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ARTICLE INFORMATION ABSTRACT

Original Research Paper Electrochemical supercapacitors store energy in the electric field formed at the interface of
Received 11 June 2016 electrode/electrolyte in the electrochemical double layer. Compared to conventional capacitors, using
Accepted 25 August 2016 high surface area electrodes results in the extremely large capacitance in supercapacitors. A

Available Online 22 October 2016 mathematical model has been developed to investigate the effect of electrode thickness and porosity on

the performance of double-layer supercapacitor. The model is based on the conservation of species and

Keywords: N X . . e - . .
Double-layer supercapacitor modeling charge governing equations. This model drops the common simplifying assumptions of concentrations
specific capacitance uniformity and capacitance independence of voltage in supercapacitors models. The model can predict
specific energy the experimental data of cell voltage with high accuracy and is used to examine the effect of utilizing
specific power different electrode thicknesses and porosities on the performance. In the design and operation condition
porosity of supercapacitor considered here, specific capacitance increases as electrode thickness increases for
electrode thicknesses from 70 to 90 micrometer and decreases as electrode thickness exceeds 90
micrometer. Employing more porous electrodes enhances specific capacitance. The amount of
increment is such that if the electrode porosity is doubled, specific capacitance increases by
approximately 5%.
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Fig. 1 Different parts of a supercapacitor; white and black spots in the
electrode represent pores and activated carbon, respectively
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! PDE module

2 Comsol Multiphysics®

® parallel Direct Sparse Solver Interface (PARDISO)

* Multifrontal Massively Parallel Sparse direct Solver (MUMPS)
® Sparse Object Oriented Linear Equations Solver (SPOOLS)

® LU decomposition

" Relative tolerance

® Absolute tolerance

° Extremely fine
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Fig 3 Discharge profile of supercapacitor at different rates during (a)
total discharge time (b) first 0.05 seconds of discharge time
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Table 3 List of parameters used in the model
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Fig 2 Comparison of the model simulation and experimental data
during supercapacitor discharge at 1=0.05 A/cm?

B b oSl SYslee g3ae o 5l oud denbore 5y Judg p dnlin 2 JSi
1=0.05 A/lem? jo 55 0l 5,Ls Jobo 5o alkaule;]

5550 3l sm Sl Candg 4y bysye () G s 58 oo 4 by
5 i 2oy 10 Blas caze 09 xSl jo cdale sSTas lade calb e
oyl 508 ydon Jodo 4 M| ol el aie 09,55l o Sl oyl
2 (D =9312x107°em2/8)  cute ois,owd 0eslS iy
(Dgoz- = 1.065 % 107°CM?2/5) clilgus oy50i] iy ot b i
IBr S g (i3 Lulyd (Jolore 5l alas ja 50 [20] wil e
5 o3 TH Glagssls ol 0¥ cundy cnl )p ln 5 <ol
b 53 0us STSOFT slapygsl 5 cute 29,80 oo &y (ghte dad
S8 Gl @ azg Lol G phie 35S0l e 4 Cte
o Sadie 39580 Coons & S5 > o )3 Sdie (9,008 (95l el
S e 295 G 4 25 > b 5o oad ol51S0FT (gl @
2 Segilg sl ChlE jloge dindion Hlade A )3 0S5 0 2 lge

388



Ubled 9 JgSiins’ Hils)d e

bosisg IS 9B 3l 3 Shoe 590 2 L39Sl Yk 9 aoldud i3l o2

3200
Positive | Separator | Negative
: s Elec.t.rode "\ e A/szl Electrode
= 3000 | NN | ’ |
(3 = G | = = -l=01A/m?
= NE Q
g : | — —I=05A/cm? )
— 2800 e
s \ - | — - =1=2A/cm? |
b N \\, | — .. aa/em? )
] -
S 2600 | \ \ e =7 Afcm? !
] AL 5 |
S - -~ _ \ | /=10 A/cm |
£2400 Lo __ R |
2 | s o | |
© Wwarsereccccfeccccccccaaaa
<« 9 W=z T S e T
“ 2200 | —
1Y
2000 - S
0 0.02 0.04 0.06 0.08 0.1 0.12

Thickness direction (mm)

Fig. 5 Electrolyte concentration variations across the supercapacitor
during discharge at various rates

5oLas anld o il alide slacwnd o oy mSUl cdale ol s 5 S
Slss e slagt 5 b Jul5

3 S L opd bls ames 4o ol e oSy S L ieeis
L)L““ "6 JS.M:" (uﬂ) UMPU ms}lﬁ L 99)° YL: Lmés)&.” )sl?bo QY 9°
eSles 0l ol Ganedls ;5 35250 Culieds LisliEl b oS wms e
shulrd 5o Jle plye b s GRlPl 6 cod b pegate Sud)b
Sl 55 958Ul Calies 51wl 120.5 Alem? 1y ol ,e aneudls oS
35 el 921y ogate Sud il (g Se 120 1 jteg Ss B0 1) 25
S se =10 Alem? anels Luls 5 a5 Jb s osdie plp 9o
axly g ogate Cud b sas,0 50 il cel 0g mSUl CuolBus 0505
g oe gl
3 05l Calies il a8 ams e ol M6 S (0) Lise
prr 9=ly p pegate Sudib (Ll Ceb Gl omb andls Lyt
b yios Sen 45 5) 055 il 30 93,580 Calinis 51 o olsiey 0545 5o
3 ebor Rl e, 18 0 x axly  egate Sl (g Sie 90
09,8l Culrs b pgase cod b Dl (b YL Al Lyl
b cyiog,San 90 5 70 51 a8 clacubis cly 45 gk Conns 1955
@l Ll el oo ial3l o 0ol pgass oyl 59 Sl caslieds a3l
Cud il ials el cubko Ll wsgame ol 5l VL glacwlis
9 Feel 5)Las alanly 4 )l alS 5 )18, ks (b 9d e ogpate
adls polie plod jo JFael jylas adl asb o o35l Co eSS e

syl el VU gloaipndls 5 o] pogad i Ll wasdl o 3l ob,>
JA7] o500 03 2l by 5 09 28Ul aalis (oo ugSiae I8,

09 Sl Yol 51-2-3
sle e s e aoly | il e codb T ST
olis olm dilse lhanads o 5 osline Jabu L slsg sl
loads aLils 4% cll L3 Gemen 5,5l bl by s
1=0.5 Alcm? 1 S ol sbeaiadls b g sl glag,los slp
e L, by il Gl JEiee Ojgoar pgate o)l
1=0.5 A/CM’ o byje slosimin 5 350 ool @ bgrye slasionia)
Oiu w asg b (wleass sals plas "7 S s asn o g aiidate
bz Sl il o SIS i b oS Sl (s "7 S ()

389

2500 f

2400 |

2900
Pé‘sitive ] Separator ] Negative
__ 2800 [ Electrode | | Electrode
£ 2700 = ' '
- B | —t0s |
< 2600 } % | |
2 N 1 - -t=003s |
£ 2500 } LR |
€ - . — \i
g ~~ < - = =
€ 2400 |} :| t=0.06s |
S : |
£ 2300 } A |
= o
s v !
£ 2200 | | |
&
w |
2100 F
)
2000
0 0.02 0.04 0.06 0.08 0.1 0.12
Thickness direction (mm)
(@) ()
2900
: Separator Negative
2800 } Electroge ' Electrode
y =——1t=0s
|
2700 | | = ==t=05s
. 1
~
2600 | N I o= =t=1s
\ 1
\ | t=15s
1
1
1
|
|

2300

2200 f

Electrolyte Concentration (mol/m?3)

2100 f

2000
0 0.02 0.04 0.06 0.08 0.1 0.12
Thickness direction (mm)
(b) (<)

Fig 4 Electrolyte concentration across the supercapacitor at 1=2 A/lcm?
during (a) discharge time (b) at rest after discharging

(<l i1=2 Afem? (gl o35l cilises slacond jo cods 2SIl cdale 4 JSis
5oLas 5l am col il > o (\'_, 55l ley Jsbyo

05 (gilwands ;o glalamde LB sllas sbwl el Wigs oo bz VU
I 258 ol o9 Bld 90 (1 J3a2) o Jisl S¥sles Sl 03¥ 5
Aloe b,z eS glearidls bas o5 oVsb glag,los Lyll o aigd
Sl slade g 5 wilioe e CS1pSy clile 58 s
[14] 5405 oolial oo Bs b osis @il

Sl ly Jsbo o Slee o <ol 5 0l 6l ol @l)) Jow
@ oads &l Jaw 3l gom la iz jo o)l ol Gl glaanouls
Ol ofles g9, p il g Bl oyl Sl G jslae
LoguSIl Jxlsw 5 cubro Jolis byl pl ol oals oolal
0.7 35l 3l a5 sl osds (o8 o slagilwancd plos jo anil o
ol 00 ))L.mb ;,J5 P iy ;,Jj

5958l Caaliess §1-1-3
Jsbo oy 9l i 5 ghaw wly Slil 4 1) pogase Cod)l M6 JSA”
Ol Oslite sladiandls 5 09 xSl it laculis ol o5
b el oads ools oylas JSa (W) Lisw ,0 a5 aisSiled ans o lis
G Jsho e axly p egate Cudil g xSl Culs il
Slog 2SIl sloo i yo i oy 2SIl S92 ggose nl S aliee

10 o lesis 16 093 1395 5o ()3 SHlse (Swiie



Ubed 9 JgSuiss Silsyd e

bosisg IS 9B 3l 3 Shoe 590 2 L39Sl Yk 9 aoldud i3l o2

sloon o9 ie Js & 9290 2 p Jse 043 ST 09
sl gt slp 015 Jolis shls slaog 2SIl s ¥ e 5 e
Bl e 5,L00

S 5 domii -4
o pl o 8les (i sobe & Sk, o Sl adlhs o
chale o219y saisSesle 5 Jolain (28 (Jaw cpl ;0 005 8w
s gl jlaanst 5 o5 €55 5 s Jsbo Jsb 5 Sl
e dmliie 0Bk oo Sy i8Il cble sl e JUl sl b
oo Sl 258 gleosls boanglae (o oud acule Joko 5L
o g bl o Sles o)y jelaiedy ol oad bl (g3lwas
330 Jskor 0 Shae (g ksl calizee slajially 56 o] ange Llps
Gl 48,5 18 aslllas

(Ol omb anadly byls o a5 ams e lid sdel Cussy b
e ..\>|5 » u"ﬁ*‘-’“ Ca.«ﬁ).]o u.a‘;ﬁ‘ \.A-cl) }JW le.(bbjrs.” )‘ oolawl
obml wlEge L8, SO (b, YU sleaiidls o a5 Jlb y0 wgd oo

0.47
—v=[=0.5 Afcm? —=X==]=2 Afcm?

045 } =O=i=4 AJcm? === =7 Afcm?
:,E —]=10 A/cm?
o
E 0.43 o 7r 7 7 7 £ 7 o
v
o
c
]
£ 04
[+
o
]
L]
L2
£ 039 [
v
o
"

0.37

0.35

0.15 0.25 0.35 0.45 0.55

Electrode porosity

25

24

N
w

N
-

—tr=[=0.5 A/cm?

—X==[=2 Afcm?

Specific capacitance (F/g)
N
N

=O== =4 Af/cm? —t==|=7 Afcm?

20 | ——/=10 A/cm?
19 2
0.15 0.25 0.35 0.45 0.55
Electrode porosity
(0) (<)

Fig. 7 Specific capacity per (a) unit area (b) per unit mass for different
electrode porosities at various discharge rates

03 koo 2 0y (o el wls (W) I3l 4 ogaivo )b 7SSt
L')lﬁ).? e LSLQ «" ~L> 9 ‘)5):;5-” s e ‘SLQ . 3 6‘)-!

10 o lesis 16 093 1395 5o (e Swille  Swiye

35

= [=0.05 A/cm?2  ==/=0.1 Afcm?

—t—[=0.5 Afcm? —=x=1=2 Afcm?

—O— I=4 Afcm? —t=1=7 Afcm?
30 F

— =10 Afcm?

—O
| %
]
X —
/+/+ +\+

Specific capacitance (F/g)

B \+
20 f
15 . ) . .
40 60 80 100 120 140 160
Electrode thickness (pm)
(@) ()
1.6

== 1=0.05 Afcm?
14 |} =0=1=0.1 Afcm?
—tr—1=0.5 A/cm?

12 | =x=i=2 A/cm?
-0 |=4 Afcm?
1} =t+=1=7 A/cm?
1=10 A/cm?

Specific capacitance (F/cm?)

04
0.2 .
40 60 80 100 120 140 160
Electrode thickness (um)
(0) (<)

Fig 6 Specific capacity per (a) unit area (b) per unit mass for different
electrode thicknesses at various discharge rates

O3B 2l sk oy 0y (o o axly (il 13l 4 ogae cud b 6 S
ol gl slaars ls 9 03}‘;{” calie slacwls 61)3

IS5 () Gioe Mlie ) IS god i el 9oly 5 (ogare bl
bl by ol andls e e Gl Lboas aes e plas
I Ol |y gpdge al Jdo b BNy 02ly p egate
DS & S Sy Sl aS aneils 5 Cog 2SIl gl (sl e
5 oiolS mhw axly sl 4 Jslo pyr o] a5 4 4T cadly wel> 5l
b glPl pegate ud )l
3l dilises sla i sl |y uds i8Il clale o i "8 US”
Adls 45 Loy po 0als &l gla ciovie a0 co lis JelS 5, Lbs alasd (o
2l olalyy il e 092Ul Galise slaJsdss 5 122 Alem? (L ,>
abasd jo o plade cudg xS glls S S35 b sl mSUl sl vy
Jodzs glils slaog pSUl oS ol ol ol ol Judo o JolS 5,Les
1wl (SO pSIhay oo LSis gl mhw )8 (5 %68 oo o aS
il 5l g 0.7 5L 5y adsl byds (el sl it (oSl L
oo L0 by Usb 45 6yt Lol LSSl L gl ol o
1 osiige Jsko 5 i oSl Gl sl 5 oad WL ybne
oSl chle e Wisd by, col il Clle 4 5,las 5 ax ooy Sl

390



Ubled 9 JgSiins’ Hils)d e

bosisg IS 9B 3l 3 Shoe 590 2 L39Sl Yk 9 aoldud i3l o2

(SM™) cudy iUl s iyl K
2578 o po v

(kg m?) Jiz> P

(S M) (S s piyaloe o
(V) Syl Jmaily ¢

onl pm ol

Sae 39 251 +

(i 99yl -

P Lo 0

RIS 1

Joloee 56 2

Jsbo g a2ty 6l & ke av
Jsbe pr2r aoly sl 4 (Solee avg
ey Sl e

Fye eff

oLy etd

i b cude (S S0 L i

adgl init

Jsloe ) 465 aasuie j

(i 39251 neg

Coe 39 28l pos

Lo ref

oaSlas sep

13308 g K55 -6
axly e oodll ST olRails o Limgh zob Sz pol> allie
Sz 4 oSty o] pyime (st Sl by ao 45 Bl ongE

SRy Dyge (008 5 S heg ik cnl ) Cole

w7

[1] B. E. Conway, W. G. Pell, Power limitations of supercapacitor operation
associated with resistance and capacitance distribution in porous electrode
devices, Journal of Power Sources, Vol. 105, No. 2, pp. 169-181, 2002.

[2] S. Yoon, J. H. Jang, B. H. Ka, S. M. Oh, Complex capacitance analysis on
rate capability of electric-double layer capacitor (EDLC) electrodes of
different thickness, Electrochimica Acta, Vol. 50, No. 11, pp. 2255-2262,
2005.

[3] M. Itagaki, S. Suzuki, I. Shitanda, K. Watanabe, H. Nakazawa, Impedance
analysis on electric double layer capacitor with transmission line model,
Journal of Power Sources, Vol. 164, No.1, pp. 415-424, 2007.

[4] S. Yoon, C. W. Lee, S. M. Oh, Characterization of equivalent series
resistance of electric double-layer capacitor electrodes using transient
analysis, Journal of Power Sources, Vol. 195, No. 13, pp. 4391-4399, 2010.

[5] M. Kaus, J. Kowa, D. U. Sauer, Modeling the effects of charge redistribution
during self-discharge of supercapacitors, Electrochimica Acta, Vol. 55, No.
25, pp. 7516-7523, 2010.

[6] L. Yang, B. H. Fishbine, A. Migliori, L. R. Pratt, Molecular simulation of
electric double-layer capacitors based on carbon nanotube forests, Journal of
the American Chemical Society, VVol. 131, No. 34, pp. 12373-12376, 2009.

[71 M. Z. Bazant, M. S. Kilic, B. D. Storey, A. Ajdari, Towards an
understanding of induced-charge electrokinetics at large applied voltages in
concentrated solutions, Advances in Colloid and Interface Science, Vol. 152,
No. 1, pp. 48-88, 2009.

[8] H. Wang, J. Varghese, L. Pilon, Simulation of electric double layer
capacitors with mesoporous electrodes: Effects of morphology and

391

3900

Separator

Negative
Electrode

3700 F  Electrdde
3500
3300
3100
2900

2700

2300

Electrolyte Concentration (mol/m3)

2100

1900

0 0.02 0.04 0.06 0.08 0.1 0.12
Thickness direction (mm)

Fig. 8 Electrolyte concentration variations across the supercapacitor
during discharge at various rates at the end of discharge

5L ey 5o ol alitee slacuend jo cudg xSl cldale ol 8 Sl
Jolss alizs polie sljl 4y JulS

ey See 90 B 70 51 a8 35 28U Coslind azlir cdl> cnl s 09 o0
Ll gl ge ymie odyb Gl & S sloog xSl Sl eolaul il
e 5oy Sl eoliiul wogame onl 5l i slacalis sy
009 S o 4 K0 (s 3l 0B se ogate Codib halS el
4 ke RS Gl s 09 58Il o gl wly ey lade

Sebes Joho o2 92l (ogate il Al

e i yed -5

(mol m?) ey sl cdale c
(FM?) (oSSt ¥y cud o Cd
(M) 3555y D

(Whkg?) sogase (55, E

96487 (C mol™) sol,l6 culs F
(AM?) (S8 oy apdls [
(AM?) Jobo 55 00 Jlacl JS oy el [
(M) cubes [

(g mol™) JsSlge o> M

(Mol 7 M) Jyo 530 &5 Ny
(WKG™?) ogasis olss P

(Mol s M?) ¥ 35 55 & Ly jo dnir alox R
(emem®) aiey oo b S4
(OIRCS! t

(K) Lo T

b yg8lS” JUil oy tg

Jsko Job cgr 5o S Slatse X
oS L olaws z

Sl B9,

Sz €

10 o lesis 16 093 1395 5o (e Suille  Swiiie



Ul 9 Jgfulss’ S )3 e

Rloatbg ISl OB 3l 3 Shos (59, 22 39,8l YIS 9 waolSud Sl w) 2

Society, Vol. 147, No. 3, pp. 820-830, 2000.

[17]1V. Srinivasan, J. W. Weidner, Mathematical modeling of electrochemical
capacitors, Journal of Electrochemical Society Vol. 146, No. 5, pp. 1650-
1658, 1999.

[18]C. Lin, B. N. Popov, H. J. Ploehnz, Modeling the effects of electrode
composition and pore structure on the performance of electrochemical
capacitors, Journal of Electrochemical Society Vol. 149, No. 2, pp. A167-
Al75, 2002.

[19] G. Madabattula, S. K. Gupta, Modeling of supercapacitor, Proceedings of the
COMSOL Conference Bangalore, India, 2012.

[20]J. S. Newman, Electrochemical Systems, 3rd edition, Wiley Interscience,
Hoboken, NJ, 2004.

[21]H. Hassanzadeh, S. H. Golkar, M. Barzgary, Modeling of two phase and
non-isothermal flow in polymer electrolyte fuel cell, Modares Mechanical
Engineering, VVol. 15, No. 2, pp. 313-322, 2015. (in Persian ..,i).

[22] A. B. Ansari, V. Esfahanian, F. Torabi, Electrochemical simulation of lead-
acid battery using model order reduction based on proper orthogonal
decomposition, Modares Mechanical Engineering, Vol. 15, No. 11, pp. 43-
53, 2015. (in Persian ..,l3).

[23]P. Pillay and J. Newman, The influence of side reactions on the performance
of electrochemical double-layer capacitors, Journal of the Electrochemical
Society, Vol. 143, No. 6, pp. 1806-1814, 1996.

[24]S. Yoon, J. Lee, T. Hyeon, S. M. Oh, Electric double-layer capacitor
performance of a new mesoporous carbon, Journal of Electrochemical
Society, Vol. 147, No. 7, pp. 2507-25012, 2000.

10 o losis 16 ©)93 1395 s codde Sulle Swaiie

electrolyte permittivity, Electrochimica Acta, Vol. 56, No. 17, pp. 6189-6197,
2011.

[9] J. Varghese, H. Wang, L. Pilon, Simulating electric double layer capacitance
of mesoporous electrodes with cylindrical pores, Journal of Electrochemical
Society, Vol. 158, No. 10, pp. A1106-A1114, 2011.

[10]1H. Wang, A. Thiele, L. Pilon, Simulations of cyclic voltammetry for electric
double layers in asymmetric electrolytes: A generalized modified poisson—
nernst-planck model, The journal of physical chemistry, Vol. 117, No. 36, pp.
18286-18297, 2013.

[11]C. Lin, J. A. Ritter, B. N. Popov, R. E. White, A mathematical model of an
electrochemical capacitor with double-layer and Faradaic processes, Journal
of the Electrochemical Society, Vol. 146, No. 9, pp. 3168-3175, 1999.

[12]H. Kim, B. N. Popov, A mathematical model of oxide, carbon composite
electrode for supercapacitors, Journal of the Electrochemical Society, Vol.
150, No. 9, pp. A1153-A1160, 2003.

[13]M. W. Verbrugge, P. Liu, Microstructural analysis and mathematical
modeling of electric double-layer supercapacitors, Journal of the
Electrochemical Society, Vol. 152, No. 5, pp. D79-D87, 2005.

[14] K. Somasundaram, E. Birgersson, A. S. Mujumdar, Analysis of a model for
an electrochemical capacitor, Journal of Electrochemical Society, Vol. 158,
No. 11, pp. A1220-A1230, 2011.

[15] A. M. Johnson, J. Newman, Desalting by means of porous carbon electrode,
Journal of Electrochemical Society, VVol. 118, No. 3, pp. 510-517, 1971.
[16]D. Dunn, J. Newman, Prediction of specific energies and specific power of

double-layer capacitors using a simplified model, Journal of Electrochemical

392



