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Effect of a temperature gradient on the screening properties of ionic fluids
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The electrostatic screening properties of ionic fluids are of paramount importance in countless physical
processes. Yet the screening behavior of ionic conductors out of thermal equilibrium has to date mainly
been studied in the context of thermoelectric phenomena by virtue of direct extensions of Debye-Hiickel
theories. We investigate how the static response of a symmetric ionic fluid is influenced by the presence of
a thermal gradient by introducing a theory of electrostatic screening under a stationary temperature profile.
By borrowing mathematical methods commonly used in the semiclassical approximation of quantum particles,
we find analytical solutions to the asymptotic decay of the charge density which can be used to describe the
nonequilibrium response of the system to external charge perturbations and for arbitrary ionic concentrations.
Notably, a transition between monotonic and oscillatory screening regimes is observed as an effect of the
temperature variation which generalizes known results of thermal equilibrium to out of equilibrium conditions. A
final quantitative example on the screening of charged surfaces in aqueous electrolytes shows that the deviation
from thermal equilibrium predicted by our solutions is generally larger than thermoelectric effects and should
therefore be taken into account for a comprehensive description of the electrical double layer. Our findings pave
the way to the rigorous treatment of nonequilibrium steady states in ionic systems with potential applications to

the study of energy materials, nanostructured systems, and waste-heat-recovery technologies.
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I. INTRODUCTION

Many physical and technological applications which in-
volve ionic systems require one to deal with the coexistence
of electric fields and thermal gradients. Temperature gradients
naturally arise in electrochemical devices as a consequence
of the Joule effect [1,2] and the heat released during elec-
trochemical reactions [3] and they are responsible for the
creation of a net ionic current in thermoelectric cells [4].
A paradigmatic playground, of compelling technological rel-
evance in opto- and microfluidics [5-7], nanodevices and
nanoengines [8], and microbiology [9], is that of charged
micro-/nanoparticles (e.g., metal-capped colloids) dissolved
in a salt solution, which are heated selectively by laser
irradiation. This leads to the onset of intense microscopic ther-
mal gradients (~10 K/um), coexisting with electric fields,
and dictating particles’ dynamics [10]. In turn, controlling
micro- and nanoparticle equilibrium and nonequilibrium ar-
rangements offers a route to fine-tune their chemophysical
properties [11,12]. Furthermore, ionic fluids are playing an
increasingly prominent role as heat-transfer fluids in solar
energy storage [13,14] and waste-heat-recovery technologies
[15,16], as well as in the design of sustainable molten salt
reactors for future nuclear energy systems [17]. An accurate
description of all these phenomena requires a deep under-
standing of how the electrostatic screening properties of an
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ionic conductor are affected by the presence of an inhomoge-
neous temperature distribution.

Recently, there has been a growing effort in the model-
ing of thermal transport properties of ionic fluids [18-20],
as well as in the description of thermodiffusion effects such
as Seebeck and Soret [21-23]. Beyond these phenomena,
most theoretical studies that explicitly treated the effect of
a temperature gradient on the static screening response of
ionic fluids have involved more or less direct extensions
of Debye-Hiickel (DH) theories [24-27]. One of the major
difficulties consists in providing a formal microscopic gen-
eralization of thermodynamic laws and related variational
principles to nonisothermal situations [28-31]. For instance,
liquid-vapor interfaces have been investigated by making use
of temperature-dependent influence parameters that are de-
rived from experimentally parametrized equations of state
[32-34]. However, the lack of experimental data implies that
similar approaches can be hardly applied to the study of ionic
fluids, especially for those systems that involve large ionic
concentrations.

When it comes to thermal equilibrium, the theory of liquids
which describes the static charge-density response in ionic flu-
ids is well established and predicts the capability of the system
to perfectly screen an external charge over a finite length scale
[35-37]. The electrostatic screening is manifested either as a
pure exponential decay of the fluid charge density distribution
[38] or as an exponentially damped oscillation that reflects a
shell-like ordering of the charge carriers [39—43]. A crossover
between a monotonic and oscillatory behavior, in particular, is
observed at decreasing temperatures and/or increasing ionic
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concentrations and takes the name of Fisher-Widom line [44].
By and large, understanding how a similar description can be
extended to nonequilibrium steady states represents a goal of
particular interest.

In this article, we provide a microscopic theory of electro-
static screening in ionic fluids under a linear and stationary
temperature profile. In particular, we show that the Wentzel-
Kramers-Brillouin (WKB) method, commonly applied to
quantum systems, can be adopted to find analytical solutions
to the decay of the charge density, where the temperature
gradient plays the role of 7 in the semiclassical asymptotic
expansion. In so doing, we generalize the transition between
monotonic and oscillatory screening regimes under steady-
state conditions, recovering the thermal equilibrium solutions
as a special limit. Explicit solutions are given for the screening
of a planar surface charge, assumed as the origin of the exter-
nal perturbation. We finally apply our theory to quantitatively
estimate the effect of a thermal gradient on the screening
charge distribution of typical electrolytic solutions, showing
that the effect is larger than that induced by the ionic Seebeck
effect.

II. GENERAL THEORY

Let us consider a classical Coulomb fluid made of two ionic
species of opposite charge, Z, = —Z_ = Z. Unless otherwise
specified, we will adopt Hartree atomic units. The particles’
pair potential is defined as u;;(r) = uff(r) +Z:Z;/r, where
uisf(r) represents the short-range ionic interaction. We are
interested in the screening response of the charge density
distribution pgp(r) of the ionic fluid to an external charge,
under an inhomogeneous temperature profile 7(r). We as-
sume the fluid is at local thermodynamic equilibrium, so
that the local chemical potential of the two ions p.,_(r)
can be defined [45,46]. For convenience, we will adopt a
unitary transformation of the ionic variables, which allows
us to formulate the theory in terms of total charge (Q) and
particle number (N) linear combinations. For example, the
chemical potentials of the total charge and particle number
are po(r) = Z{pu4(r) — p—(r)] and py (r) = p4(r) + p—_(r),
respectively. An analogous transformation allows us to define
the charge and number densities, po(r) and py (r).

A. Nonisothermal density functional theory

We rely on density-functional theory for classical particles,
also known as classical DFT [47,48], generalized for the
inclusion of a stationary temperature distribution [29,30]. In
particular, we rely on the result of Ref. [30], which provides a
generalization of classical DFT to nonisothermal conditions.
In this framework, the stationary state is characterized by the
maximization of a nonequilibrium entropy functional with re-
spect to the charge density po(r), total number density py(r),
and energy density e(r):

- e(r)
Sxele, pn, pol = —INelT, pn, pol +/d"—- (1

T(r)
Here, Fyg is the nonisothermal extension of the (dimension-
less) Helmholtz free energy [30]. In general, each of pp(r),
un(r), and T (r) is a functional of py(r), py(r), and e(r), and

the stationary state is characterized by the solution of three
coupled Euler-Lagrange equations [49]:
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In this work, we assume that the temperature distribution is
externally defined, so that T (r) is given as an input variable
and is not a functional of the densities. This allows us to
promptly simplify the first two Euler-Lagrange equations and
write the stationary conditions for the charge and number
densities in terms of the dimensionless free energy Fyg:
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B. Asymptotic functional approximation

In order to provide a closed functional form to Eq. (3),
we rely on the hypothesis of local equilibrium and define
e = f dr f(r)/T (r), where f(r) is the equilibrium free-
energy density of the system at the local temperature T (r).
The problem is then reduced to the derivation of an approx-
imation of f(r) suitable to describe the screening properties
of the ionic fluid. The ideal-gas contribution to f(r) can be
written exactly as fia(r) = ) _; T () p;(){In[A3 ) pi(r)] — 13,
with A(r) the local de Broglie wavelength and p;(r) the ionic
density distributions for i € {+, —}. To derive an approx-
imation of the excess contribution, we start by separating
a mean-field (Hartree-like) electrostatic term that expresses
the self-interaction of the charge density with itself, i.e.,
fur) = 3po®)u(r), with ¢u@r) = [dr'po()/Ir' —r| the
Hartree potential. The remaining (neutralized) part of the ex-
cess free-energy density f**°(r) contains information about
the short-range correlations in the fluid and its functional
dependence from p,_(r) is generally unknown. However, in
the limit of small and slowly varying inhomogeneities, which
are implied by the asymptotic response of the ions’ densi-
ties far from an external perturbation, a rigorous expression
for f**°(r) can be provided that is grounded on an asymp-
totic gradient expansion [50,51]. In particular, we rely on a
square-gradient approximation (SGA) already adopted in the
nonisothermal treatment of liquid-vapor interfaces [32,34]:

1
FSGa() = fiba () + 5 > ALV pir) - Vpi(r). (4
ij

Here, AiTj are the temperature-dependent square-gradient co-
efficients, defined as response functions of the homogeneous
and isotropic system at the equilibrium temperature 7 = T (r)
and at some given reference densities, p;, which are set as
input parameters. In analogy with pioneering studies on the in-
homogeneous electron gas [52,53], the first order term f5, ()
of the gradient expansion is defined as the local density ap-
proximation (LDA) of the excess free-energy density, which,
in our case, also depends on the local temperature 7' (r). Upon
including the ideal-gas term fiq(r), local by definition, the
total LDA contribution to f(r) can be expressed as a second-
order expansion about the electroneutral homogeneous system
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at the local temperature 7 (r) and reference densities p;:

fioa®) = fTUPH + Yl Api(r)

1
—1—5 ZBiTjAp,-(r)Apj("), )
ij

where fT({p}), ul = 2| and BT, = g;{%ﬂ{p} are the
free-energy density, the chemical potentials, and the quadratic
LDA coefficients of the homogeneous reference system [40],
respectively, evaluated at the local temperature T = T (r). Fi-
nally, we consider the interaction of the fluid charge density
with the electrostatic potential ¢y generated by an external
charge distribution, i.e., foxi(r) = po(r)@ex(r). Putting every-
thing together and recasting the problem in the charge and
total number density variables, oo and py, the final asymptotic
approximation of the free-energy density reads as follows:

FO ~ FTUPD + il Aoy () + —= i po(r)
2N az2ele

+ < [BLy A3 () + ALy |V on ()]

1
8

1
+ 273 [BooPo ™ + AgolVpo)|']

1
+ 57 [Brope@Apy @) + Ay Vo () - V po(r)]
+ fua(®) + fex (), ©)

where we defined the number-number, charge-charge, and
charge-number coefficients as Xyy = Zi j Xij, Xoo = X4 +
X__—2X,_, and Xpy = Xng = X4+ — X__, respectively,
with X;; =BiTj or AIT, It is worth noticing that, from the
underlying local equilibrium hypothesis, all quadratic LDA
and SGA coefficients are mapped to equilibrium correlation
functions at the local temperature 7 (r). In particular, A,-Tj and

BiT- are defined from the fourth- and second-order momenta
of the short-range part of the direct correlation function of
the fluid at the local reference state [T (r), p;], i.e., EiTj(r) =
¢;(r)+ BZiZ;/r [50]. In turn, this implies that &;(r) is as-
sumed to decay much faster than the variation rate of the
temperature distribution [54]. A full derivation of Eq. (6),

together with an explicit definition of the parameters AiT]. and

B,.Tj, is reported in the Supplemental Material, Ref. [55].

C. Steady-state condition for the charge density

Having obtained an explicit asymptotic approximation of
f(r), we can now apply the steady-state Euler-Lagrange equa-
tions for the charge and number densities, as derived in
Eq. (3). For simplicity, we will work under the hypothesis of
a symmetric ionic fluid, so that the two ions differ from each
other only by their electric charge. Under this assumption, py
is not a functional of py and all charge-number coefficients in
Eq. (6) are identically zero, i.e., Xyg = Xgn = 0. This allows
us to decouple the problem of Eq. (3), so that independent
solutions for po(r) and pn(r) can be found. In particular,
we will only focus on the charge density decay, which is
responsible for the electrostatic screening properties of the
ionic fluid.

The aforementioned symmetry assumption carries strong
implications on the properties of the charge chemical po-
tential, wgp. To see this, let us consider the nonequilibrium
phenomenological equation for the charge flux [45]:

. 1 1
Jo = LyoV (7> — ?(LQNVTN«N + LooVrig). (1)

Here, L, is the Onsager coefficient that couples the charge
flux with the heat flux g [56], Ly is the Onsager coefficients
between the fluxes of charge and total number of particles,
and Loy is the charge-charge Onsager coefficient. Isothermal
gradients are indicated by V7. Then, the symmetry of the
ionic fluid implies that we can neglect the contribution to j,
due to thermoelectric effects, Lo = 0, as well as the coupling
between the charge and total number of particles, Loy = 0. If
no particle exchange is allowed through the system, we can
further assume that the stationary state is characterized by a
vanishing charge flux, i.e., jQ = 0. Therefore, the isothermal
gradient of g is zero everywhere, implying that the charge
chemical potential depends on the spatial coordinates only
through the variations of the local temperature, po(r) = Mé
This result is particularly important, as it allows us to rewrite
the Euler-Lagrange equation for the charge density as

SR 1
= . ®)
Spo(r) 277

where Fxg = [ dr f(r) represents the nonequilibrium free
energy defined as the integral of the local-equilibrium free-
energy density. In fact, the so derived steady-state condition
is formally equivalent to the usual Euler-Lagrange equa-
tion associated with the free-energy functional minimization
at thermal equilibrium. In this context, pcg acts as a Lagrange
multiplier for enforcing the stationary nature of the charge
chemical potential with respect to isothermal variations, i.e.,
Vrup(r) = 0. At a more practical level, this result allows us
to simplify the right-hand side of Eq. (8) with the analogous
term coming from the free-energy density approximation of
Eq. (6). Crucially, this implies that the only linear term in the
asymptotic expansion of f(r) comes from the interaction of
po(r) with the external perturbation, thus guaranteeing that,
for positive values of the quadratic expansion coefficients, the
constrained functional is bounded from below.

To obtain an explicit solution to Eq. (8), we assume that
both the external perturbation @ex(r) and the temperature
profile 7' (r) have planar symmetry, so that we will only refer
to one-dimensional variations along x. The resulting steady-
state condition consists of the following integral-differential
equation:

A Bhapon) — Lat, pp] | + =0, ©
172 | Boore®) = 7=1Age Po)] ¢ + ¢(x) =0,

where ¢ = ¢y + Pext 1S the total electrostatic potential. To
get rid of the integral dependence of the electrostatic po-
tential from pp in Eq. (9), we can now take advantage of
the Poisson equation, i.e., ¢"(x) = —4w[po(x) + pexi (x)]. In
particular, we consider the screening behavior of the ionic
fluid away from the external perturbation, where we can set
Pext(x) = 0. This leaves us with a homogeneous differential
equation which describes the asymptotic decay of the charge
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FIG. 1. Sketch of the physical system studied in this work: an
external surface charge is screened by the ionic charge density pp(x)
in the presence of a thermal gradient «.

density under steady-state conditions:
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In what follows, we consider that the external potential is
originated by a planar charged wall of surface charge density
N, 1.e., Pext(x) = —nx/(4m). Assuming perfect screening, this
implies that fooo dx po(x) = —n, providing a boundary condi-
tion to the solution of Eq. (10).

D. Thermal equilibrium limit

From Eq. (10), we immediately recover the equilibrium
limit of vanishing temperature gradients. In this case, the
coefficients Agp and Bgp are independent from the spatial
coordinates and the solutions can be searched in the form
of exponentials with complex arguments, ¢**. The four decay
factors « are the solutions of

Boo + \/32 — 647 22A
2 00 00 4 00

a1

Their complex nature reflects the possibility of obtaining
either a monotonic or an oscillatory decay of the charge
density, depending on the reference thermodynamic state. In
fact, the locus of points in the phase diagram that determines
a transition between a monotonic and oscillatory behavior
(Fisher-Widom line [44]) is found for vanishing discriminants
BZQQ — 641 Z%Agp = 0. Crucially, this result is entirely equiv-
alent to what was originally derived in Refs. [39,40] for the
charge density of a classical plasma, as well as to what was
obtained by other means in the study of the screening lengths
of bicomponent ionic fluids [41].

III. DISCUSSION

Because of the spatial dependence of the local-density and
gradient coefficients brought by the temperature variations,
finding an analytical solution to Eq. (10) is in general a
hard problem. Here, we will limit our discussion to a lin-
ear temperature profile along x, i.e., T(x) = T° 4+ ax, with
TO a reference temperature and o the temperature gradient
(Fig. 1). In turn, this allows us to linearize the coefficients AEQ
and Bf,, about 7Y, ie., Ay ~ A%Q + d?%h)ax and B, ~
BgQ + ag%k)ax. In this work, the (neutralized) direct cor-
relation functions that enter the calculation of the reference
coefficients A%Q and B%Q, together with their derivatives, are
computed using the hypernetted chain (HNC) approximation

[35], which is known to provide a particularly good descrip-
tion of ionic fluids outside the region of the phase diagram
delimited by the spinodal line [57-59].

A. WKB method

Before proceeding to discuss the specific solutions to our
problem, it is worth pointing out that the equilibrium charge
density profiles at the reference temperature T° are expected
to decay much faster than the applied linear temperature
distribution. In more rigorous terms, we expect that the char-
acteristic screening lengths A that can be derived from the
equilibrium solutions of Eq. (11) satisfy the inequality A <
T°/a. This limit behavior allows us to recognize a formal
analogy with the semiclassical regime of quantum mechanics,
where the particle’s wave function v displays quick variations
over the action range of the potential V. In particular, under
the formal maps ¥ +— pg and V — T, it must be possible to
interpret the temperature gradient « as the small parameter
of an asymptotic expansion that mimics the semiclassical
solution of the Schrodinger equation in the limit of small 7.
Therefore, we expect that the solutions to Eq. (10) can be
directly obtained using the WKB method [60]. In order to
set up the WKB routine, we can start applying the formal
substitution pgp(y) = exp[S(y)], where S(y) is related to the
potential of mean force of the charge density written as a
function of the reduced variable y = ax. Then, the WKB
method reads as follows [60]: (i) consider the asymptotic
expansion of S(y) up to order , i.e., S(y) &~ éSo(y) + 510);
(i1) expand the charge-density differential equation in terms of
« and retain only the dominant terms; (iii) find the first order
term Sp; (iv) find S recursively. In the next subsections we
show how this procedure can be successfully applied to find
LDA and SGA asymptotic solutions.

B. LDA solutions

We start our discussion by retaining only the first line
of Eq. (10), corresponding to the LDA screening regime. In
this case, exact solutions exist in terms of linear combination
of z721(24/z) and 772K (2/z), where I; and K are the
order-1 modified Bessel functions of the first and second kind,

respectively, and z = 16wZ(BY, + 222 |jx)(2222 | pa) .
At large z, both I; and K; can be approximated in terms of

their asymptotic forms, giving the LDA charge-density profile
po(z) ~ 774 (Cy eV 4 C_ eV, (12)

where the constants Cy are found from the boundary con-
ditions. When considering finite values of x, the solution so
derived is expected to hold for sufficiently small values of
«. For example, in the simplest case of considering the DH
limit of vanishing short-range interactions between the ions,
Eq. (12) is found to apply whenever Ap < T°/a, with Ap
the Debye screening length. In fact, we find that the solu-
tion of Eq. (12) can be directly recovered using the WKB
method described in Sec. III A. In particular, after the LDA
equation is expanded in terms of « and only the dominant
terms are retained, the final result is Sy = £2a.4/z + C,. and
S = —%ln(z) + C’, with C} and C’ integration constants,
which leads to the same asymptotic form of the exact LDA
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FIG. 2. Asymptotic decay of the LDA charge density of a sym-
metric ionic fluid screening a negative surface charge density n =
—1.0e/0? while subject to a temperature gradient o = o*T° /o, with
o* indicated in the plot. Red (blue) solid lines: WKB solutions for
positive (negative) «. Black solid lines: exact solutions. Black dashed
line: equilibrium solution.

solution obtained in Eq. (12). We redirect the reader to [55] for
the explicit details of the calculation. We note that the charge
integral of Eq. (12) tends to a constant Q, faster than the
variation rate of the space dimensionality x. When considering
the decaying solution for x — oo, for instance, we get

16mwZ2

9Bgo ‘
ar lo%

Q(x) ~ Cox~# exp (—2 x) + Qo, (13)

where Cp is a constant. This result is particularly important,
as it guarantees the capability of the fluid to perfectly screen
an external charge over a finite distance. In turn, this justifies
the adoption of the boundary condition Qg = —n as a physical
criterion to determine the free parameters of Eq. (12) [61].

To test the accuracy of our solutions, we consider a
symmetric molten salt of unit valence 1 [62], where the
short-range interaction between the ions is given by a sin-
gle Lennard-Jones (LJ) potential. Under this choice, the LJ
parameters o and ¢ are taken as units of length and energy,
respectively. Given the hypothesis of planar symmetry, we
will consider all throughout the screening of a uniform surface
charge density n = —1.0e/o?, while the linear temperature
profile T (x) = T° + ax is defined by setting the origin x = 0
at the position of the planar charged surface. We choose a
reference thermodynamic state given by a mean number den-
sity py = 0.5 ions/o? and temperature T = 2000¢ /kg. In
agreement with the thermal equilibrium solutions provided in
Eq. (11), the large value of T is expected to yield a mono-
tonic decay of pp which can be well described by the LDA
screening regime. Figure 2 reports the asymptotic behavior of
the charge-density profiles computed at various temperature
gradients . When compared with the equilibrium case of
o = 0, our solutions are capable of reproducing the expected
decrease in the effectiveness of the electrostatic screening at
increasing temperatures (o > 0), a phenomenon that becomes
particularly pronounced at large values of «. Conversely, the
screening is enhanced when approaching cooler regions (« <
0). The WKB solution is found in perfect agreement with

the exact charge-density decay up to temperature gradients as
large as o = 1.0T°/o. This result remarks the applicability
of the asymptotic approximation in describing steady-state
regimes that are strongly driven away from thermodynamic
equilibrium. It should be noted that the solution reaches a
turning point at BZQ = 0, under which the charge density
shows an algebraically damped oscillation similar to what
was observed in quantum-mechanical semiclassical solutions.
In our case, however, this behavior identifies a breakdown
of LDA at low temperatures, implying that better functional
approximations are required.

C. SGA solutions

While LDA is generally capable of reproducing the
monotonic decay of pp, an oscillatory screening regime
characteristic of low temperatures can only be described by
solving the full SGA equation reported in Eq. (10). In this
case, exact solutions cannot be found and we are forced to
rely on the WKB approximation straight away. Following the
procedure described Sec. IIT A, we then look once again for
the asymptotic expansion at small « of the potential of mean
force in the form of S ~ éSo + S, which defines the charge
density as pgp o< exp[S]. After a tedious but straightforward
calculation, four solutions for Sy and a pair of solutions for
S are obtained; their explicit functional forms are reported in
[55]. Here again, Sy is associated with dominant, exponential-
like terms, while S; contains logarithmic terms that account
for algebraic contributions to the total charge-density decay.
Note that when taking the equilibrium limit of o — 0, S
can be neglected, and the potential of mean force reduces to
S = éSo = kx, where k corresponds to the pure exponential
decay factors reported in Eq. (11).

In Fig. 3(a) we show the WKB asymptotic profiles
computed at o = +0.17° /o . This time, the reference thermo-
dynamic state is defined by a temperature 7° = 500¢ /kg, for
which the equilibrium system is in a highly oscillatory regime.
Unlike the LDA case, we observe that the screening becomes
increasingly effective when going towards warmer regions of
the fluid, with oscillation wavelengths that are progressively
stretched out. On the other hand, an underscreening typical
of concentrated ionic fluids is found when moving towards
lower temperatures, which comes together with shorter and
shorter oscillations. Note that, in contrast to LDA, the SGA
solutions remain valid down to T =0, i.e., x = 100, for
which the system tends to display a crystal-like behavior of
pure oscillatory charge-density variations. It is also possible
to test our solutions over temperature windows that embrace
the transition between monotonic and oscillatory regimes. In
particular, under the hypothesis of local thermodynamic equi-
librium, we expect that the same structural transition observed
when moving across the Fisher-Widom line in the equilib-
rium phase diagram is also observed when overcoming the
crossover temperature in our physical system. This is shown
in Fig. 3(b), where a large temperature gradient is applied
starting from the same reference temperature 7°. In this case,
a sharp crossover towards a monotonic screening regime is
observed when crossing a critical temperature 7* associated
with a given distance x*. As reported in the inset, the structural
crossover is identified by a characteristic cusp behavior in the
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x [o]

FIG. 3. (a) WKB asymptotic decay of the SGA charge density of
a symmetric ionic fluid subject to positive and negative temperature
gradients & = «*T?/o . (b) Crossover between oscillatory and mono-
tonic regime of the charge density decay for a positive temperature
gradient & = 1.07%/0. In both cases, the screening of a negative
surface charge density of n = —1.0 ¢/ is considered. The absolute
value |pg| is taken to report the profiles on a logarithmic scale. Inset:
normal scale zoom around the crossover point of pg; the vertical
green line indicates the position corresponding to the Fisher-Widom
temperature at equilibrium.

charge-density profile. In this regard, it is worth noticing that
the temperature 7% is close to, although not corresponding
to, that associated with the Fisher-Widom line of the equi-
librium system at the reference density py (green line). This
discrepancy is related to the fact that, for this extreme case, the
square-gradient parameter AEQ would be better approximated
by including higher orders in the Taylor expansion around
T°. A more detailed discussion on this matter is reported in
[55]. An opposite crossover for o < 0, from monotonic to
oscillatory, can be similarly obtained when starting from a
large value of T°.

D. Quantitative model for dilute electrolytes

We now provide a thorough quantitative analysis of our
effect by taking as an example the electrostatic screen-
ing of a charged surface in aqueous solutions of NaCl
and NaOH, in the presence of a thermal gradient. We as-
sume a surface charge density of 1 = le/nm? and ionic
concentration of py = 0.01 M [63]. Consistent with previ-
ous works [10,46], we then apply a negative temperature
gradient of @ = —10 K/um, starting from a reference tem-
perature of 7% = 300 K at the surface position. The dielectric

— Po-pg5"
0o — quAparam.
—_———— pgeebeck (NaOH)

pgeebeck (NaCI)

charge density [10"6enm~3]
N

0 10 20 30 40 50
x [nm]

FIG. 4. Effect of a negative thermal gradient on the charge dis-
tribution of a typical dilute electrolyte. Deviations of our solutions
from the equilibrium distribution (red line) and from a 7-dependent
parametrization of the equilibrium distribution (green line) are shown
as a function of the distance x from the charged wall of surface charge
density n = le/nm”. The Seebeck charge distribution represented
through a DH model for 0.01 M aqueous solutions of NaOH (dashed
blue line) and NaCl (dashed black line) are also reported.

permittivity of water is fixed at ¢ = 80, which accounts for
scaling the charges by £~!/2 all throughout in our equations.
Given the low ionic concentration, the effect of short-range
ionic interactions can be safely neglected and the charge-
density decay can be simply described by taking the dilute
Debye-Hiickel limit of the LDA solutions. This corresponds to
setting BSQ = 4T (x)/py in Eq. (12). Note that by neglecting
any ionic interaction beyond the Coulomb pair potential, the
NaCl and NaOH charge density profiles are expected to be
identical in this example.

In Fig. 4 we report the deviation of our solution, Eq. (12),
from the equilibrium DH solution at 77,

7K0X
Py (X) = —n iy e 07, (14)

as well as from a T-dependent parametrization of the equilib-
rium DH solution:

T2

eq param K —«l'x

peavny D) g (15)
Kp

where we defined «} = ./4we2py/[eT(x)] as the T-

dependent Debye decay factor. At T = T°, this results in
a DH decay length (/qg)‘1 ~ 4.36 nm. As shown in the
figure, the expected increase in the screening effectiveness
with respect to the equilibrium solution of Eq. (14) is re-
flected in an overall accumulation of negative charge close
to the charged surface. An opposite behavior is instead ob-
served when considering the deviation with respect to the
parametrized solution of Eq. (15), where the strengthening of
the screening generated by the temperature gradient tends to
be overestimated. Importantly, however, deviations of similar
magnitude are observed in both cases, demonstrating that our
WKB solutions can be used to obtain qualitatively different
results than a mere T-dependent parametrization of the equi-
librium solutions.
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To complement the previous discussion, we provide an
estimate of the relative importance of our effect with re-
spect to the expected charge accumulation generated by the
ionic Seebeck effect. In fact, while the presented theory
neglects thermodiffusion phenomena, the different thermal
diffusion of the two ions in solution is expected to give rise
to a macrosopic electric field through the system associated
with the accumulation of opposite charge at the two walls
of a hypothetical thermoelectric cell. The Seebeck electric
field is defined as Es = y«, with x the Seebeck coeffi-
cient. Following Ref. [10], we consider in particular x =
—0.2 mV/K and x = 40.05 mV/K for NaOH and NaCl
solutions, respectively. The functional form of the Seebeck
charge density profile in electrolytes has been the subject
of recent investigations [64,65]. A comparison against the
magnitude of our effect can be carried out assuming a DH
profile [10], which integrates to a surface charge density
ns = exa/(4m) compatible with the expected Seebeck field.
Note that the Seebeck charge density is expected to be several
orders of magnitude smaller than the ionic charge density
responsible for the screening of the surface charge, i.e.,
péeebe‘:k(x)/p;q(x) = ns/n ~ 107%. In Fig. 4, the so computed
Seebeck profiles are reported against the deviations associ-
ated with our nonequilibrium solutions. We find that while
the effect of thermodiffusion is not negligible, the predicted
correction to the screening properties of the electrolyte plays
a predominant role in describing the variations of ionic charge
density induced by the application of a linear temperature
gradient. Importantly, this result appears to be largely inde-
pendent of the temperature gradient. In fact, at the first order
in o, we have the following analytical expression for the
deviation predicted by our solutions and the Seebeck charge
density distribution:

po(x) — qu(x) ~ 4y
pgeebeck (x) 4T0K88X

[1—35x + (5x)°],  (16)

which we find to apply for a wide range of relatively small
values of .

E. Potential drop between planar charged walls

As a final application of our theory we consider how the
steady-state electrolyte model previously introduced enters
the description of the electrostatic potential drop between two
oppositely charged walls at a given distance L that are kept
at a temperature difference AT. Building on the previous
example, we then fix the reference temperature T° at the
position of the positively charged wall, while considering a
constant temperature gradient o« = —10 K/um through the
fluid, so that the negatively charged wall is found at a tem-
perature 7° + AT < T, with AT = L. In Fig. 5, we report
the effect of the temperature gradient on the electrostatic
potential difference between the two walls, as a function of
L, in terms of the deviation AA¢ from equilibrium solu-
tions. We find that the effect predicted by our nonequilibrium
solutions increases linearly with the box size, going from
0.11 mV for L =12 nm to 6.6 mV for L = 400 nm. The
large nature of the electrostatic potential variations at large
L has to be related to the large deviations of the electro-
static potential profile in the proximity of the cooler wall

)
6_
F—1
= a 5
Z 41 o 3 <
= e 3 =2
g o E <
<50 M 3
- —3
0 - —4
10! 102
L [nm]

FIG. 5. Black line: effect of a stationary temperature gradient
a = —10 K/um on the electrostatic potential drop of a dilute elec-
trolyte solution embedded between two oppositely charged walls,
measured with respect to the equilibrium Debye-Hiickel predictions.
Red line: temperature difference between the charged walls. In both
cases, results are shown as a function of the distance between the two
walls, reported on a log scale to zoom the behavior at small L. Inset:
sketch of the physical system under study.

at T° + AT. The absolute charge density profiles and the
nonequilibrium electrostatic potential variations with respect
to the reference DH model are reported in the Supplemental
Material [55] for the various values of L considered. Despite
the predicted linear increase of our effect with the system
size, we note that no reciprocal interaction between the two
walls is observed for L > 50 nm, i.e., when L is much larger
that the characteristic screening length of the fluid. This is
clarified by the absolute electrostatic potential drop computed
at the equilibrium temperature T°, which, for L > 50 nm,
shows a saturation at A¢py =~ —2 V. Note that this value
is comparable to (the opposite of) twice the Gouy-Chapman
single-surface potential [66,67], A¢gec = n/ (4716/(3) ~1V.
Within this regime, separate nonequilibrium screening pro-
files computed at the reference temperature T° corresponding
to T(x = 0) and T'(x = L) could in principle be used to inde-
pendently represent the screening of the two surface charges,
so that the problem can be once again formulated in terms
of single interfaces. Conversely, we observe that within the
domain of distances for which the two interfaces feel the
reciprocal interaction, L < 50 nm, a single set of solutions for
the ionic charge density must be adopted in order to properly
describe the potential drop through the system. In particular,
noticeable deviations of the electrolyte screening profiles with
respect to the equilibrium DH solutions are found which are
associated with electrostatic potential differences ~0.9 mV
at L = 50 nm. Note that the magnitude of this effect over-
shadows the voltage drop associated with the Seebeck effect
at the same walls’ distance, which, for the NaCl and NaOH
solutions previously considered, accounts for just —0.025 mV
and 4+-0.1 mV, respectively.

IV. CONCLUSIONS

The analytical study introduced in this work provides a rig-
orous framework to describe the screening properties of ionic
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fluids under a stationary temperature gradient. As a major
result, we have shown that the striking parallelism with the
semiclassical (WKB) regime of quantum mechanics can be
used as a powerful approach to extend an equilibrium theory
to nonequilibrium steady states. The presented WKB method
provides a precise protocol to obtain solutions under small
thermal gradients, therefore avoiding a cascade of approxima-
tions which would be necessary at each step of the derivation
whenever a standard linearization approach is followed [26].
By relying on rigorous asymptotic approximations of the lo-
cal free-energy density, our theory is capable of representing
ionic fluids at arbitrary large ionic concentrations. This is re-
flected by the SGA charge-density profile, which allows us to
predict the structural crossover between monotonic and oscil-
latory screening regimes induced by the temperature variation,
as expected from the assumption of local thermodynamic
equilibrium.

In the paradigmatic case of dilute electrolyte solutions,
the deviations of our charge-density predictions from thermal
equilibrium have a larger amplitude than the charge distri-
bution generated by the ionic Seebeck effect. Therefore, as
long as the Seebeck effect can be experimentally probed,
we expect that the magnitude of our effect should be sim-
ilarly captured. This holds true, in particular, for measures
of the thermal-gradient induced deviation from equilibrium
of the potential difference between planar oppositely charged
walls, which we find to overshadow the Seebeck voltage.
Further experimental design may include the measurement
of transients’ changes in the potential induced by laser heat-
ing of electrodes [27,68], modifications in the dynamics of
charged colloids due to temperature gradients [26], or a

nonequilibrium extension of experiments that directly probe
the electrolyte-mediated interaction between planar charged
surfaces [37].

Our theory can in principle be applied to any pair poten-
tial, such as those entering coarse-grained models of room
temperature ionic liquids [69]. Moreover, beyond planar per-
turbations, the problem could be similarly formulated for
external potentials and temperature profiles that have cylindri-
cal and spherical symmetry. In addition, suitable extensions
of the method could be derived to reproduce the interplay
of ionic and dielectric screening, ubiquitous in aqueous elec-
trolyte solutions [43], thus overcoming the simplified solvent
representation as a temperature-independent dielectric con-
stant. Finally, we envision that our study could be used as
a stepping stone for providing a rigorous microscopic un-
derstanding of the charge separation induced by temperature
gradients when coupling the number and charge density in
asymmetric ionic fluids, a phenomenon which is at the cor-
nerstone of a first-principles treatment of the ionic Seebeck
effect.
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