
lable at ScienceDirect

Journal of Power Sources 273 (2015) 196e209
Contents lists avai
Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour
Thermal effects of asymmetric electrolytes in electric double layer
capacitors

Anna L. d'Entremont, Laurent Pilon*

University of California, Los Angeles, Henry Samueli School of Engineering and Applied Science, Mechanical and Aerospace Engineering Department,
420 Westwood Plaza, Los Angeles, CA 90095, USA
h i g h l i g h t s
� Thermal model for EDLCs with asymmetric electrolytes and/or multi-ion species was derived.
� Effects of asymmetric ion valency, diameter, and diffusion coefficient were studied.
� Electrolytes leading to large capacitance also produce large reversible heating.
� Total heat generation rate can be reduced by large bulk ion concentrations.
� Irreversible heating can be reduced if one ion species has a large diffusion coefficient.
a r t i c l e i n f o

Article history:
Received 16 June 2014
Received in revised form
2 September 2014
Accepted 11 September 2014
Available online 19 September 2014

Keywords:
Supercapacitors
Energy storage
Joule heating
Reversible heating
* Corresponding author. Tel.: þ1 310 206 5598; fax
E-mail address: pilon@seas.ucla.edu (L. Pilon).

http://dx.doi.org/10.1016/j.jpowsour.2014.09.080
0378-7753/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t

This study presents a thermal model, derived from first principles, for electric double layer capacitors
(EDLCs) with multiple ion species and/or asymmetric electrolytes. It accounts for both irreversible and
reversible heat generation rates resulting from the transient electrodiffusion of ions within the elec-
trolyte. Detailed numerical simulations of EDLCs with planar electrodes and binary and asymmetric
electrolytes were performed under galvanostatic cycling. The irreversible Joule heating decreased with
increasing valency and/or diffusion coefficient of either ion. The local reversible heat generation rate near
a given electrode was determined by the properties of the counterion. It increased with increasing
counterion valency and/or decreasing counterion diameter. As a result, the electrode with the counterion
of smaller diameter and/or larger valency experienced significantly larger temperature oscillations
during galvanostatic cycling than the opposite electrode. In general, EDLC electrolytes featuring ions with
large valency and/or small diameter produce large capacitance but also large reversible heating. The
present study suggests that EDLC electrolytes should feature large bulk ion concentrations and at least
one ion with a large diffusion coefficient to minimize both irreversible and reversible heating.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Electric double layer capacitors (EDLCs) are promising electrical
energy storage devices for applications requiring large power
density, rapid response, or long cycle life [1e3]. Such applications
include regenerative braking, load leveling, and dynamic stabili-
zation of the utility grid [2,4e7]. EDLCs physically store electric
charge within the electric double layer (EDL) forming at the elec-
trode/electrolyte interface. Their electrical performance lies be-
tween that of batteries and of dielectric capacitors [1e3]. EDLC
: þ1 310 206 2302.
power densities, cycle life, and cycle efficiencies are typically much
larger than those of batteries [1,3]. In addition, their porous elec-
trodes with small charge separation distances result in much larger
energy densities than those of dielectric capacitors [1e3].

EDLCs exhibit both irreversible and reversible heat generation
during operation [5,8]. Excessive temperature rise in EDLCs causes
various detrimental effects including accelerated ageing [4e7,9,10]
and increased self-discharge rates [5e7,9]. Thermal modeling can
be used to predict operating temperature and to develop strategies
to mitigate these effects.

The heat generation rate within the electrolyte of an EDLC is
closely coupled with ion transport and electrolyte properties [8].
Previous thermal models of EDLCs accounting for reversible heat-
ing [5,8,10e12] were limited to binary and symmetric electrolytes,
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i.e., the electrolytes had only two ion species with identical valency,
effective ion diameter, and diffusion coefficient [5,8,13]. However,
many widely used electrolytes are asymmetric, such as aqueous
H2SO4 [13e16]. In addition, electrolyte mixtures including more
than two ion species have attracted interest for EDLC applications
because certain mixtures perform better than either of the original
electrolytes. For example, eutectic mixtures of ionic liquids can
provide broader operating temperature ranges than either con-
stituent [17e19]. These asymmetric and/or multi-species electro-
lytes cannot be rigorously accounted for by existing thermal
models.

The present study aims to develop a general thermal model of
EDLCs from first principles accounting for multi-species and/or
asymmetric electrolytes. It extends our previous thermal analysis of
EDLCs with binary and symmetric electrolytes [8]. In addition,
detailed numerical simulations of binary and asymmetric electro-
lytes were performed to investigate effects of electrolyte asym-
metry on the irreversible and reversible heat generation rates
within the EDLCs and the resulting local temperature.

2. Background

2.1. Electric double layer structure

Fig. 1(a) illustrates the electric double layer (EDL) structure of a
binary and asymmetric electrolyte according to the Stern model
[20,21]. The compact Stern layer adjacent to the electrode surface
contains no free charge because its boundary at x ¼ H marks the
distance of closest approach for a solvated ion to the electrode
surface [20e22]. Within the diffuse layer, ions are mobile under the
competing influences of electrostatic forces, diffusion, and steric
effects [20,21,23]. The EDL is the region near the electrode with a
net space charge density in contrast to the electrically neutral bulk
electrolyte. Its thickness varies with electrolyte concentration, ion
valencies, and temperature [20,21]. The net ionic charge in the EDL
Fig. 1. Illustration of (a) the electric double layer structure of a binary and asymmetric
electrolyte near a planar electrode and (b) the basic structure of an EDLC with planar
electrodes.
per unit electrode surface area (in C m�2) is equal and opposite to
the electronic surface charge density in the electrode so that the
region around the interface is electrically neutral overall [20e22].
2.2. Capacitance

Capacitance characterizes the amount of electric charge stored
in an EDLC as a function of its cell potential. For galvanostatic
cycling consisting of alternating charging and discharging steps at a
constant current density ±js ¼ dqs/dt, the differential and integral
capacitances can be expressed as [1,24].

Cs; diff ¼
dqs
djs

¼ js
djs=dt

and Cs; int ¼
qs
js

¼ jstc=2
jmax � jmin

(1)

where qs is the surface charge density (in C m�2), tc is the cycle
period, and js is the cell potential (in V) with upper and lower limits
jmax and jmin.
2.3. Modeling of ion transport

Previous studies have demonstrated the importance of ac-
counting for the finite size of ions for accurate modeling of elec-
trodiffusion at large electrolyte concentrations and/or large
voltages [25]. However, many of the existing ion transport models
accounting for finite ion size are limited to binary and/or symmetric
electrolytes [23,26e33]. The generalized modified Pois-
soneNernstePlanck (GMPNP) model developed byWang et al. [13]
predicts the local electric potential and ion concentrations in
asymmetric and multi-species electrolytes with finite ion size. The
electric potential j(r,t) satisfies the Poisson equation, expressed as
[13]

�V$ðε0εrVjÞ ¼
8<
:

0 in the Stern layers

F
Pn
i¼1

zici in the diffuse layer (2)

where ε0 ¼ 8.854 � 10�12 F m�1 and εr are the vacuum permittivity
and the relative permittivity of the electrolyte, respectively. The
Faraday constant is denoted by F and equal to 96 485 C mol�1. The
valency and concentration of ion species i are denoted by zi and ci,
respectively, while n is the number of ion species in the solution.
Each ion concentration ci(r,t) in the diffuse layer is governed by the
mass conservation equation expressed as [13]

vci
vt

¼ �V$Ni with Ni ¼ �Dici
ziF
RuT

Vjþ Vln gi;Lci
� �� �

(3)

whereNi is the flux of ion species i in molm�2 s�1, Di is the diffusion
coefficient of ion species i, Ru ¼ 8.314 J K�1 mol�1 is the universal
gas constant, and T is the absolute temperature. The activity coef-
ficient gi,Lwas assumed to obey a Langmuir-type law accounting for
the excluded volume due to finite ion size and expressed as [13,34]

gi;L ¼
1

1�Pn
i¼1

ci
ci;max

: (4)

here, ci,max ¼ 1/NAai
3 is the theoretical maximum concentration of

ion species i assuming simple cubic packing of ions with effective
ion diameter ai while NA ¼ 6.022 � 1023 mol�1 is the Avogadro
constant. The ion flux can then be expressed as [13]

Ni ¼ �DiFzici
RuT

Vj� DiVci �
DiNAci

1� NA
Pn

i¼1 a
3
i ci

Xn
i¼1

a3i Vci: (5)



A.L. d'Entremont, L. Pilon / Journal of Power Sources 273 (2015) 196e209198
here, the derivation assumed that the effective ion diameters ai
are independent of location, i.e., they do not vary with the local
ion concentrations or temperature. The first, second, and third
terms on the right-hand side of Equation (5) correspond to the ion
fluxes due to electromigration, diffusion, and steric effects,
respectively.

2.4. Thermal modeling of EDLCs with binary and symmetric
electrolytes

In our previous study [8], we used the MPNP model to derive a
first-principles thermal model of EDLCs with binary and symmetric
electrolytes. The electrolyte was assumed to have negligible bulk
motion, no chemical reactions, and negligible energy flux due to the
Dufour effect, i.e., driven by gradients of electrochemical potential
and/or pressure [22,35,36]. Then, the energy conservation equation
for a control volume of electrolyte in terms of the temperature T
was derived as [8]

rcp
vT
vt

¼ V$ðkVTÞ þ _q (6)

where r, cp, and k are the density, specific heat, and thermal con-
ductivity of the electrolyte, respectively. Here, _qðr; tÞ is the local
volumetric heat generation rate (inWm�3) consisting of the sum of
the heat generation rates (i) _qE arising from ions decreasing their
electrical potential energy and (ii) _qS caused by ion fluxes along
gradients of chemical potential, partial molar entropy, and tem-
perature also called the “heat of mixing” [8,37]. For binary and
symmetric electrolytes, _qE consists of three contributions corre-
sponding to Joule heating and to heating arising from ion diffusion
and steric effects [8]. The heat of mixing _qS has two contributions
arising from concentration gradients and from temperature gradi-
ents [8]. Aside from the Joule heating, which is always positive and
therefore irreversible, the other contributions to the heat genera-
tion rate can be positive or negative and constitute the overall
reversible heat generation rate _qrev such that _q ¼ _qirr þ _qrev. The
expressions for _qirr and _qrev for binary and symmetric electrolytes
can be found in Ref. [8].

Note that Biesheuvel et al. [38] discussed a heat generation rate
corresponding to _qE within the electrolyte of ion exchange mem-
branes. The authors observed that it could be either positive or
negativewithin the EDLs, depending on the direction of the current
relative to the local electric field, and described the cooling phe-
nomenon as “negative Joule heating” [38]. By contrast, the present
study reserves the term “Joule heating” for the irreversible contri-
bution _qirr by analogy to the Joule heating in ohmic conductors
originally defined by Joule [39].

3. Analysis

3.1. Schematic and assumptions

Fig. 1(b) illustrates the one-dimensional EDLC simulated in the
present study. It consists of two planar electrodes separated by an
electrolyte with inter-electrode spacing 2L. The electrodes located
at x ¼ 0 and x ¼ 2L are denoted as electrodes A and B, respectively.
The ion species with the largest effective ion diameter corresponds
to i¼ 1. In contrast to EDLC cells using symmetric electrolytes, those
using asymmetric electrolytes lack antisymmetry in the electric
potential and ion concentrations [13]. Thus, for asymmetric elec-
trolytes, the entire electrolyte region must be simulated [13].

To make the problem mathematically tractable, the following
assumptions were made: (1) bulk motion of the electrolyte was
negligible, (2) the effective ion diameters were independent of
local ion concentrations and temperature, as previously
mentioned, (3) non-electrostatic ion adsorption was negligible, (4)
the Stern layer thickness H was equal to the effective radius of the
largest ion species, i.e., H ¼ a1/2, and (5) the EDLC was thermally
insulated.

3.2. Heat generation in multi-species and asymmetric electrolytes

The electrical heat generation rate _qE is defined as [8]

_qE ¼ j$E (7)

where j ¼Pn
i¼1ziFNi is the ionic current density [22] and E¼�Vj is

the electric field vector. Based on the expression for the ion flux Ni

in the GMPNP model [Equation (5)], the current density j in an
asymmetric electrolyte solution can be written as

j ¼ sE� F
Xn
i¼1

DiziVci �

0
BBB@ FNA

Pn
i¼1 Dizici

1� NA
Pn

i¼1 a
3
i ci

1
CCCA
Xn
i¼1

a3i Vci: (8)

here, s is the electrical conductivity of the electrolyte expressed as
[22,40]

s ¼ F2

RuT

Xn
i¼1

Diz
2
i ci: (9)

Equation (8) can be rearranged to find an expression for the electric
field vector E to be substituted into Equation (7). This results in
three contributions to _qE such that _qE ¼ _qirr þ _qE;d þ _qE;s. The first
term _qirr corresponds to the irreversible Joule heating and is
expressed as

_qirr ¼

���j���2
s

: (10)

the heat generation rates _qE;d and _qE;s are reversible and arise from
ion diffusion and steric repulsion, respectively. For asymmetric
electrolytes with n ion species, they are expressed as

_qE; d ¼ j
s
$

 
F
Xn
i¼1

DiziVci

!
and

_qE; s ¼
j
s
$

�
F
Pn

i¼1 Dizici
��

NA
Pn

i¼1 a
3
i Vci

�
�
1� NA

Pn
i¼1 a

3
i ci
� :

(11)

note that _qE;d and _qE;s differ from zero only in the presence of an ion
concentration gradient Vci.

The heat of mixing _qS is defined as [8]

_qS ¼
Xn
i¼0

Ni$RuV T2
vlngi;DH

vT

	 

(12)

where gi,DH is the activity coefficient of ion species i or of the sol-
vent i ¼ 0. The present study uses the expression of gi,DH given by
the DebyeeHückel limiting law as it accounts for the effects of both
temperature and ion concentrations. It was derived for dilute
electrolytes and accounts for long-range electrical interactions
between ions and for thermal agitation while neglecting short-
range ion-solvent or ioneion interactions [22,41]. Then, the activ-
ity coefficient of ion species i can be expressed as [22,41]
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z2eF2
 Pn z2c

!1=2
lngi; DH ¼ �
i i¼1 i i

8pðε0εrRuTÞ3=2
: (13)

substituting Equation (13) into the expression for the heat of
mixing _qS given by Equation (12) and assuming negligible contri-
bution from the solvent (i ¼ 0) yields two terms such that
_qS ¼ _qS;c þ _qS;T , where _qS;c and _qS;T are expressed as

_qS; c ¼
3

32p
eF2

ðε0εrÞ3=2
 
RuT

Pn
i¼1 z

2
i ci

!1=2

 Xn
i¼1

z2i Ni

!
$

 Xn
i¼1

z2i Vci

!

and _qS; T ¼� 3
32p

eF2
 Pn

i¼1 z
2
i ci

!1=2

ðε0εrÞ3=2R1=2u T3=2

Xn
i¼1

z2i Ni$VT :

(14)
these terms correspond to the heat of mixing arising from con-
centration gradients and from temperature gradients, respectively.
Here, _qS;c represents heat released by ions migrating in the direc-
tion of increasing concentration, e.g., into the EDL region, as this
leads to a more ordered distribution of ions and consequently
smaller entropy. Meanwhile, _qS;T represents heat released by ions
migrating in the direction of decreasing temperature, as smaller
thermal agitation results in smaller entropy. For binary and sym-
metric electrolytes, Equations (10), (11) and (14) simplify to those
derived in Ref. [8].

Note that the expression for the activity coefficient gi,DH differs
from the Langmuir-type activity coefficient gi,L used to derive the
GMPNP model and given by Equation (4). The different formula-
tions were used because the heat of mixing _qS must account for the
temperature dependence of gi,DH while the GMPNP derivation
must account for the steric effects through gi,L. Unfortunately,
neither gi,L nor gi,DH captures all these effects simultaneously.
However, the steric repulsion represented by the Langmuir-type
activity coefficient gi,L does affect the heat generation rates
through its influence on the ion concentrations ci, the ion fluxes Ni,
and the current density j appearing in the expressions of _qirr, _qE;d,
_qE;s, _qS;c, and _qS;T .

Overall, the total heat generation rate _q can be expressed as the
sum of an irreversible _qirr and a reversible _qrev heat generation rate
such that _q ¼ _qirr þ _qrev where _qrev ¼ _qE;d þ _qE;s þ _qS;c þ _qS;T .

3.3. Initial and boundary conditions

The one-dimensional governing Equation (2) for j(x,t) was
solved within the two Stern layers and the diffuse layer. It required
one initial condition and two boundary conditions for each region.
Initially, the potential was uniform and equal to zero such that

jðx; 0Þ ¼ 0 V for 0 � x � 2L: (15)

during galvanostatic cycling, the electric current density at elec-
trode A alternated between charging at current density þjs and
discharging at current density �js as a square wave of cycle period
tc. Charge conservation requires the displacement current density jd
in the electrolyte at the surface of electrode A to be equal to the
electronic current density within the electrode. This condition was
expressed as

jd ¼ �ε0εr
v2j

vtvx
ð0; tÞ ¼

�
js for ðnc � 1Þtc � t < ðnc � 1=2Þtc
�js for ðnc � 1=2Þtc � t <nctc

(16)
where nc ¼ 1,2,… is the cycle number. Moreover, the electric po-
tential and the electric field were continuous across the Stern/
diffuse layer interface located at x ¼ H such that

j
�
H�; t

�
¼ j

�
Hþ; t

�
and

vj

vx

�
H�; t

�
¼ vj

vx

�
Hþ; t

�
: (17)

similarly, they were continuous across the Stern/diffuse layer
interface at x ¼ 2L�H so that

j
�
2L� H�; t

�
¼j
�
2L� Hþ; t

�
and

vj

vx

�
2L� H�; t

�
¼ vj

vx

�
2L� Hþ; t

�
:

(18)

finally, the surface of electrode B was electrically grounded, i.e.,
j(2L,t) ¼ 0 V.

The one-dimensional mass conservation Equation (3) for ion
concentration ci(x,t) was solved only within the diffuse layer since
the Stern layer does not contain free charge [20,21]. Thus, one initial
condition and two boundary conditions were required. The ion
concentrations were initially uniform, and the solution was elec-
trically neutral, i.e.,

ci x; 0ð Þ ¼ ci;∞ with
Xn
i¼1

zici;∞ ¼ 0: (19)

at the Stern/diffuse layer interfaces located at x ¼ H and x ¼ 2L�H,
all ion fluxes vanished because there was no ion insertion into the
electrodes, i.e.,

NiðH; tÞ ¼ Nið2L� H; tÞ ¼ 0 mol m�2 s�1: (20)

The one-dimensional energy conservation Equation (6)
expressed in terms of the temperature T(x,t) was solved within
the two Stern layers and the diffuse layer. It required one initial
condition and two boundary conditions for each region. The initial
temperature was uniform and equal to T(x,0) ¼ T0. The surfaces of
electrode A at x¼ 0 and of electrode B at x¼ 2Lwere assumed to be
thermally insulated such that

�k
vT
vx

ð0; tÞ ¼ 0 W m�2 and � k
vT
vx

ð2L; tÞ ¼ 0 Wm�2:

(21)

the temperature and heat flux were continuous across the Stern/
diffuse layer interface at x ¼ H, i.e.,

T
�
H�; t

�
¼ T

�
Hþ; t

�
and � k

vT
vx

�
H�; t

�
¼ �k

vT
vx

�
Hþ; t

�
:

(22)

similarly, they were continuous across the second Stern/diffuse
layer interface at x ¼ 2L�H so that

T
�
2L�H�; t

�
¼T
�
2L�Hþ; t

�
and � k

vT
vx

�
2L�H�; t

�
¼�k

vT
vx

�
2L�Hþ; t

�
:

(23)

3.4. Constitutive relationships

The electrolytes simulated were based on the properties of
aqueous H2SO4, a common binary and asymmetric electrolyte used
in EDLCs [1]. The ion valencies for aqueous H2SO4 were equal to
z1 ¼ �2 and z2 ¼ 1, where i ¼ 1 and i ¼ 2 corresponded to SO2�

4 and
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Hþ, respectively. The associated solvated ion diameters were taken
as a1 ¼ 0.76 nm and a2 ¼ 0.56 nm and the diffusion coefficients as
D1 ¼ 1.1 � 10�9 m2 s�1 and D2 ¼ 9.3 � 10�9 m2 s�1 [14e16]. It is
evident that aqueous H2SO4 was significantly asymmetric with
respect to valency, ion diameter, and diffusion coefficient. Finally,
the relative permittivity εr ¼ 78.4, density r ¼ 997 kg m�3, specific
heat cp ¼ 4180 J kg�1 K�1, and thermal conductivity
k ¼ 0.61 W m�1 K�1 were taken as those of water [14].
3.5. Method of solution

The one-dimensional governing Equations (2), (3) and (6) and the
associated initial and boundary conditions were solved numerically
using finite element methods. The numerical convergence of the
solution was assessed based on the predicted potential j(x,t), ion
concentrations c1(x,t) and c2(x,t), and temperature T(x,t). The tem-
perature was the most sensitive to the choice of mesh element size
and time step. The mesh element size was the smallest at the Stern/
diffuse layer interfaces due to the large gradients of potential and
concentrations in this region and gradually increased away from
these boundaries. Themeshwas refinedby reducing the element size
at the Stern/diffuse layer interface and by reducing the maximum
element growth rate. The time stepwas controlled by the relative and
absolute time tolerances [42]. At each time step, the estimated local
error between the solutions at the previous and the current time step
was compared with the time tolerances. The time step was then
adjusted until the convergence criterionwas satisfied, as described in
Ref. [42]. This enabled the use of small time steps during periods of
rapid changes in j(x,t), ci(x,t), and/or T(x,t), while using a larger time
step for the rest of the simulation. The numerical solution was
considered convergedwhen halving (i) the element size at the Stern/
diffuse layer interface, (ii) the maximum element growth rate, and
(iii) both the relative andabsolute tolerances resulted in less than0.5%
maximum relative difference in the local temperature rise T(x,t)�T0.
Fig. 2. Electric potential difference across the EDLC js(t) ¼ j(0,t)�j(2L,t) as a function
of time t over the first cycle and a half for (a) Cases 1e4 featuring different ion
valencies zi and (b) Cases 1, 5, and 6 featuring different effective ion diameters. Results
for Cases 7 and 8 featuring different diffusion coefficients Di were identical to those of
Case 1.
4. Results and discussion

Table 1 summarizes the cases simulated to investigate the effect
of asymmetric valencies zi, ion diameters ai, and diffusion co-
efficients Di on the thermal behavior of EDLCs with binary electro-
lytes. Case 1 represents a symmetric electrolyte with ion properties
corresponding to those of Hþ ions and was used as a baseline case.
Cases 2e4 were chosen to illustrate the effect of valency zi with all
other properties equal to those of Case 1. Case 2 corresponded to
symmetric electrolyte with �z1 ¼ z2 ¼ 2 based on the valency of
SO2�

4 while Case 3 and 4 represented asymmetric electrolytes with
z1¼�2 and z2¼ 1. Asymmetry in valency required asymmetric bulk
ion concentrations c2,∞ ¼ �z1c1,∞/z2 in order to satisfy electro-
neutrality. Thus, Cases 3 and 4 were chosen with different bulk
concentrations ci,∞ so that z1 and c1,∞ in Case 3 equaled those of
Case 2, while z2 and c2,∞ in Case 4 equaled those of Case 1.
Table 1
Parameters for the cases simulated, based on the properties of aqueous H2SO4 [14e16],
generation rates _qirr . Here, the imposed current density and cycle period were equal to j

a1 (nm) a2 (nm) z1 z2 D1(m
2 s�1) D2(m

2 s�1) c1;∞(mol

Case 1 0.56 0.56 �1 1 9:3� 10�9 9:3� 10�9 1
Case 2 0.56 0.56 �2 2 9:3� 10�9 9:3� 10�9 1
Case 3 0.56 0.56 �2 1 9:3� 10�9 9:3� 10�9 1
Case 4 0.56 0.56 �2 1 9:3� 10�9 9:3� 10�9 1/2
Case 5 0.76 0.76 �1 1 9:3� 10�9 9:3� 10�9 1
Case 6 0.76 0.56 �1 1 9:3� 10�9 9:3� 10�9 1
Case 7 0.56 0.56 �1 1 1:1� 10�9 1:1� 10�9 1
Case 8 0.56 0.56 �1 1 1:1� 10�9 9:3� 10�9 1
Similarly, the effect of ion diameter aiwas demonstrated by Case 5
(a1¼ a2¼ 0.76 nm) andCase 6 (a1¼0.76 nmand a2¼ 0.56nm),while
the effect of diffusion coefficient Di was shown in Case 7
(D1 ¼ D2 ¼ 1.1�10�9 m2 s�1) and Case 8 (D1 ¼1.1�10�9 m2 s�1 and
as well as the resulting areal capacitances Cs,int [Equation (1)] and irreversible heat
s ¼ 14 mA cm�2 and tc ¼ 7.6 ms, respectively.

L�1) c2;∞(mol L�1) Symmetric? Cs,int(mF cm�2) _qirr ¼ j2s =s∞ (W m�3)

1 yes 53.7 280
1 yes 75.0 70.1
2 no 64.0 93.5
1 no 62.0 187
1 yes 30.2 280
1 no 36.6 280
1 yes 53.7 2370
1 no 53.7 502
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D2 ¼ 9.3 � 10�9 m2 s�1). The electrolyte relative permittivity εr,
density r, specific heat cp, and thermal conductivity k remained the
same for all cases. The inter-electrode spacing and initial temperature
were equal to L ¼ 20 mm and T0 ¼ 298 K, respectively. The cell was
cycled galvanostatically at js ¼ 14 mA cm�2 with cycle period
tc ¼ 7.6 ms. This current density js was within the range of current
densities per unit surface area of the current collector reported in
experimental studies [5,43]. The combination of js and tc was chosen
to yield a maximum cell voltage of 1 V for the baseline Case 1. The
current density and cycle period were held constant for all cases to
facilitate comparison. The electrolyte properties were assumed to be
constant and independent of temperature. The temperature in the
expressions ofNi, _qS;c, and _qS;T was taken as the initial temperature T0.

4.1. Electric potential

Fig. 2 shows the cell potentialjs(t)¼j(0,t)�j(2L,t) computed as a
function of time t over one and a half cycles for (a) Cases 1e4
featuring different ion valencies zi and (b) Cases 1, 5, and 6 featuring
different effective ion diameters. Results for Cases 7 and 8 featuring
different diffusion coefficients Di were not shown because the pre-
dicted cell potentials overlapped that of Case 1
(D1 ¼ D2 ¼ 9.3 � 10�9 m2 s�1) at all times. In all cases, the cell po-
tential increased during the charging step and decreased during the
discharging step. As previouslymentioned, the current density js and
cycle period tc were chosen so that the maximum cell potential for
the baseline Case 1 would equal 1 V. The numerically predicted cell
potential qualitatively resembled those measured during galvano-
static cycling of EDLCs [43,44]. Note that the measured cell potential
Fig. 3. Anion concentration c1(x,3tc/2) near the positive electrode A as a function of locatio
values of ai as well as cation concentration c2(x,3tc/2) near the negative electrode B as a func
time t ¼ 3tc/2 at the end of a charging step.
often featured a significant “IR drop” due to ohmic resistance.
However, the predicted cell potential, shown in Fig. 2, was almost
entirely due to the electric double layer formation. The portion of the
cell potential due to ohmic resistance in the electrolyte can be
approximated as js(2L)/s∞ where s∞ is the electrical conductivity of
the electrolyte givenbyEquation (9)with thebulk ionconcentrations
c1,∞ and c2,∞. This ohmic potential drop was on the order of 10�3 to
10�5 V and was less than 0.1% of the maximum cell potential for all
Cases 1e8. The IR drop can be reproduced numerically by reducing
the electrolyte conductivities s∞, increasing the inter-electrode
spacing, and/or accounting for the electrical resistance of the elec-
trodes and current collectors (see Supplementary material).

Fig. 2(a) indicates that increasing either or both ion valencies jzij
resulted in a smaller cell potential at all times. For galvanostatic
cycling, the surface charge density qs ¼ jstc/2 added during the
charging step was the same for all cases. Thus, the integral capac-
itance Cs,int, given by Equation (1), increased with increasing jzij
(Table 1). In addition, Cases 3 and 4 featuring the same ion prop-
erties zi, ai, and Di, but different bulk ion concentrations ci,∞
demonstrate that doubling ci,∞ slightly increased Cs,int. By contrast,
Fig. 2(b) indicates that increasing either or both effective ion di-
ameters ai substantially increased the cell potential, corresponding
to a decrease in capacitance Cs,int (Table 1). These changes in inte-
gral capacitance with jzij and ai were consistent with those
observed from cyclic voltammetry simulations of EDLCs with bi-
nary and asymmetric electrolytes [13]. Table 1 also shows that
decreasing either or both ion diffusion coefficients Di had no effect
on Cs,int. This was also consistent with the results of cyclic vol-
tammetry simulations outside the “diffusion-limited” regime [13].
n x for (a) Cases 1e4 with different values of zi and (c) Cases 1, 5, and 6 with different
tion of location 2L�x for (b) Cases 1e4 and (d) Cases 1, 5, and 6. All cases correspond to
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4.2. Concentrations

Fig. 3 shows (a) and (c) the anion concentration c1(x,3tc/2) near
the positive electrode A as a function of location x as well as (b) and
(d) the cation concentration c2(x,3tc/2) near the negative electrode
B as a function of 2L�x at time t¼ 3tc/2 at the end of a charging step.
Fig. 3(a) and (b) show Cases 1e4 featuring different ion valencies zi,
while Fig. 3(c) and (d) show Cases 1, 5, and 6 with different effective
ion diameters ai. Fig. 3 indicates that electrolytes with asymmetric
zi or ai, e.g., those in Cases 3, 4, and 6, exhibited spatially asym-
metric concentration profiles. Overall, the concentration profiles
near each electrode were determined by the properties of the
counterion, i.e., the anion (species 1) near the positive electrode
[Fig. 3(a) and (c)] and the cation (species 2) near the negative
electrode [Fig. 3(b) and (d)]. The ion diameter ai controlled the
counterion concentration at the Stern/diffuse layer interfaces
located at x ¼ H and x ¼ 2L�Hwhere the counterion concentration
reached its theoretical maximum ci;max ¼ 1=NAa3i . The maximum
concentration gradient also decreased with increasing ai due to the
smaller concentration drop between the Stern/diffuse layer inter-
face and the bulk electrolyte. By contrast, increasing the counterion
valency jzij had no effect on the surface counterion concentration.
However, it resulted in a thinner EDL and steeper concentration
gradients near the electrodes. These effects can be attributed to the
fact that (i) fewer ions were necessary to balance the same elec-
trode charge and (ii) the electrostatic forces were larger on ions of
larger valency.

Note that Cases 7 and 8 considered asymmetry in diffusion co-
efficient Di but were not shown since the results were identical to
Fig. 4. Diffusion heat generation rate _qE;dðx;11tc=8Þ as a function of location (a) and (c) x ne
and (b) show Cases 1e4 with different zi while plots (c) and (d) show Cases 5 and 6 with
those for Case 1 (D1 ¼ D2 ¼ 9.3 � 10�9 m2 s�1) everywhere in the
electrolyte. Thus, the diffusion coefficient Di had no effect on the
concentration profiles for the cycling conditions considered. This
was attributed to the fact that galvanostatic cycling was simulated
so that the current density js was imposed and the fluxes of ions
into the EDLs remained the same in all cases. Indeed, the increase in
cell potential js(t) required to maintain the desired current density
js for electrolytes with smaller diffusion coefficients was negligibly
small compared to the potential drop due to the EDLs for Cases 1, 7,
and 8.

4.3. Irreversible heat generation rate _qirr

For all Cases 1e8, _qirr (in W m�3) was found to be uniform and
equal to _qirr ¼ j2s =s∞ throughout the entire diffuse layer of the
electrolyte, except in the EDL regions within a few nanometers of
the electrode where it decreased steeply to zero (see
Supplementary material). The differences in _qirr summarized in
Table 1 reflect the fact that s∞ increasedwith increasing jzij, Di, and/
or ci,∞ of either ion species, as suggested by Equation (9). Note also
that, like s∞, _qirr was independent of the ion diameter ai, as illus-
trated by Cases 1, 5, and 6 in Table 1.

4.4. Reversible heating

4.4.1. Diffusion heat generation rate _qE;d
Fig. 4(a) and (c) show the diffusion heat generation rate

_qE;dðx;11tc=8Þ [Equation (11)] at time t ¼ 11tc/8 near the end of a
charging step as a function of location x near the positive electrode
ar the positive electrode A and (b) and (d) 2L�x near the negative electrode B. Plots (a)
different ai. All cases correspond to time t ¼ 11tc/8 near the end of a charging step.
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A for Cases 1e4 and for Cases 1, 5, and 6, respectively. Similarly,
Fig. 4(b) and (d) show _qE;dðx;11tc=8Þ as a function of 2L�x near the
negative electrode B for Cases 1e4 and for Cases 1, 5, and 6,
respectively. Note that the heat generation rate was plotted at a
slightly earlier time than the concentrations shown in Fig. 3 in or-
der to show the profiles characteristic of the charging step rather
than those during the switch in current direction occurring at
t ¼ 3tc/2. Fig. 4 indicates that electrolytes with asymmetric valency
zi or ion diameter ai, e.g., those in Cases 3, 4, and 6, yielded spatially
asymmetric heat generation rate _qE;d profiles. Moreover, for a given
electrode, electrolytes sharing the same counterion properties zi
and ai as well as bulk concentration ci,∞ yielded the same heat
generation rate _qE;d profiles. In other words, _qE;d profiles near the
positive electrodewere identical for Cases 2 and 3 [Fig. 4(a)] and for
Cases 5 and 6 [Fig. 4(c)] while those for Cases 1 and 4 were identical
near the negative electrode [Fig. 4(b)]. In addition, cases sharing the
same counterion properties zi and ai, but featuring different bulk
concentrations ci,∞ had similar heat generation rate profiles but
with different magnitudes. For example, the profile of the heat
generation rate _qE;d for Case 4 spanned the same spatial regions as
Case 3 but was larger in magnitude due to the smaller local elec-
trical conductivity s(x,t).

Furthermore, the heat generation rate _qE;d was confined to a
narrower region as the valency jzij increased as a result of the
narrowing of the EDL region, as discussed previously [Fig. 3(a) and
(b)]. However, the maximum value of _qE;d remained unaffected by
changes in jzij. This can be attributed to the fact that increasing jzij
increased the local electrical conductivity s and the concentration
gradient by the same proportion in the expression of _qE;d given by
Equation (11).
Fig. 5. Steric heat generation rate _qE;sðx;11tc=8Þ as a function of location (a) and (c) x near th
(b) show Cases 1e4 with different zi while plots (c) and (d) show Cases 5 and 6 with diffe
Finally, increasing the counterion diameter ai reduced the
magnitude of the heat generation rate _qE;d. Although the ion diam-
eter ai does not appear directly in the expression of _qE;d, it affects _qE;d
via its strong influence on the concentration profiles [Fig. 3(c) and
(d)]. Both the concentration gradient and the electrical conductivity
s decreased with increasing ai. However, the concentration gradient
decreased more than the conductivity, resulting in a net decrease in
_qE;d. By contrast, changing the diffusion coefficient Di had no effect.
In fact, values of _qE;dðx; tÞ for Case 7 (D2¼ D2¼1.1�10�9m2 s�1) and
Case 8 (D1¼1.1�10�9m2 s�1,D2¼ 9.3�10�9m2 s�1) were identical
to those obtained for Case 1 (D2 ¼ D2 ¼ 9.3 � 10�9 m2 s�1) at all
times and locations. The increase in the diffusion ion fluxes associ-
ated with increasing Di was balanced by the corresponding increase
in the electrical conductivity s. In fact, for electrolytes with sym-
metric diffusion coefficients D1 ¼ D2 ¼ D, such as Cases 1 and 7, _qE;d
was independent of diffusion coefficient D since D appearing in the
numerator canceled with that in the expression of s in the de-
nominator [Equation (11)].

4.4.2. Steric heat generation rate _qE;s
Fig. 5(a) and (c) show the steric heat generation rate

_qE;sðx;11tc=8Þ [Equation (11)] as a function of location x near the
positive electrode A for Cases 1e4 and for Cases 1, 5, and 6,
respectively. Similarly, Fig. 5(b) and (d) show _qE;sðx;11tc=8Þ as a
function of 2L�x near the negative electrode B for Cases 1e4 and for
Cases 1, 5, and 6, respectively. Fig. 5 indicates that the profiles of the
heat generation rates _qE;s were spatially asymmetric for electrolytes
with asymmetric zi and/or ai, e.g., those in Cases 3, 4, and 6. It is also
interesting to note that the heat generation rate _qE;s had the same
order of magnitude as _qE;d (Fig. 4) for all cases considered. For a
e positive electrode A and (b) and (d) 2L�x near the negative electrode B. Plots (a) and
rent ai. All cases correspond to time t ¼ 11tc/8 near the end of a charging step.
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given electrode, electrolytes sharing the same counterion properties
zi and ai and bulk concentration ci,∞ featured the same heat gener-
ation rate _qE;s profiles. Increasing jzij narrowed the regionwhere the
steric heat generation rate _qE;s was significant without affecting its
maximum value. However, increasing ai reduced the magnitude of
_qE;s. Here also, the steric heat generation rate _qE;s was unaffected by
the diffusion coefficient Di. In fact, in the limiting case of
D1 ¼ D2 ¼ D, its expressionwas independent of diffusion coefficient.

4.4.3. Heat of mixing heat generation rate _qS;c
Fig. 6(a) and (c) show the heat of mixing heat generation rate

_qS;cðx;11tc=8Þ, [Equation (14)] as a function of location x near the
positive electrode A for Cases 1e4 and for Cases 1, 5, and 6,
respectively. Similarly, Fig. 6(b) and (d) show _qS;cðx;11tc=8Þ as a
function of 2L�x near the negative electrode B for Cases 1e4 and for
Cases 1, 5, and 6, respectively. The heat generation rate profiles _qS;c
near each electrode were very similar for cases sharing the same
counterion properties zi and ai. The heat of mixing heat generation
rate _qS;c increased strongly with increasing valency jzij. Indeed,
increasing the counterion valency from jzij ¼ 1 to jzij ¼ 2 increased
the maximum value of _qS;c by nearly an order of magnitude. By
contrast, recall that _qE;d and _qE;s both decreased with increasing jzij.
Equation (14) indicates that, for electrolytes with symmetric
valency �z1 ¼ z2 ¼ z such as in Cases 1 and 2, the local heat gen-
eration rate _qS;c was proportional to z3. In fact, for jzij > 1, _qS;c
provided the largest contribution to the total reversible heat gen-
eration rate _qrev. The strong effect of jzij on _qS;c resulted from strong
electrostatic interactions between ions accounted for by the
DebyeeHückel activity coefficient [Equation (13)]. Moreover, the
Fig. 6. Heat of mixing heat generation rate _qS;cðx; 11tc=8Þ as a function of location (a) and (c)
(a) and (b) show Cases 1e4 with different zi while plots (c) and (d) show Cases 5 and 6 wi
heat of mixing heat generation rate _qS;c decreased with increasing
counterion diameter ai. Here also, the dependence of _qS;c on ai was
stronger than that of _qE;d and _qE;s. Finally, results for Cases 7 and 8
with varying Di were identical to those of Case 1 everywhere (not
shown). This indicates that _qS;c was independent of the diffusion
coefficient Di as suggested by its definition in Equation (14).

4.4.4. Overall reversible heat generation rate _qrev
Fig. 7(a) and (c) show the reversible heat generation rate

_qrevðx; tÞ ¼ _qE;dðx; tÞ þ _qE;sðx; tÞ þ _qS;cðx; tÞ þ _qS;T ðx; tÞ as a function of
location x near the positive electrode A for Cases 1e4 and for Cases
1, 5, and 6, respectively, at time t¼ 11tc/8 near the end of a charging
step. Similarly, Fig. 7(b) and (d) show _qrevðx;11tc=8Þ as a function of
2L�x near the negative electrode B for Cases 1e4 and for Cases 1, 5,
and 6, respectively. The overall reversible heat generation rate _qrev
was spatially asymmetric for electrolytes with asymmetric zi and ai,
e.g., those in Cases 3, 4, and 6. It was larger near the electrode
whose counterion had a larger valency jzij and/or a smaller ion
diameter ai. The strong effect of zi on _qrev was caused by its effects
on _qS;c which dominated over the other heat generation terms for
jzij > 1. Finally, _qrev was independent of the diffusion coefficient Di

for all cases considered. Note that the heat generation rate _qS;T
[Equation (14)] was negligible compared with the other heat gen-
eration rates for Cases 1e8. This was also observed in our previous
study for binary and symmetric electrolytes [8].

4.4.5. Total heat generation rates _Q
00

irr and _Q
00

rev
It is difficult to directly compare the total irreversible and

reversible heating based on the local volumetric heat generation
x near the positive electrode A and (b) and (d) 2L�x near the negative electrode B. Plots
th different ai. All cases correspond to time t ¼ 11tc/8 near the end of a charging step.
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rates _qirr and _qrev. Indeed, in all cases, _qirr was very small compared
to the peak values of _qrev. However, _qirr was uniform throughout the
40 mm-thick electrolyte regionwhile _qrev was significant only inside
the EDL region located within a few nanometers of the electrode
surfaces. To compare their relative significance, they should be
integrated over the entire electrolyte region to assess their overall
contribution to the total heat generation. To do so, the total irre-
versible and reversible heat generation rates per unit separator
surface area (in W m�2) were defined as

_Q
00

irrðtÞ ¼
Z2L
0

_qirrðx; tÞdx and _Q
00

revðtÞ ¼
Z2L
0

_qrevðx; tÞdx: (24)

Fig. 8 shows the total reversible heat generation rate _Q
00

revðtÞ as a
function of time t for (a) Cases 1e4with different values of zi and (b)
Cases 1, 5, and 6 with different values of ai over one and a half
cycles. The corresponding values of _Q

00

irrðtÞwere constant and equal
to _Q

00

irr ¼ 2 _qirrL where L¼20 mm and _qirr is reported in Table 1. The
total reversible heat generation rate _Q

00

revðtÞ was periodic in time t,
positive during charging, and negative during discharging. For the
conditions simulated, the reversible heat generation rate _Q

00

revðtÞ
was systematically larger than _Q

00

irr. Indeed, the maximum value of��� _Q 00

revðtÞ
��� was on the order of 20e40 W m�2 while _Q

00

irr was on the
order of 0.001e0.1 W m�2. Note that previous simulations for bi-
nary and symmetric organic electrolyte, namely TEABF4 in pro-
pylene carbonate, also predicted that

��� _Q 00

revðtÞ
��� was larger than

_Q
00

irrðtÞ by about one order of magnitude [8]. The relatively small
values of _Q

00

irrðtÞ obtained in the present study compared to that in
Ref. [8] can be attributed to the larger conductivity s∞ of the
electrolyte resulting in smaller Joule heating.
Fig. 7. Overall reversible heat generation rate _qrevðx; 11tc=8Þ as a function of location (a) and
Plots (a) and (b) show Cases 1e4 with different zi while plots (c) and (d) show Cases 5 and 6
Fig. 8(a) establishes that increasing either or both ion valencies
jz1j and jz2j led to larger reversible heat generation while Joule
heating decreased (Table 1). Cases 1e3 corresponded to the same
bulk electrolyte concentration c1,∞. Comparing these cases reveals
that _Q

00

revðtÞ and _Q
00

irrðtÞ for Case 3 (z1 ¼ �2, z2 ¼ 1) with asymmetric
zi fell between those corresponding to symmetric electrolytes,
namely Case 1 (�z1 ¼ z2 ¼ 1) and Case 2 (�z1 ¼ z2 ¼ 2). Cases 3 and
4 demonstrate that the total heat generation rates were also sen-
sitive to the bulk ion concentrations ci,∞. These two cases featured
the same ion properties zi, ai, and Di for both ion species, but the
bulk ion concentrations ci,∞ of Case 4 were half those of Case 3. The
results established that both

��� _Q 00

revðtÞ
��� and _Q

00

irrðtÞ increased with
decreasing bulk concentrations c1,∞ and c2,∞ due to the associated
smaller electrical conductivity s∞.

Fig. 8(b) shows the total reversible heat generation rate _Q
00

revðtÞ
as a function of time t over one and a half cycles for Cases 1, 5, and 6
corresponding to different values of a1 and a2. The total irreversible
heat generation rate _Q

00

irrðtÞ was unaffected by ai and remained
constant and equal to _Q

00

irr ¼ 11 mW m�2. It was smaller than��� _Q 00

revðtÞ
��� by several orders of magnitude. On the other hand, the

total reversible heat generation rate
��� _Q 00

revðtÞ
��� increased with

decreasing ai for either ion species. For Case 6 with asymmetric ai
(a1 ¼ 0.76 nm, a2 ¼ 0.56 nm), _Q

00

revðtÞ was approximately equal to
the arithmetic mean of those for the corresponding symmetric
electrolytes represented by Case 1 (a1 ¼ a2 ¼ 0.56 nm) and Case 5
(a1 ¼ a2 ¼ 0.76 nm).

Finally, the total irreversible heat generation rate _Q
00

irrðtÞ for Case 1
(D1 ¼ D2 ¼ 9.3 � 10�9 m2 s�1), Case 7 (D1 ¼ D2 ¼ 1.1�10�9 m2 s�1),
and Case 8 (D1¼1.1�10�9 m2 s�1,D2 ¼ 9.3� 10�9 m2 s�1) featuring
different values of Di was constant and equal to 11 mW m�2,
(c) x near the positive electrode A and (b) and (d) 2L�x near the negative electrode B.
with different ai. All cases correspond to time t ¼ 11tc/8 near the end of a charging step.



Fig. 8. Total reversible heat generation rates _Q
00

revðtÞ as functions of t over one and a
half cycles for (a) Cases 1e4 with a1 ¼ a2 ¼ 0.56 nm, D1 ¼ D2 ¼ 9.3 � 10�9 m2 s�1, and
different zi and (b) Cases 1, 5, and 6 featuring �z1 ¼ z2 ¼ 1, D1 ¼ D2 ¼ 9.3 � 10�9 m2 s�1,
and different ai.
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95 mW m�2, and 20 mWm�2, respectively. Its magnitude increased
with decreasing diffusion coefficient Di of either ion. It was more
strongly influenced by the larger of the two diffusion coefficients.
This can be attributed to the fact that the ionwith the larger diffusion
coefficient carried themajority of the current density within the bulk
electrolyte. On the other hand, _Q

00

revðtÞ, like the local reversible heat
generation rates _qE;d, _qE;s, and _qS;c, was unaffected by the values of Di

and equal to that of the baseline Case 1 (Fig. 8).
4.5. Temperature

Fig. 9 shows the temperature differences (a) T(a/2,t)�T0 near the
positive electrode A, (b) T(L,t)�T0 at the centerline, and (c) T(2L�a/
2,t)�T0 near the negative electrode B for Cases 1e4 featuring
different values of zi. Note that the temperature rise for the present
simulations was on the order of millikelvins. This can be attributed
to the very rapid charging of planar electrodes resulting in very
small cycle periods on the order of milliseconds. Cases 3 and 4 had
asymmetric valency z1 ¼ �2 and z2 ¼ 1 and yielded spatially
asymmetric temperature oscillations caused by the asymmetric
reversible heat generation rate _qrev. In both cases, the temperature
oscillations near the positive electrode [Fig. 9(a)] were approxi-
mately three times larger than as those near the negative electrode
[Fig. 9(c)]. This can be attributed to the fact that the large valency
z1 ¼�2 of the anion produced large _qS;c near the positive electrode.
In addition, the asymmetric electrolyte considered in Cases 3 and 4
produced larger temperature oscillations at x ¼ a/2 than either of
the symmetric electrolytes of Case 1 (�z1 ¼ z2 ¼ 1) and Case 2
(�z1 ¼ z2 ¼ 2). For symmetric electrolytes as in Cases 1 and 2, the
temperature profiles always remained spatially symmetric so that
no significant heat fluxes crossed the cell centerline. By contrast, for
asymmetric electrolytes as in Cases 3 and 4, there was significant
heat exchange between the two halves of the cell. As a result, the
temperatures evolved differently between the symmetric and
asymmetric electrolytes.

Fig. 9(d), (e), and (f) respectively show the temperature differ-
ence T(a/2,t)�T0 near the positive electrode A, T(L,t)�T0 at the
centerline, and T(2L�a/2,t)�T0 near the negative electrode B for
Cases 1, 5, and 6 featuring different values of ai. The asymmetric
electrolyte of Case 6 (a1 ¼ 0.76 nm, a2 ¼ 0.56 nm) exhibited larger
temperature oscillations near the negative electrode [Fig. 9(f)] than
near the positive electrode [Fig. 9(d)]. This can be attributed to the
larger reversible heat generation rate _qrev associated with the
smaller cation diameter a2 ¼ 0.56 nm.

Moreover, Fig. 9(b) and (e) indicate that, for a given case, the
temperature oscillations at the centerline were smaller in ampli-
tude, less angular, and slightly delayed compared to those close to
the electrodes. This was also observed for binary and symmetric
electrolytes. It was attributed to the fact that the reversible heat
generated at the electrode surfaces had to conduct through the
electrolyte to reach the centerline [8]. In addition, the centerline
temperature T(L,t) for the asymmetric electrolyte of Case 3 (z1¼�2,
z2 ¼ 1) fell between those of the symmetric electrolytes considered
in Case 1 (�z1 ¼ z2 ¼ 1) and Case 2 (�z1 ¼ z2 ¼ 2) corresponding to
the same bulk concentration c1,∞. Likewise, the centerline tem-
perature T(L,t) [Fig. 9(e)] for the asymmetric electrolyte of Case 6
(a1 ¼ 0.76 nm, a2 ¼ 0.56 nm) fell between those of the corre-
sponding symmetric electrolytes represented by Case 1
(a1 ¼ a2 ¼ 0.56 nm) and Case 5 (a1 ¼ a2 ¼ 0.76 nm). Note also that
the centerline temperature T(L,t) for Cases 1, 5, and 6 converged to
the same value after each complete cycle (e.g., t ¼ 7.6 ms). Indeed,
reversible heating during the charging step was compensated by
reversible cooling during the discharging step. Thus, the net
reversible heat generated over a complete chargeedischarge cycle
was

Z tc

0

_Q
00

revðtÞdt ¼ 0 and the net temperature rise over one cycle
was solely due to the irreversible heat generation rate _Q

00

irr. For
these three cases, _Q

00

irr was identical (Table 1).
Table 2 summarizes qualitative changes in the heat generation

rates _qirr, _qrev, _Q
00

irr, and _Q
00

rev as well as in the integral areal capac-
itance Cs,int caused by increasing the ions' effective diameter ai,
valency jzij, diffusion coefficient Di, or bulk concentration ci,∞. Note
that the bulk concentrations c1,∞ and c2,∞ cannot be varied inde-
pendently, as they are coupled by the electroneutrality require-
ment. Table 2 suggests a few design rules for choosing electrolytes
in order to minimize heat generation in EDLCs. First, large bulk
concentrations ci,∞ are desirable to increase ionic conductivity s

and thus reduce both the total irreversible and reversible heat
generation rates _Q

00

irr and _Q
00

rev as well as increasing the capacitance.
Similarly, at least one ion with large diffusion coefficient Di should
be used to minimize _Q

00

irr. This ion species will carry the majority of
the current in the bulk electrolyte. Note that large diffusion coef-
ficient is also beneficial to the EDLC capacitance at large scan rates



Fig. 9. Temperature rise T(x,t)�T0 as a function of time t for (a)e(c) Cases 1e4 with different zi and (d)e(f) Cases 1, 5, and 6 with different ai for two consecutive cycles. Results are
shown for three locations, namely, (a) and (d) at x ¼ a/2 near the positive electrode A, (b) and (e) at the centerline x ¼ L, and (c) and (f) at x ¼ 2L�a/2 near the negative electrode B.
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[45]. Finally, increasing jzij and/or decreasing ai increases the EDLC
capacitance Cs,int but also increases the reversible heat generation
rate _Q

00

rev. In particular, thermal management strategies for EDLCs
using large-valency ions should be designed to accommodate large
reversible heat generation rates _qrev near the counter-electrode.

4.6. Asymmetric electrolytes in porous electrodes

The present simulations were limited to planar electrodes while
practical EDLC devices use porous electrodes. The present model
could be extended to porous electrodes in at least three possible
ways. First, the continuum model presented in Section 3.2 could be
used to predict local heat generation rates and temperature in tran-
sient two-dimensional or three-dimensional simulations of porous
electrodes. However, such simulations would be computationally
very costly and time consuming and fall beyond the scope of the
present study. Second, volume averaging theory could be applied to
the governing equations derived in the present study, as performed
for numerous transport phenomena in porous media [46]. Third,
correlations predicting the heat generation rates inporous electrodes
could be developed based on scaling analysis of the governing
equations for planar electrodes modified by a semi-empirical geo-
metric parameter identified from experimental data for porous
electrodes. This method was successfully used to develop a correla-
tion for the equilibrium areal capacitance of porous electrodes in
Ref. [47]. We anticipate that the qualitative observations regarding
the effects of ion valency and size reported for planar electrodes will
also apply to porous electrodes regardless of their morphology.



Table 2
Summary of the effects of changing ion properties on the heat generation rates _qirr , _qrev, _Q

00

irr , and _Q
00

rev as well as the integral capacitance Cs,int during galvanostatic cycling.
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Finally, it is important to note that the electrode's porous
morphology adds complications that cannot be accounted for in the
planar analysis. First, when the effective ion diameter is too large
for ions to enter the pores, the active electrode surface area is
reduced and consequently the overall reversible heating would be
reduced. In addition, ions may shed their solvation shells to enter
pores smaller than their solvated radii, resulting in a sharp increase
in capacitance [48,49]. However, the present model assumes that
the effective diameter of the ions is constant. As a result, it cannot
predict the thermal effects associated with ion desolvation.

5. Conclusion

The present study developed the first thermal model based on
first principles for the local irreversible and reversible heat gener-
ation rates and temperature of EDLCs with multiple ion species
and/or asymmetric electrolytes. Detailed numerical simulations
were performed for different binary and asymmetric electrolytes
based on the properties of aqueous H2SO4. First, the irreversible
heat generation rate _qirr was uniform across the electrolyte and
equal to _qirr ¼ j2s =s∞. It decreased with increasing valency jzij or
diffusion coefficient Di of one or both ion species due to the
resulting increase in electrical conductivity of the electrolyte.
However, _qirr was independent of the ion diameter ai. The revers-
ible heat generation rate _qrev near each electrode was governed by
the properties of the counterion. It increased with increasing
valency jzij and decreasing ion diameter ai but was independent of
diffusion coefficient Di. As a result, electrolytes with asymmetric
valency zi or ion diameter ai featured spatially asymmetric heat
generation rates and larger temperature oscillations near the
electrode with the larger jzij or smaller ai of the counterion. The
results demonstrate that thermal models must account for elec-
trolyte asymmetry in order to accurately predict the local heat
generation rates and temperature. This study suggests that to
reduce the overall heat generation in EDLCs, electrolytes should
feature large bulk concentrations ci,∞ and at least one ion species
with large diffusion coefficient. In addition, electrolytes chosen to
yield large capacitance via ions with large valency jzij and/or small
diameter ai are likely to feature large reversible heat generation
rates generated near the electrode surfaces.
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