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In order to understand the electric interfacial behavior, mean field based electric double layer (EDL) theory has been
continuously developed over the past 150 years. In this article, we briefly review the development of the EDL model, from
the dimensionless Gouy—Chapman model to the symmetric Bikerman—Freise model, and finally toward size-asymmetric
mean field theory models. We provide the general derivations within the framework of Helmholtz free energy of the lattice—
gas model, and it can be seen that the above-mentioned models are consistent in the sense that the interconversion among

them can be achieved by reducing the basic assumptions.
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1. Electric double layer (EDL)

Electric double layer exists widely in biology and mate-
rials. Nowadays, the demand on the higher energy density of
the supercapacitor has become stronger, due to its high power
density. Graphene with a high surface area as well as the ionic
liquid (IL) with many unique properties, make them highly
desirable. Thus, a theoretical understanding on the capaci-
tance behavior on such newly developed materials is greatly
needed. Over the past 100 years, a mean-field theory (MFT),
such as the Gouy—Chapman EDL model, is referred to fre-
quently. Later, the re-discovery and new development of the
mean field based EDL theory also attracted a great deal of at-
tention. In this review, we briefly overview the development
of mean field based EDL theory.

The first EDL model was proposed by Helmholtz, [-]

Cu=— ey)

in which € is relative dielectric constant, & is permittivity of
free space, and d is the width between the two oppositely
charged parallel plates. Equation (1) can be found in fun-
damental physics textbooks for the specific capacitance Cy
of parallel plate capacitor, which implies that the capacitance
would be much enhanced with higher € and shorter distance d
between the two plates.

Equation (1) provides a vivid picture for the electrochem-
ical capacitor or the so-called supercapacitor. Considering the
interface between a charged electrode and ionic electrolyte,
as depicted in Fig. 1, the counterions will accumulate on the
electrode due to the electrostatic interactions. Such arrange-
ment may be analogous to the parallel plate capacitor, with the
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other plate forming by the counter ion layer. A distinct fea-
ture of such a capacitor is that the distance between the two
“plates” is much shortened. Theoretically, the distance is of-
ten attributed to the radius of the ions on the nanometer scale.
Due to such short distance d, the capacitance Cy by Eq. (1) is
much enhanced, and a capacitor formed by such EDL is the
so-called electrochemical capacitor or supercapacitor.
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Fig. 1. Scheme of electric double layer (EDL). The single charged ion
layer adjacent to the electrode forms the compact layer or Stern layer,
while the outer layer forms the diffuse layer. The series of the two lay-
ers is called the Gouy—Chapman—Stern (GCS) EDL model.
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2. Gouy-Chapman-Stern (GCS) model

Since such a simple and clear picture is given by Eq. (1), it
is frequently adopted experimentally for the supercapacitance
behavior.?! Tt is also notable that Eq. (1) is a highly simpli-
fied model, nevertheless in a real electrolyte solution, the EDL
structure is much more complicated. Clearly, the distribution
of the counterions is not a single charged layer close to the
electrode surface. A more realistic picture is the diffuse layer
as in Fig. 1, as proposed by Gouy!*! and Chapman. >’

In the Gouy—Chapman model, the number density of
monovalence ion in the electrolyte solution is given by the
Boltzmann distribution

Ci = Coo eR‘P/kT7 2)

in which ¢4 and c_ are the density of the cation and anion, re-
spectively, c. is the equilibrium bulk density of individual ions
far from the electrode at x = 0, e is the elementary electron
charge, ¢ is the electrostatic potential, k is Boltzmann con-
stant, and 7 is the temperature. The Boltzmann distribution in
Eq. (2) is a mean field approximation to the ionic density, and
the charge density p in the diffuse layer is given by

p=e(cy —c_) = —2ecssinh (;ﬁ) . 3)
Equation (3) gives charge density of 1:1 electrolyte system,
for which an analytical expression of differential capacitance
is available. Appling Poisson equation, i.e.,

d’¢ P
=—— 4
dx? €gy’ @)
the differential capacitance Cy is given by
€€ edo
=P osh | —2
Cq . cos (ZkT) , 5

in which ¢q is the electrode potential, and Ap is the Debye

_ |egkT
A’D - 2626'00 . (6)

This Gouy—Chapman model in Eq. (5) differs from the

length, i.e.,

Helmholtz model of Eq. (1) in its extra dependence on ¢g.
From the electrochemical perspective, Cy4 in Eq. (5) is the nat-
ural response of the electrode potential dependent EDL at dif-
ferent @, which alters EDL structures and results in different
Cq4. However, the hyperbolic cosine function in Eq. (5) implies
that Cy4 increases with ¢p, and this never happens in reality. In
order to remedy this, Stern!® proposed the series of Egs. (1)
and (5), so that the capacitance is given by

1 1 1

e R 7
C CH+C0c’ @)

in which Cy and Cgc are given by Eqgs. (1) and (5), respec-
tively.

Equation (7) is well known as the Gouy—Chapman—Stern
(GCS) model. Since its scientific intuition form, it has been
widely accepted and bears the standard definition of an electric
double layer, as shown in Fig. 1.1 Besides, the success of the

GCS model has been demonstrated in tremendous works. 07!

3. Bikerman model

The Gouy—Chapman model implies that C4 increases with
¢o, and this is indeed applicable in the case at low ¢ for dilute
electrolyte solutions. However, experiments on strong elec-
trolytes and ILs often show the opposite trends. Instead of the
parabola-shaped Cy at low ¢y, it may be bell-shaped.!®! Also,
at high ¢, Cq generally shows a decreasing wing, which can-
not be captured by the GCS model either. For the latter, the
high ¢g region is constant, with the Cy fixed by the Helmholtz
model.

One of the important reasons for the failure of the GCS
model, especially at the high @y region, is attributed to the
ionic size effect. The infinite high Cy at high ¢y in the Gouy—
Chapman model is caused by the underneath assumption of
the dimensionless ions that are capable of accumulating at the
EDL toward infinite density in order to screen a high ¢y. In
reality, it is definitely not the case, because the size of ions
prevents its high density, even with the closest packing.

In the mean-field theory, the ionic size effect may be
casted by a two dimensional lattice-gas model, as shown in
Fig. 2. Note that figure 2 may be any infinite thin layer par-
allel to the electrode surface, and the ion/solvent distribution
varies from layer to layer in the EDL, while it is constant in the
bulk region at infinite distance toward the electrode surface.

Fig. 2. A two-dimensional representation of the mean field lattice-gas
model, in which blue hard spheres represent cations, red hard spheres rep-
resent anions, and iceblue hard spheres represent the solvent molecules or
empty space for pure ionic electrolyte, such as ILs.

By taking into account ion sizes, Bikerman proposed an
EDL model in 1942.°! Bikerman’s model may be easily un-
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derstood with the lattice-gas scheme in Fig. 2. Note that the
volume is constant for such a system, so that the derivation
starts with the Helmholtz free energy, F, of the lattice-gas
model,

F=ep(N.—N_)—kTInQ, (8)

in which Ny and N_ are the number of cations and anions in
the lattice, and (2 is the partition function given by

N!

Q=—""_
N. IN_INg!

)
in which N; and N are the number of solvent molecules and
the total number of ions/molecules in the lattice.

The underlying assumption of the Bikerman model is the
constant total number, i.e.,

N =N;+N_+N,. (10)

The above constraint implies dN;/dNy = —1. Thus, by
taking the chemical potential of each kind of ionms, i.e.,
Uy = dF /dNy and using Sterling approximation In Ny ! =

NiIn Ny — N4, we have

ui:e(l)—&—len&. (11)
NS

Remembering the fact that the chemical potential of each com-
ponent is equal everywhere for an equilibrium system, i.e.,
Ut = Hoo, and oo = 0, N4 oo = N_ o = N in the bulk lattice,
the numbers of ions in different layers are given by

ot N—Ny —N_
Ne = Noe O = 2
Note that equation (12) is correct for any sizes of ions and sol-
vent molecules for the lattice—gas model in Fig. 2, with con-
stant number constraint in Eq. (10). In the following deriva-
tion, Bikerman took into account the constant volume of each
layer, i.e.,

V=V,+V_+V,=N,v; +N_v_+Nqvs, (13)

in which v4, v_, and v are the ionic/molecular volumes of
cations, anions, and solvent molecules, respectively. Assum-
ing v4 = v_ = vy, then Eqgs. (10) and (13) are equivalent, and
the ionic density distribution may be written as

rl—civy—c_v_

= c.e Tk
1 —co(v4+v_)

C+ ; (14)
in which ¢y = Ny /V and ce = N../V are the densities of ions
in EDL and in bulk, respectively.

Equation (14) is re-derived in the lattice-gas scheme,
for the reason that Bikerman presented it with no explicit
derivation.[°! Note that the Gouy—Chapman model can also be

derived in a similar manner, with an additional assumption of

N — oo, though the original derivations were performed in
terms of osmotic or hydrostatic pressure.!*>! Thus, the Gouy—
Chapman model is often referred to as an infinite dilute model.

Comparing with the Boltzmann distribution in Eq. (3), we
can see that the modified Boltzmann distribution in Eq. (14)
is the consequence of ionic sizes. Thus, instead of infinite
c4, the density at infinite @y in Eq. (2), which is surpassed
in Eq. (14) by the fractional term. Thus, Cy decreases at high
¢o with a square-root decay wing.[!"! Bikerman also pioneered
on taking into account the polarizable effects manifested in the
dipole moment of the coordinated solvents, ”! which is beyond
this short review.

4. Freise model

From the previous section, it can be seen that the ionic
density distribution of the Bikerman model is derived for the
ions/solvent molecules of equal sizes. Though equation (14)
does not prevent its further applications on the ions/solvent
molecules of different sizes, the inherent inconsistence is im-
posed by the constant number constrain of EDL. The reason
is that the constant number constraint in Eq. (10) is not con-
sistent with the constant volume constraint in Eq. (13), except
all the ions and solvent molecules have equal sizes. For dif-
ferent sizes, a constant volume constraint means the numbers

] equa-

vary at different EDL. Thus, as pointed out by Freise,
tion (13) is more reasonable for the EDL model of asymmetric
ions and solvent molecules.

The Freise model can also be understood within the
framework of the lattice—gas mean field model in Fig. 2, with
the constant volume constraint by Eq. (13), which implies that
dN;/INy = —vy /vs. The derivation follows the Bikerman
model in Section 3, and the numbers of ions in different layers
are given by

N. =N., Fe [kT
E TN N_2N..

v /vs

e

The above expression includes the ionic size effect as
comparing to Eq. (12). For v = v_ = vg, equation (15) re-
duces to Eq. (12). 11 1t is notable that Ny in Eq. (15) should not
be obtained by Eq. (10) for ions/solvent molecules of differ-
ent sizes, but by Eq. (13). However, it appears that the Freise
model takes Eq. (10) for N, and the ionic density distributions
are written as

vt /s
Cy = Coe TN <1 1Z+z%oy> / , (16)
in which 4. = ¢4 /(cy +c_4¢s), ¥4, and - is the molar frac-
tion of cation and anion, respectively, and }.. denotes the molar
fraction of ions in the bulk where ¥} oo = Y- o0 = Y.

As discussed above, equation (16) is derived from
Eq. (15) with constant number constraint by Eq. (10), thus it is
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not consistent with the constant volume constraint either. It is
of interest to note that equation (16) was rigorously derived by
Freise!'!l in terms of osmotic pressure, similar to Gouy!*! and
Chapman,?! instead of the chemical potential as in Section
3. However, it is inappropriate to apply the osmotic pressure
to the solvents, and that may cause the inconsistence between
Egs. (15) and (16). Since the Bikerman model and the Freise
model are very similar, they are called the Bikerman—Freise
model.[”!

Nevertheless, for vy = v_ = v; = v, equations (16) and
(14) become equivalent as Y+ = c+v in this case, and both are
correct for the ions/molecules of equal sizes. Indeed, this is a
big step on the improvement of the Gouy—Chapman model for
the dimensionless ions. For the equal ionic/molecular sizes,
the ionic distribution may be written as!”}

1
Ct = Cone O/ . A7)

. eo
1 +4c.vsinh? [ ——
+4c.ovsin <2kT)

Thus, the charge density in EDL according to Eq. (2) is!”-!%13]

sinh <Ii;>">

. ep \’
1 +4c.vsinh® [ ——
+4cvsin (ZkT)

p = —2eCw (18)

Solving the Poisson function in Eq. (4), and Freise further de-

rived the analytical expression of Cy, i.e.,[7-810-12.14]

ce sinh (?DTO>

0

Ca = sen(60) 3 w
Dy + 4c¢,vsinh? (0>

2kT
x ald T (19)
In {1 +4c¢ovsinh? <2k§"ﬂ

in which sgn denotes sign function and vy =v_ = vy = v for
ions/molecules of equal sizes. It is notable that equation (19)
reduces to the Gouy—Chapman model, Eq. (5), in the v — 0
limit for the dimensionless ions, using the identities

. efo .o [ edo
In|1+4covsinh?® [ —— | | ~ 4c.vsinh? | ——
n[ +4cvsin (ZkT)] CooV SIN <2kT>’

1 4 4c..vsinh? (;%) ~1,

() (0 (e
smh(kT) —2s1nh<2kT>cosh <2kT>'

The above expression was re-discovered many times dur-

and

ing the following half century.l”! However, even Freise was
not the first person to get Eq. (19). In fact, Stern derived a
similar expression of Cg in 1924, which was almost forgot-
ten in history,"'"! partly due to the glory of the GCS model

proposed in the same milestone paper. [®!

5. Kornyshev model

The omission of the ionic size effect addressed by the
Bikerman-Freise model for the following half century is rea-
sonable, because the GCS model can often be applied on the
Cq and EDL properties of dilute electrolyte reasonably well.
With the development of ILs since 2000, the capacitance prop-
erties of this new kind of room temperature molten salts have
caught a great deal of attention. Interestingly, it is often found
that Cy4 curves of ILs are bell-shaped, in contrast to the tradi-
tional parabola-shaped Cy at low applied potential [10-12:14]

In 2007, Kornyshev“oJ and Kilic, Bazant, and Ajdari[m
independently published two papers on the EDL of equally
sized ions. While Bazant er al.!'?! orientated on the strong
electrolyte system for the diffusion process, Kornyshev!!’!
specifically orientated toward ILs for the differential capaci-
tance, Cq. Both works are based on the mean field lattice-gas
model as shown in Fig. 2, and derived the analytical expres-
sion of Cy, which is essentially the same as Eq. (19) by Freise,
as expected. It is of interest to note that both works were stim-
ulated by Borukhov, Andelman, and Orland, " which is ac-
tually another example of the re-discovery of the Bikerman—
Freise model, and it appears that Freise’s work was not real-
ized by either of these authors.

In Kornyshev’s well-celebrated work,!!?! the effects of
ionic size on Cq of ILs are vividly described by 7. defined
by Freise.[!! Since ions are equally sized with the same vol-
ume v = v_ = v, equations (10) and (13) are equivalent, so
that the molar fraction of individual ion in the bulk is

- Ne
o =y, (20)

te = 20 +Cs00 N

in which ¢ o = ¢_ o = ¢ is the ionic density in the bulk, ¢; o
is the solvent density (or empty lattice density, e.g., Fig. 2) in
the bulk. N is the equilibrium number of individual ions in
the bulk lattice, and Ny .o = N_ .. = Nw. Based on Eq. (20),
Kornyshev further defined compressibility by

¥ =2 @1

Thus, in Kornyshev’s derivation, the term 4c..v in Eq. (19) is
replaced by 27.[1%

The significance of ¥ may be illustrated by Fig. 2 for the
bulk lattice. For y = 1, all the lattices are completely occupied
by the ions. For y — 0, equation (19) reduces to the Gouy—
Chapman model, as discussed in Section 4. For ¥ > 0, then all
the lattices are partially occupied by the ions. Thus, counteri-
ons cannot approach the electrode with infinite density, but in-
stead “crowding” at the interface and may extend several EDL
layers at high electrode potential. Such an effect manifests in
Eq. (19) by taking the high @ limit with

sinh(e@y/kT) =~ exp(edo/kT)/2,
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and

sinh? (e /2kT) ~ exp(edo /kT) /4,

£g kT
Cy~ — . 22
4 70\ 2relgol 22

The above expression of Cg4 for the high @ limit was first given

so that!19]

by Kornyshev!'% to the authors’ best knowledge, though such
inverse-square-root decay of Cq on the high ¢y was indicated
by Bikerman. !

By taking the low ¢g limit, equation (19) may be written

as!10]
L3 (e’
8 kT

S

P . (23)

It can be clearly seen from Eq. (23) that Cy increases with
@ for y < 1/3 at low ¢y and results in an overall camel-shaped
C4, while it monotonically decreases with ¢y for y > 1/3
and results in an overall bell-shaped Cy. Equation (19), as
well as its high ¢y and low @y behavior, has been verified by
many recent experiments and simulations on the Cy of ILs.[!4]
Thus, Kornyshev’s work in 2007, though it represented an-
other re-discovery of the Bikerman—Freise model, stimulated
tremendous interest in the development of EDL theory for the
pure ionic electrolytes.

It should be addressed that Cq in Eq. (19) was derived ex-
plicitly for the symmetric ions of equal sizes. For asymmetric
ions with different cation and anion sizes, that is, v, # v_, the
lattice—gas model can be represented by Fig. 3, in which an
obvious fact is that the compressibilities of cations and anions
are different. Thus, for asymmetric ions of different compress-
ibilities, 7y # v, Kornyshev proposed the semi-empirical ug-
dependent y as!1?]

Y+ -7
1+ et

Y(uo) = y-+ , (24)

Fig. 3. A two-dimensional representation of the mean field lattice—gas
model for ILs, in which blue hard spheres represent cations, and red hard
spheres represent anions. The space is divided into lattices by the solid line
to accommodate cations, and then subdivided by dotted line to accommo-
date anions, in order to take into account different cationic and anionic
sizes.

where 1 is the dimensionless potential, and ug = e@ /kT. The
above semi-empirical 7y, in combination with Eq. (19), repre-
sents the Kornyshev model for the Cy of asymmetric ions, and
the results are reasonably good, as will be compared below.

6. Size-asymmetric mean field theory (SAMFT)
model

For the lattice-gas model in Fig. 3 of asymmetric ions of
volume ratio & =v_ /v, = y_/¥;, Han et al. attempted to get
the partition function via two steps, i.e., 2 = Q. Q_. For the
total available lattices N that are capable of accommodating
cations N, and the left are for anions, (N — N, )/&. Based on
the above consideration, the partition function of the lattice-
gas model in Fig. 3 may be written as!®]

N N=NY
T NN -N) NN NG) JE] N

Q (25)

Following the derivation in terms of the Helmholtz free energy
in Section 3, the charge density is given by!®!

1/E—1
e—¢O/KT _ qed/kT (5 et/ +TI>

- §+n
p = 2ec 1/6 ) (26)
4 e—e¢/kT+(§+ ) %
1 &+n

in which y = y; for the compressibility of cations and 1 =
2/v—1—& is the porosity. It should be addressed that equa-
tion (26) is also a re-discovery of Chu’s work in 2007. This
equation is successfully formulated by Chu et al. In fact, the
equation formulated by Chu et al. has a more widely scope of
application, because it can be used on not only 1:1 ILs but also
1:z TLs.!"”! Lu and Zhou also formulated size-modified MFT
for asymmetric ions, and incorporated to the size-modified
Poisson—Nernst-Planck (SMPNP) equation for the diffusion
process in biological systems.®]

It can be shown that as & = 1 the above equation
reduces to Eq. (18), using the relations sinh(e@y/kT) =
[exp(edo/kT) — exp(—edo/kT)]/2 and sinh®(edy/2kT) =
[exp(edo/kT) +exp(—edo/kT) — 2] /4. In the ¢ — O limit, us-
ing the first order approximations, it can be shown that Eq. (26)

N 1—&\ col?d
p~—<2—|—€+n> =2 @7

From the above approximation, it can be seen that for asym-

reduces to

metric ions & < 1, the EDL charge density may well exceed
that of the dimensionless ion predicted by the Gouy—Chapman
model in Eq. (3) or the Bikerman—Freise model in Eq. (18),
which give p ~ —2c.e?@/kT in the ¢ — O limit. Such an
effect is amplified as € — 0 and y — 1.8

Solving the Poisson equation (4) with charge density in
Eq. (26), the analytical C4 in the SAMFT model is!®!
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. 1/E-1
000/kT (56 ¢°/kT+ﬂ> _ o—ebo/kT
1

E+n

EE
Cy = sgn(%)ﬁ 75

e~ W/ + (& +1) (

Eeo/kT 4 q 1/s
&+

X In | e=¢90/kT 1 (&€ +1) (

Though the above Cy in the SAMFT model looks complicated,
it is inherent from the Gouy—Chapman and Bikerman—Freise
models. As can be seen that equation (28) reduces to Eq. (19)
for & = 1, which further reduces to Eq. (5) in the ¥ — 0 limit.
Also, the high ¢y limit of Eq. (28) gives!®]

eey | kT . .
Cq~ — | =, for high t
dq 7\ 2E7eon’ or high positive ¢,

£ kT . .
~ —, | ——, for high negative ¢y.
4~ 75\ 27el00] gh negative ¢o

Remembering that ¥, = y and Y- = &Y, the above inverse-

(29)

square-root decay is consistent with Eq. (22) for the symmetric
ions of & = 1, but includes a “crowding” effect for the positive
polarization branch and negative polarization branch charac-
terized by the size of counter ions in the high ¢y wing.

At low electrode potential ¢p, the Cy of the Gouy—
Chapman theory in Eq. (5) imposes the upper limit of the
Kornyshev model!'”! and the Bikerman—Freise model®!!l in
Eq. (19) either with semi-empirical potential-dependent y(u()
or with constant Y in Eq. (24), as shown in Fig. 4(a). On the
other hand, this is not the case for Eq. (28). With decreasing 7,
both Egs. (19) and (28) approach asymptotically Eq. (5) from
the upper and lower sides.

Considering asymmetric ionic liquids, the Cy at the neg-
ative branch obtained by Kornyshev using the semi-empirical
Eq. (24) with Eq. (19) for y; = 1.0 and y_ = 0.5 is consistent
with the Bikerman—Freise model (y = 1.0 and y = 0.5), while
that at the positive branch agrees well with the Bikerman—
Freise model for y = 1.0. It should be mentioned that the Cy4
at the potential of zero charge (PZC) predicted by the SAMFT
model can be higher than the Debye capacitance, with Cq in
the other models equal the Debye capacitance.

The C4 curves become camel-shaped for the Kornyshev
model!'" for y, =0.1and ¥ = 0.01 and the Bikerman—Freise
model® ! for y = 0.1 and y = 0.01 in Fig. 4(b). Compar-
ing the four curves in Fig. 4(b), it can be seen that the val-
ues of Cyq of the SAMFT model are closer to the results by
the Bikerman-Freise model than the Kornyshev model with
semi-empirical potential-dependent y(up) or with constant 7.
Meanwhile, the Bikerman-Freise model, Kornyshev model
and SAMFT model successfully predict the inverse-square-
root law resulted from “crowding” of counter ions. Such a

1/¢
ego/kT
M) Hnl’ (28)

&+ 2

crowding phenomenon of counterions, as shown in the illus-
tration of Fig. 4, may increase the thickness of the compact
layer or Stern layer and decrease the capacitance.

100 v T r
(a) —SAMFT, y=1.0,£ = 0.5
Kornyshev, y(uo),
80 100, v =1.0,7- =05
q 80{ g -Bikerman—Freise, v = 1.0
g 60 F 6[]] I\ Bikerman—Freise, v = 0.54
¢ 40 { \ Gouy—Chapman
= 20} \
= 40 of \\
3 201 W\
207 .
0 T T T

—SAMFT, v=0.1,¢ = 0.1
Kornyshev, y(uo), 1
4 =0.1,v =0.01

b) 7ol ~
w0l :
601 /4 N

N\
60}k /' \ —Bikerman—Freise, v=10.1

_01 o1 & Bikerman—Freise, v =0.01
[ 34 o &
o0 \ "ee
40 o

oo \\
20 - -

Cy/pF-cm™

&0/ V

Fig. 4. Cy at different levels of theory. (a) Cq by Eq. (28) with y = 1.0,
& = 0.5 (black), Eq. (19) with semi-empirical y(¢y) in Eq. (24) for y; =
y=1.0and y- = Ey=10.5 (red), Eq. (19) with y = 1.0 (blue) and y= 0.5
(pink), with Eq. (5) (green). (b) Cq by Eq. (28) with y=0.1, & = 0.1
(black), Eq. (19) with semi-empirical y(¢p) in Eq. (24) for 4 = y=0.1
and Y- = Ey=0.01 (red), Eq. (19) with y=0.1 (blue) and y = 0.01 (pink).
Insets in (a) and (b) are Cy4 at different levels of theory between potentials
of —0.1t0 0.1 V.

7. Summary

In this article, we briefly reviewed the development of the
mean field based EDL theory from the Helmholtz model to
the SAMFT model. Though the effects of the ionic size on the
EDL and Cy4 was studied by the Bikerman—Freise model more
than half a century ago, the re-discovery of this theory was ex-
perimentally called by the new electrolyte materials, ILs.!*]
Based on these efforts, the SAMFT model further provides a
Cq4 for asymmetric 1:1 IL in Eq. (29), which reduces to the
Bikerman—Freise model, and the Gouy—Chapman model for
dimensionless ions.
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It should be noted that the lattice-gas models presented in
Figs. 2 and 3 vary with the distance to the electrode surface and
electrode potential. Furthermore, the lattice-gas model is ac-
tually two-dimensional and is inifinite thin along the electrode
surface normal direction, in order to apply the continuous dif-
ferentiation with a one-dimensional Poisson equation (4). As
a matter of fact, this is an inherent limitation of mean field
theory for the analytical expressions. This inconsistence of
sized ions may be remedied by a series of a Stern layer, as has
been applied by Kornyshev for the extended Bikerman—Freise
model.!%]

Finally, we mentioned that the current review only fo-
cussed on mean field EDL theory. The benefit is that the an-
alytical expressions can often be derived, and such a simple
model can often help to understand the complex experimental
results in a qualitative manner with a vivid picture. Of course,
the mean field based EDL theory oversimplified the real situ-
ation. For example, overscreening, or charge inversion effect,
caused by the correlations between cations and anions, cannot
be treated by the mean field framework. For the latter, density
functional theory and computer simulations that are well be-
yond the scope of this article, can often be applied to get more

realistic results, though the analytical expressions are lost with
simple pictures.
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