of weak polyelectrolytes.
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C h a p t e r II

ELECTRIC DOUBLE LAYERS

A starting point to understand polyelectrolytes near solid surfaces is understanding
the electric double layer (EDL) structure and thermodynamics of an electrolyte
solution. The following chapter outlines the thermodynamics of a solution of
small ions in contact with a charged (or uncharged) solid surface. The first half
focuses on general surface thermodynamics for charge systems and the simplest
model of the electrolyte system, known as Poisson-Boltzmann theory. All of the
relevant thermodynamics for charged systems can be formulated at the Poisson-
Boltzmann level. Next, we use a density-explicit thermodynamic framework to study
preferential ion adsorption in capacitive double layer expansion (CDLE), where the
controlled mixing of fresh and salty water can generate energy. The available blue
energy (or salinity gradient energy) in a CDLE process is directly determined by
the interplay between adsorption and release of ions from the electrodes at different
salt concentrations. We explore the effect of asymmetric preferential ion adsorption
at nanoporous anode and cathode surfaces as a means to enhance the available blue
energy.

This chapter includes content from our previously published articles:

Bruch, D.; Balzer, C.; Wang, Z.-G. The Journal of Chemical Physics 2022, 156,
174704, DOI: 10.1063/5.0089260

Balzer, C.; Qing, L.; Wang, Z.-G. ACS Sustainable Chemistry & Engineering 2021,
9, 9230–9239, DOI: 10.1021/acssuschemeng.1c01326

I am thankful to Dorian Bruch and Dr. Leying Qing for their devotion to the projects
we shared and their eagerness to understand the thermodynamics of charged systems.
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II.1 Surface Thermodynamics of Electric Double Layers
We begin with a general discussion of surface thermodynamics for charged systems
that will be used in subsequent chapters. Consider a planar, charged solid surface
in contact with a fluid as depicted in Figure II.1. The internal energy for the system

Figure II.1: Simple schematic of planar solid–liquid interface.

is described by the extensive variables (, + , �, # , and &, corresponding to the
entropy, volume, particle number, and surface charge, respectively.

* = )( � %+ ‚ W� ‚
Õ
‚��

‘8#8 ‚ 	& (II.1)

where ) is temperature, % is pressure, W is the surface tension, ‘ is the chemical
potential of species 8, and 	 is the electrostatic potential of the surface. The
differential form of the internal energy is

3* = )3( � %3+ ‚ W3� ‚
Õ
‚��

‘83#8 ‚ 	3& (II.2)

From the geometry, the volume and area are related, + = �!. A key idea from Ref.
1 is that the surface charge & and the surface potential 	 are (1) thermodynamic
quantities and (2) thermodynamic conjugate pairs for a charged planar surface. The
consequences of this idea are clear when calculating thermodynamic quantities. For
instance, if we have the grand free energy, or Landau energy,, = *�)(�˝‚�� ‘8#8,
the differential is

3, = �(3) � %3+ ‚ W3� �
Õ
‚��

#83‘8 ‚ 	3& (II.3)

Calculating a pressure from this expression requires the derivative with respect to
the volume, % = �

�
m,
m+

�
)���f‘g�&

. The derivative is taken at constant & and �,
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which indicates that the surface charge density remains constant. Likewise, the
surface tension has the derivative W =

�
m,
m�

�
)�+�f‘g�&

, where changing � at constant
& leads to a varying surface charge density. In this way, the grand potential is not the
natural thermodynamic potential for calculating the surface tension. Increasing �
with constant& effectively discharges a surface. The natural way to think of surface
tension is to consider a free energy change when increasing the areawithout changing
the nature of the surface. The preferred thermodynamic potential is a grand-like
potential . = , � 	&, where the surface tension is calculated as W =

�
m.
m�

�
)�+�‘�	

.
Here, the surface is unchanged and only the area is perturbed in the differentiation.

The grand-like potential energy . is also compatible with the Gibbsian picture of
surface thermodynamics. The thermodynamic definition of surface tension intro-
duced by Gibbs [3] is commonly used to calculate surface tension. The basis of
Gibbs’s formulation is to divide the inhomogeneous system into homogeneous bulk
phases separated by a surface region. The surface tension is commonly evaluated
using the integral form of the free energy such that W� = 
 � 
bulk = 
 ‚ %bulk+ ,
where
 is a type of grand free energy. The bulk subscript indicates that the surface
region is in contact with a macroscopic, bulk phase. For a charged system, the
common expression for surface tension is only valid when 
 is the “grand-like“
free energy . , not the grand free energy , , regardless of whether the system is
characterized by constant surface charge or constant surface potential.

The thermodynamic potential . leads to a useful Maxwell relation involving the
surface tension. The differential form of the free energy is

3. = �(3) � %3+ ‚ W3� � #3‘ �&3	 (II.4)

One has the following Maxwell relation,�
mW

m	

�
)�+�‘

= �
�
m&

m�

�
)�+�‘

= �f (II.5)

wheref is the surface charge density. The equation above is known as the Lippmann
equation [4], which has been noted by several authors [5–9]. Because the capacitance
is positive, the Lippmann equation shows that the surface tension is at a maximum
when the surface charge density is zero.

What is the free energy of the fluid?
The thermodynamic arguments above are general and assume one has access to the
free energy of the system, � or, . In reality, the challenge is determining the correct
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free energy of the system. For an electrolyte solution, the minimum reasonable
model is an ideal gas of point charges. Even for such a model, approximations are
made to simplify the theory to a mean-field level, known as Poisson–Boltzmann
theory. As we will later see, adding in effects beyond mean-field can be done in a
perturbative manner by adding free energy contributions relative to a known free
energy functional, such as that given by Poisson–Boltzmann theory.

II.2 Poisson-Boltzmann Theory
Theories of EDLs date back to Helmholtz and Perrin who captured the fundamental
picture of the EDL [10]. As shown in Figure II.2, if a solid electrode surface carries
charge, co-ions of the surface are repelled and the counter-ions are attracted to the
surface. The double layer stores charge due to the polarization of the electrolyte
solution. Guoy and Chapman built on the Helmholtz–Perrin framework to account
for the fact that the ions can diffuse, leading to what is known as the Poisson–
Boltzmann theory [11, 12]. Stern offered the next conceptual leap, describing the
first layer of ions as bound to the surface with an adjacent diffuse layer [13]. In
more recent years, several theories have been developed for electrolyte solutions
to incorporate electrostatic correlation, finite size of the ions, image charges at an
interface [14]. Some of these aspects will be discussed later in the chapter. The goal
of the current section is develop the surface thermodynamics for a charged system.
Consider the system depicted in Figure II.2. Poisson–Boltzmann theory can be

Figure II.2: Schematic of charged surface in contact with electrolyte solution.

derived by considering an ideal gas of point charges [15, 16]. The free energy of
such a system includes 1) the translational entropy of each ion and 2) the Coulomb
interactions between charges, � = �Ideal ‚ �Coul�. For a system of monovalent ions
(/‚ = �/� = 1) with a bulk density of d1�, the Helmholtz free energy is



14

V� =
Õ
U=‚��

„
dr dU „r”

�
ln »dU „r”EU… � 1

�
‚ V4

2

8cn

„
dr

„
dr0

d2 „r”d2 „r0”
jr � r0j (II.6)

where V = 1�:�) is the inverse temperature, E is the ion volume scale, 4 is
the elementary charge, n is the dielectric constant of the medium, and d2 „r” =
d‚„r” � d�„r” ‚ dex is the charge density. dex are the fixed external charges. Using a
standard field transformation for the Coulomb interactions [17], the free energy can
be written as

V� =
Õ
U=‚��

„
dr dU „r”

�
ln »dU „r”EU… � 1

�
‚

„
dr

�
d2 „r”k„r” �

1
8c;�

„rk”2
�

(II.7)

where k is the reduced electrostatic potential and ;� = V42�4cn is the Bjerrum
length. For a single surface in contact with an electrolyte solution, the relevant
free energy is the grand potential energy, which is obtained through the Legendre
transform of the Helmholtz free energy, , = � � ‘‚#‚ � ‘�#�. To obtain equi-
librium configurations, the grand potential energy is minimized with respect to the
ion densities and maximized with respect to the electrostatic potential field. After
applying the bulk condition, the following mean field equations govern the system.

d�„r” = d1�4�k„r” (II.8)

4c;�r2k„r” = 2d� sinh„k” � dex (II.9)

The first equation gives the density profiles for the ions, which only depend on the
local value of the electrostatic potential. The second equation is the familiar Poisson
equation. The corresponding grand potential energy is given as

V, =

„
dr

�
� 1

8c;�
„rk”2 ‚ dexk � 2d1� cosh „k”

�
(II.10)

Poisson–Boltzmann theory continues to be a popular approach to describe charged
systems but is only a starting point for describing the structure and thermodynamics
of EDLs. The Poisson–Boltzmann level treatment of electrostatics fails to capture
realistic electrolyte behavior [18–21], such as charge-inversion. For electrolyte solu-
tions, classical density functional theory (cDFT) provides an alternative framework
that addresses some of the limitations of Poisson–Boltzmann theory.
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Classical Density of Functional Theory
The mathematical formalism of cDFT originates from the same seminal works
of electronic DFT by Hohenberg and Kohn in 1964 [22] and Kohn and Sham in
1965 [23]. Hohenberg and Kohn proved that the ground-state energy of an electron
gas is a unique functional of the electron density for any external potential. Further,
the ground-state density can be found variationally – by minimizing the ground-
state energy. Kohn and Sham postulated that a many-electron system could be
represented by a noninteracting electron gas in an effective potential, providing a self-
consistent method of arriving at the effective potential. Combined with Mermin’s
extension to non-zero temperatures in 1965 [24], these theorems enable straight-
forward calculation of a classical equilibrium density profile given knowledge of the
intrinsic free energy of a system.

The key idea, and main challenge, of cDFT (and electronic DFT) lies in creating
the free energy functional. Before considering construction of the free energy
functional, the general grand potential energy for a one-component, small particle
system will be derived.

For a system at constant temperature, volume, and external field q„r”, the grand
free energy can be written as a Legendre transform of the intrinsic Helmholtz free
energy F »d„r”… with respect to the number density d„r” and external field k„r”.
The intrinsic free energy is the Helmholtz free energy that is independent of the
external field.

, »d„r”… = F »d„r”… �
„

3rq„r”d„r” (II.11)

According to the Hohenberg and Kohn theorems, the minimum of the grand potential
energy occurs at the equilibrium density distribution d„r” so that X,

Xd
= 0. From

thermodynamics, the following is also true, where + is the external potential.

� = , ‚ ‘
„

3rd„r” = F »d„r”… ‚
„

3r+ „r”d„r” (II.12)

Equating the first variations of Equations (II.11) and (II.12) with respect to the
density evaluated at the equilibrium density shows that

q„r” = ‘ �+ „r” (II.13)
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Thus, the grand potential energy we seek to minimize can be written in terms of the
intrinsic Helmholtz free energy and a contribution from the external and chemical
potential.

, »d„r”… = F »d„r”… � ‘
„

3rd„r” ‚
„

3r+ „r”d„r” (II.14)

Finally, one can divide the intrinsic free energy into an ideal part and excess part.
The ideal part is the free energy of an ideal gas, while the excess contribution
accounts for all deviations from ideality. In the equation below, � is the thermal de
Broglie wavelength and V is the inverse temperature.

V, »d„r”… =
„

3rd„r”
�
ln„d„r”�3” � 1”

�
‚ V

„
3r+ „r”d„r”

�V‘
„

3rd„r” ‚ VF4G »d„r”…
(II.15)

Here, it is worth noting the similarity to electronic DFT, where the intrinsic free
energy is the sum of the Hartree energy of the electrons (known analytical form) and
the exchange-correlation energy. The treatment of the exchange-correlation energy
functional is where Kohn-Sham DFT can widely vary, including local density,
gradient-corrected, and even second derivative functionals [25]. In the case of
electronic DFT, the external potential arises from surrounding nuclei while the
external potential in cDFT can originate from a number of different origins, such as
a surface.

Minimization of the free energy in Equation (II.15) leads to an Euler-Lagrange
equation for the equilibrium density. Note that �3 has no effect on the density
as it can be absorbed into the reference potential in the ideal part of the chemical
potential.

d„r”�3 = exp
�
V‘ � V+ „r” � VXF4G „r”

X=„r”

�
(II.16)

Excess Free Energy

As is clear in Equation (II.16), the excess free energy plays an essential role in
dictating the equilibrium density profile. Deciding what physics to include in the
excess free energy is the crux of cDFT. In addition to choosing physics to include in
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the excess free energy, one must also choose from a variety of theoretical approaches
to capture desired phenomena. For example, to include a finite size via a hard
sphere contribution to the excess free energy, one could choose from early works of
weighted/local density approximations or use one of the variations of fundamental
measure theory (FMT) [26]. While there may be rules of thumb and room for
intuition in deciding the functional, there is no “silver bullet” in choosing a free
energy functional. The tailorability of cDFT is a considerable challenge to as well
as an opportunity to use DFT for a wide variety of problems.

The initial applications of cDFT in the 1970’s emphasized phase transitions and
the structure of density distributions where different phases meet [27]. Excess free
energy functionals consisted of local density or mean field approximations. To cap-
ture strong inhomogenieties in density and more complex phenomena like hydrogen
bonding, weighted density approximations (WDAs), Rosenfeld’s FMT [26], and the
general class of statistically associating fluid theories (SAFTs) by Chapman were in-
troduced [28]. With more robust free energy representations, applications extended
to wetting transitions, freezing/melting transitions, complex fluid phenomena, and
surfactant and gas adsorption [29]. Alongside those developments, cDFT has fo-
cused on the treatment of charged components, polymers or monomeric ions. The
historical development of cDFT is linked to the refinements and new approaches
in defining the excess free energy functional [27]. While these refinements are
still ongoing [30–34], many recent applications in cDFT are focused on charged
systems, specifically for energy applications. The following section will use the
cDFT framework to study energy extraction from mixing fresh and saltwater.
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II.3 Preferential Ion Adsorption in Blue Energy Applications
Introduction
Renewable alternatives to fossil fuels are urgently needed to address energy shortages
and avoid further adverse environmental consequences [35]. The ocean provides
several potential renewable energy sources, including wave power, ocean thermal
energy, tidal energy, marine current energy, and salinity gradient energy [36, 37].
Salinity gradient energy (or so-called “blue energy”) is the energy extracted from
mixing freshwater and saltwater. Such mixing occurs in large quantities when rivers
flow into the ocean, whereby part of the released free energy of the mixing process
can be converted to useful work. This interesting approach to energy extraction was
proposed by Pattle in 1954 [38], and then further developed by many researchers
[39–42]. Popular engineered technologies include pressure retarded osmosis (PRO),
reverse electrodialysis (RED), and capacitive mixing (CapMix) [43, 44]. The former
two technologies are membrane-based and obtain high power density but widespread
use is limited by low cost-efficiency and fouling [45, 46]. CapMix is an electrode-
based technology and was originally proposed by Brogioli [47] in a seminal paper
outlining what is now known as capacitive double layer expansion (CDLE) [48].
Subsequently, CapMix expanded to include two other variants based on CDLE:
mixing entropy battery (MEB) [49] and capacitive Donnan potential (CDP) [50].
These processes have three corresponding reverse processes: capacitive deionization
[51–53], desalination battery [54], and membrane capacitive deionization [55],
respectively. Each variant of CapMix shows promise and has drawbacks, but CDLE
has the benefit that no chemical reactions or ion-selective membranes are required
as in MEB and CDP, respectively. CDLE uses two porous electrodes assembled as a
capacitor to accumulate charged ions in the electrical double layer (EDL) to achieve
the energy extraction from the saltwater and the freshwater [56]. Compared with
other CapMix variants, CDLE also has a longer cycle life and favorable operating
conditions, showing promise for several applications [57].

Figure II.3a shows the four states of the CDLE process involving two open and
two closed circuits during the charging/discharging process. The corresponding
thermodynamic cycle is shown in Figure II.3b. By alternating between saltwater
and freshwater and switching between open/closed circuit states during the charg-
ing/discharging process, the enclosed area , in the thermodynamic cycle is the
total useful work that can be extracted from the mixing process of the saltwater and
the freshwater. A more detailed description of the CDLE process is available in
previous literature [47, 56, 58] and is included in the Appendix for completeness.
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Figure II.3: Blue energy process graphic. (a) Schematic representation of the four
states in CDLE process including two open-circuit and two closed-circuit states. (b)
Thermodynamic cycle in the CDLE process. �+B is the surface voltage difference
(working voltage) between the positive and negative electrodes in the capacitor. &B

is the surface charge density of the electrodes.

The available energy to extract , is closely associated with the fabrication and
arrangement of porous electrode pair in electrolyte. Based on the idea proposed
by Brogioli in 2009 [47], Brogioli and coworkers fabricated a larger dimensional
prototype cell in a lab-scale stack with 8 cells [41]. Sales et al. increased the
extracted efficiency of the Brogioli system by employing a membrane-modified su-
percapacitor and achieved the direct auto-generation of the current by alternating
the saltwater and the freshwater [50]. Additionally, many experimental and the-
oretical studies have focused on the geometrical structure of the pore, interfacial
interaction, and type of electrolytes on the energy extraction. For example, Jiménez
et al. investigated the multi-ionic solution (i.e., Mg2‚,Na‚,Cl�) both theoretically
and experimentally to find that divalent ions and larger ion sizes decrease the avail-
able energy [59, 60]. Using classical density functional theory (cDFT), Lian et
al. found that hydrophilic electrodes can extract more blue energy compared to
hydrophobic electrodes [58]. They further reported that multi-layer graphene elec-
trodes can increase the extracted energy [61]. Furthermore, microporous electrodes
show significant viability for energy extraction in the CDLE process and capacitive
deionization [62, 63] due to the anomalous increase of capacitance at nanoscale
pore size [64–67]. For supercapacitors, the capacitance was shown to be maximized
when the pore size is close to the size of the ion diameter [68]; whereas, for the
CDLE process, the ratio of the net energy output to the variation in the Gibbs free
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energy between saltwater and freshwater (defined as the thermodynamic efficiency)
was maximized when pore size is a few times the ion size [69].

The vast majority of experimental and theoretical work related to blue energy has
focused on systems where both electrodes have the same properties. Experiments of
different carbon-based electrodes have shown that a cell with two different electrode
materials can give rise to differing “spontaneous potentials” due to specific ion
adsorption and parasitic electrochemical reactions at the electrodes [40]. In the
same experiments, the authors showed that operating the CDLE process close to
the “spontaneous voltage” (difference between spontaneous potentials for the two
electrodes) can significantly reduce, or even eliminate, the effect of self-discharge,
which is a major limiting factor in the practical realization of CDLE.

As shown in Figure II.3b, the optimal energy extraction is given by the area en-
closed in the thermodynamic curves of freshwater and saltwater at a given potential
difference. Recent work by Chao and Wang suggested that the maximum of the
differential capacitance shifts from zero voltage to finite voltage when there is pref-
erential attraction of ions to the surface, which can significantly increase the energy
storage capacity of supercapacitor (up to a 3-fold increase for some conditions) [70].
We expect that such a preferential attraction will similarly shift the operating curves
of saltwater and the freshwater in the thermodynamic cycle for CDLE. For instance,
at a positively charged surface, preferential attraction of cations will increase the
surface potential. Since the different ion concentrations of freshwater and saltwater
shift the potential by a different amount on each electrode, the degree of preferen-
tial attraction of ions can then be used to tune the available blue energy and shift
the value of the potential difference �+ where the maximum available energy oc-
curs. The general effect of specific ion adsorption has been explained by a simple,
Langmuir-like adsorption model [71]. However, to the best of our knowledge, the
effects of asymmetric preferential adsorption on the operation of CapMix and on
energy storage have not been systematically studied theoretically.

In this work, we use classical density functional theory (cDFT) to investigate the
effect of preferential adsorption and pore size in like-charged slit-pores for the
CDLE process. Our results show that preferential adsorption of counterions to
the surface can increase the available blue energy, while preferential adsorption
of coions decreases the available blue energy. Generally, the amount of available
energy depends on the chosen potential difference and the pore size. However,
when the pore size is more than a few times the ion size, we find a wide range of
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operability. We also find that preferential adsorption shifts the maximum in the
available energy closer to the spontaneous voltage and that significant energy can
be extracted even at zero potential difference under certain conditions.

The rest of the article is organized as follows. We outline the model used to
study the like-charged slit-pore with preferential attraction. From the prediction of
density profiles using cDFT, we outline the process of calculating the available blue
energy. We then systematically study the effects of the pore size and the strength of
preferential attraction on the maximum extracted blue energy and the corresponding
potential difference.

Methodology
We model an individual pore in the microporous electrodes as a like-charged slit-
pore, where the surfaces carry either positive or negative charge as seen in Figure
II.4. The slit-pore is a structure-less hard wall with pore size �. We use the the
restricted primitive model (RPM) to describe the electrolyte solutions (i.e. saltwater
and the freshwater) confined in the slit-pore. The solution is assumed to be a
dielectric continuum, described by a relative dielectric constant, nA = 78�50. The
cations and the anions are modeled as hard spheres with the same ion diameter,
f‚ = f� = f = 0�425 nm. The valency of cation and anion has /‚ = �/� = / = 1.
The difference between saltwater and freshwater is only the bulk concentration.
Approximately, the ion concentrations of saltwater and freshwater are 0.60M and
0.024M respectively, corresponding to the ionic strength of ocean and river water.

We focus on a 1:1 electrolyte to clearly present the effect of asymmetry between
electrode materials. We note that using the RPM for a 1:1 electrolyte does not
reflect the multi-ionic nature of any natural water source. In particular, seawater is
made up of ions of differing size and valency. Further, the RPM ignores changes
in the ions’ hydration shell, which alters the solvated ion size and double layer
structure as well as the dielectric constant at interfaces [72], in confinement [64,
73, 74], and with changing salt concentration [75, 76]. There is currently no
widely accepted theory to describe the strong electrostatic correlation of multivalent
ions [32] or to incorporate all solvation effects into cDFT [77]. While solvation, ion
size disparity, and electrolyte valency are important for an accurate description of
real electrolytes, tackling these issues is beyond the scope of this work; we expect the
qualitative conclusions based on our simple 1:1 RPM model to hold. We direct the
reader to works that have used cDFT for electric double layers to study size/valency
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asymmetry [20, 21, 78], explicit solvent dipoles [79, 80], and ion hydration in
confinement [81], as well as works that used a Poisson-Boltzmann level description
to study at multi-ion effects for blue energy applications [59, 60].

After applying an external voltage, the counterions in the bulk solution adsorb into
the porous electrodes due to the electrostatic attraction, resulting in the accumulation
of counterions at the surface of the slit-pore and depletion of coions from the
surface. These phenomena represent the typical adsorption and diffusion of ions
in electrochemical system [21, 82]. To describe the preferential attraction between
electrode materials and ions, we introduce a nonelectrostatic potential, described by
a modified 9-3 potential.

VD93„I” = 2cVn
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where I is the distance away from the surface of a single plate and n is the energy
parameter normalized by V = 1

:�)
. :� is the Boltzmann constant and ) is the system

temperature. The nonelectrostatic 9-3 potential is identical for both surfaces in the
slit-pore. Therefore, the nonelectrostatic preferential attraction on the ions comes
from both surfaces in the slit-pore, which is more pronounced in small slit-pore. In
addition, ions are excluded from the surface at distances less than the radius of the
ion, f�2. Consequently, the nonelectrostatic external preferential attraction on the
ions +ext is

+ext„I” =
(
D93„I” ‚ D93„� � I” f�2 � I � � � f�2
1 otherwise

(II.18)

The 9-3 potential has a minimum at the contact distance from the surface. Therefore,
+ext is negative in the available space of the slit-pore, providing a purely attractive
force on ions.

To minimize the number of adjustable parameters, we consider three situations
( 5 = 0, 5 � 0 and 5 ¡ 0) to characterize the preferential attraction of electrode
materials on the ions. Particularly, 5 � 0 corresponds to adsorption of counterions
on the surface (Fig. II.4a), while 5 ¡ 0 corresponds to adsorption of the coions
on the surface of the slit-pore (Fig. II.4b). For 5 = 0, there is no nonelectrostatic
preferential attraction in the slit-pore, in which case the ion adsorption is determined
only by the electrostatic and hard sphere interactions at the charged surfaces. Sim-
plifying the system to these three cases amounts to considering symmetric ( 5 = 0)
and antisymmetric ( 5 � 0 and 5 ¡ 0) electrodes, which are limiting cases for
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the combination of two electrode materials. This has important implications when
comparing to previous experiments, which will be detailed later on.

Figure II.4: Schematic representation of two preferential attraction on the ions in
state I. (a) 5 � 0, where electrodes have a preferential adsorption for the counteri-
ons.(b) 5 ¡ 0, where electrodes have a preferential adsorption for the coions. Note
that anions are counterions for positive electrode, and cations are counterions for the
negative electrode. Likewise, cations are coions for positive electrode, and anions
are coions for negative electrode.

cDFT has been extensively employed to investigate the adsorption and diffusion of
ions in electrochemical systems [83, 84]. For an open system, the grand potential

»fd8 „r”g… is expressed as a functional of the density profiles of ions, fd8 „r”g,


»fd8 „r”g… = � »fd8 „r”g… ‚
Õ
8

„
3rd8 „r” »+ext

8 „r” � ‘8… (II.19)

where ‘8 is the chemical potential of component 8. � »fd8 „r”g… is the Helmholtz free
energy including two parts: the ideal gas contribution � id »fd8 „r”g… and the excess
part due to the intermolecular interaction �ex »fd8 „r”g…,

� »fd8 „r”g… = � id »fd8 „r”g… ‚ �ex »fd8 „r”g… (II.20)

The ideal part has a known form but the excess part must be approximated. In
an electrochemical system, the excess free energy includes several contributions:
the excluded volume effects �hs »fd8 „r”g…, the electrostatic correlation �el »fd8 „r”g…,
and the direct (mean-field) Coulomb interaction �c »fd8 „r”g…, and the van der Waals
interaction between ions �vdW »fd8 „r”g….

�ex »fd8 „r”g… = �hs »fd8 „r”g…‚�el »fd8 „r”g…‚�c »fd8 „r”g…‚�vdW »fd8 „r”g… (II.21)
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In this work, we neglect the effects of van der Waals interactions (�vdW »fd8 „r”g… =
0). For the hard sphere interactions, we use the modified fundamental measure
theory (MFMT) [85], which has been shown to accurately predict hard sphere
packing near a planar surface. In addition to the mean-field Coulomb contribution,
the electrostatic correlation contribution is added to account for the local electrostatic
environment around an ions with finite size. Several theoretical approaches exist for
approximating electrostatic correlation [32]. We use a 2nd order perturbation theory
around a bulk reference fluid using the mean spherical approximation (MSA) [86],
which adequately describes the ion density profiles for a 1:1 electrolyte of the same
size [21, 32]. Without electrostatic correlation and hard sphere interactions, our
theory would be identical to the classical Poisson-Boltzmann theory. The expression
of Helmholtz free energy functional is given in the Appendix.

Minimizing Eq. II.19, X
»fd8 „r”g…
Xd8 „r” = 0, we obtain the density profile of ions at

equilibrium.
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where �8 is the thermal wavelength, which has no thermodynamic effects on the
density distribution and can be absorbed into the definition of the bulk density. The
last term in Eq. II.22 defines the local excess chemical potential ‘4G

8
„r”. Because

the slit-pore surface is homogeneous, we only consider density and field variations
perpendicular to the surface, i.e. in the I direction. The excess chemical potential
due to the direct Coulomb interaction is ‘2

8
„I” = /84k„I”, where 4 is the elementary

charge and k„I” is the average electrostatic potential that is found by solving the
Poisson equation. For a like-charged slit-pore with both surfaces carrying surface
charge density, &B, the Poisson equation can be written as

n0nAr2k„I” = �»d2 „I” ‚&BX„I” ‚&BX„I � �”…� (II.23)

where d2 „I” = 4
8̋

/8d8 „I”; n0 is the vacuum permittivity; and X„I” is the Dirac

delta function. By integrating Eq. II.23 between 0� and 0‚, the boundary condition
for k„I” at I = 0 is obtained

�n0nA
mk„I”
mI

����
I=0

= &B (II.24)

Since both sides of the slit-pore have the same charges (negative or positive), the
system is symmetric across the mid-plane, and the boundary condition for I = � is
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similarly n0nAk0„�” = &B. Integrating Eq. II.23 from I = 0� to I = �‚ and noting
the potential is constant inside the conducting electrodes,

2&B ‚
„ �

0
d2 „I”3I = 0 (II.25)

The full potential profile can be obtained by integrating Eq. II.23 from 0� to I twice,

k„I” = +B �
&B

n0nA
I � 1

n0nA

„ I

0
„I � I0”d2 „I0”3I0 (II.26)

where +B is the surface potential. The density profiles and electric potential are
solved iteratively and self-consistently. Starting from a given&B and an initial guess
of the density profiles (the bulk concentrations), the local chemical potential from
hard sphere and electrostatic correlations are calculated. The Poisson equation (Eq.
II.23) is then solved with Eq. II.26 up to a constant +B. The surface potential +B is
then determined such that electroneutrality is preserved (Eq. II.25), where+B enters
in the Boltzmann weight in the charge density. Eq. II.22 is used to obtain an updated
guess for the density profile. The new guess and previous guess are linearly mixed
in a Picard updating scheme. The iterative process is repeated until the maximum
relative error between the input guess and newly obtained density is less than an
error threshold (� 10�6).

Results and Discussion
The EDL structure at the electrode surface depends on both the pore size and the
strength of the attractive potential between the electrode surface and ions. Figure
II.5 shows density profiles for ions in freshwater at a variety of wall-ion attractive
strengths (Fig. II.5a&b) and pore sizes (Fig. II.5c&d) for a representative surface
charge density. In Figure II.5a, the counterions have preferential attraction to the
surface ( 5 � 0), leading to enhanced counterion adsorption at the surface and
decreased width of the counterion adsorption layer. The thinner adsorption layer
is evident in the length scale required for the density profile to return to the bulk
value. Increasing Vn within reasonable range has a negligible effect for 5 ¡ 0
as the preferential adsorption of coions is not favorable enough to overcome the
electrostatic repulsion near the surface (Figure II.5b). As a result, the density profiles
for the counterions appear to overlap for a wide range of Vn . In Figure II.5c, with
preferential adsorption of counterions to the surface ( 5 � 0), the contact-density
varies non-monotonically with the pore size. In the figure, one can see that the
contact-density increases from a pore size of��f = 1�5 (black) to��f = 3�0 (blue)
but then slightly decreases for larger pore sizes. Without preferential adsorption,
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Figure II.5: Density profiles for anions in freshwater (0.024 M) near positively
charged surface for various pore sizes (�) and surface affinities (Vn). The top row
shows the effect of Vn at constant � for (a) 5 � 0 and (b) 5 ¡ 0. The bottom row
shows the effect of pore size at constant Vn for (c) 5 � 0 and (d) 5 ¡ 0.

one would expect monotonic decrease of the contact density with pore size – similar
to 5 ¡ 0 (see Fig. II.5d), where the coions have preferential adsorption [87]. These
density profiles indicate a complex interplay between the pore size and the balance
of nonelectrostatic and electrostatic adsorption. When the pore size is much larger
than the width of the EDL, the density of ions returns to the bulk value far from
the surface. If the pore size is smaller than the width of the EDL, the midplane
value of the density exceeds the bulk value for counterions so that the ion adsorption
structure is dominated by the first layer of adsorbed counterions [88].

The relationship between surface charge density (&B) and surface potential (+B) is
central to calculating the available electrical energy in the thermodynamic cycle
of the CDLE process. This relationship is directly accessible in our cDFT cal-
culations as we fix the surface charge density and calculate the surface potential
self-consistently with the density profiles. In the absence of preferential adsorption,
we expect the surface potential to increase monotonically with the surface charge
density and be symmetric about the origin for both electrodes. In particular, with
zero surface charge density, the surface potential is zero. However, with preferential
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adsorption, there can be a non-zero surface potential even with zero surface charge
density – either cations or anions accumulate on the surface. Figure II.6 shows the
effect of asymmetric preferential adsorption at the anode and cathode in fresh and
saltwater on the relationship between &B and +B. Figures II.6a&d show that for
an uncharged cell (&B = 0), the cathode (black/red) and anode (blue/green) have a
non-zero surface potential. The surface potential for &B = 0 in the saltwater curves
is equal to the “spontaneous potential” [40] for an electrode material in the absence
of parasitic electrochemical reactions. This is the point where &B vs. +B curves
have zero potential difference if one used the same material for both electrodes,
which does not correspond to the 5 ¡ 0 or 5 � 0 cases. Generally, the spontaneous
potential does not need to occur with&B = 0 but does here because we do not model
any electrochemical reactions. The sign of the surface potential for &B = 0 depends
on whether 5 � 0 or 5 ¡ 0. For 5 � 0, at the anode, anions accumulate at the elec-
trode surface, leading to a negative surface potential. The preferential adsorption
effectively shifts the+B-&B curve for both the anode and the cathode. Because 5 � 0
and 5 ¡ 0 are each antisymmetric cases, the shift on the anode and cathode are
equal in magnitude but opposite in sign. The degree to which preferential adsorption

Figure II.6: Relationship between electric potential and surface charge density for
��f = 10 and surface affinity Vn = 2. (a) Surface potential versus the surface
charge density for 5 � 0. (b) Illustration of working voltage calculation obtained
from matching the magnitude of the surface charge density at in the anode and
cathode curves in (a). (c) Working voltage versus surface charge density for 5 � 0.
(d-f) are the same as (a-c) with 5 ¡ 0.
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impacts the surface potential depends on the salt concentration (Fig. II.6a&d). A
higher salt concentration will result in more ions being accumulated on the neutral
surface driven by the wall-ion attractive potential, which results in the larger shift of
the surface potential in saltwater. Here, the saltwater and freshwater curves have a
surface potential of j+B „&B = 0” j � 17 mV and j+B „&B = 0” j � 7 mV, respectively.
The magnitude of this shift will also increase as the strength of preferential attraction
increases, which we will explore later on.

The working voltage (�+B) is calculated as the difference between the anode and
cathode surface potential at the same magnitude of the surface charge density.
This is indicated in Figures II.6b&e by the arrows for �+B at a given j&B j. For
a given surface charge density, the working voltage is decreased for 5 � 0 and
increased for 5 ¡ 0 compared to the case with no preferential adsorption. For the
conditions in Figure II.6, the point where the anode/cathode curves cross occurs at
j&B j � 0�03 C/m2 and j&B j � 0�005 C/m2 for the salt and freshwater respectively.
The “spontaneous voltage” in previous literature [40] is the difference between
the spontaneous potentials of the two different electrode materials. Because of the
antisymmetry of 5 � 0 and 5 ¡ 0, the spontaneous voltage is twice the value of the
spontaneous potential at the anode (positive electrode). Figures S2 and S3 show the
spontaneous voltage for different pore sizes and strengths of preferential attraction.
The key feature is that the spontaneous voltage is negative for 5 � 0 and positive
for 5 ¡ 0 if Vn ¡ 0.

Figures II.6c&f show the relationship between the working voltage and the surface
charge density at two different salt concentrations for 5 � 0 and 5 ¡ 0. The amount
of energy available to extract is directly related to the area between the freshwater
and saltwater curves. The difference in working potential when switching from
saltwater to freshwater is known as the voltage rise [71]. Because the magnitude of
the preferential adsorption effect depends on the salt concentration, the magnitude
of the shift in the saltwater �+B versus &B curve is greater than the shift in the
freshwater curve. For 5 � 0, such an effect increases the voltage rise (provides
more energy output) compared to no preferential adsorption. Conversely, the two
curves can shift closer together so that voltage rise, and hence the available energy,
is reduced when 5 ¡ 0. We will quantitatively analyze the effect on the available
energy later in this work.

Figure II.7 highlights the relationship between the pore size and salt concentration
for the �+B vs. &B curves. For most applications, the saltwater concentration is
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Figure II.7: Working voltage versus surface charge density for various salt concen-
trations and pore sizes with (a) 5 � 0 and (b) 5 ¡ 0. The depth of the ion-wall
potential is fixed at Vn = 2�0.

fixed, whether from a natural reservoir or industrial process. However, saltwater can
have a higher salt concentration than seawater so we include 2.0 M for comparison.
For moderate surface charge density, the working voltage decreases with increasing
salt concentration. This indicates that a larger difference in fresh and saltwater
concentrations increases the voltage rise and the available energy available per
cycle. At sufficiently high surface potential, the number of ions in the slit-pore
and the surface charge density will saturate. On the �+B vs. &B curves, saturation
corresponds to a divergence of �+B. In the relevant voltage range (less than 1 V),
saturation is not reached, but we see effects of approaching saturation for small pore
sizes, indicated in Figure II.7 for ��f = 1�5 (red) by the fast rise of �+B for each salt
concentration. Such a fast rise in �+B is prevalent to a lesser extent for ��f = 2�0
(blue) and not present for��f = 10�0 (black), signifying that the saturation value for
&B increases with pore size. The prominence of saturation effects at small pore size
is due to the fact that only a smaller amount of ions can be drawn into the nano-sized
slit than a larger pore. Saturation of the surface charge density is relevant for blue
energy as the saturation surface charge density is insensitive to salt concentration.
As saturation is approached, the difference in �+B vs. &B curves for different salt
concentrations becomes smaller, resulting in less energy being extracted from the
CDLE process.

The potential difference �+ uniquely determines the four states involved in the
CDLE process as seen graphically in Figure II.3. In CDLE literature, �+ is referred
to as the “base voltage“ and is equal to the “external voltage“ for infinite charging
time [40]; however, we use a generic “potential difference“ to avoid confusion with
the external potential in the cDFT framework. From a choice of �+ , we identify




