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Charge stored primarily in electric double layer Charge stored as potential chemical energy

Short diffusion lengths for charge transfer processes Long diffusion lengths through bulk electrode phase

The amount of energy stored is primarily determined by t The amount of energy stored is primarily determined by t
available electrode surface and accessible potential windowredox potential and the number of electrons transferred

. o« ee= . 'r ~ xn
O L, where6 —* O O, where0 €0

x| GHOa2l c8:EEé0éHéeOGO

High power density High energy density
High cycle lifetime (potentially millions of cycles) From primary (single cycle) to thousands of cycles
Linearly decreasing voltage with discharge Stable voltage of discharge
Seltdischarge in hours Seltdischarge in months

High energy efficiency (thermal effects of lower concern) Lower energy efficiency (thermal effects of concern)

*Energy for an ideal electric doublayer capacitor and capacitance based on the mesgiuum capacitor model
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Noble metals

« H/Pt
* Pd/Au

double layer Pseudocépacltors
capacitors (EDLCs) (®Cs)
» Activated Carbons |
» Carbon Fibers { |
* Graphene o
Conducting Metals oxides
polymers
* Polyaniline * MnO,
* Polypyrrole * RuO,
- PEDOT:PSS * FeO,
*+ MOOHSs
(ASCs/HSCs)
I
Capacitive/capacitive Faradic/capacitive
(ASCs) (HSCs)
+ AC//MnO, |
* AC/Nb,0; ( i
¢ rGO/CNT//FeOOH
. * AC/KGO Metal ion Redox-electrolyte
+ IG/FG capacitors capacitors
+ AC/Li,TiO;,
+  AC/LiMoO; s 3Ty

S. W. Bokhari et. aEnergy Reports 6 (202768
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Battery/capacitors
(Aq. HSCc)

+ Ni(OH),//AC
+ PbO,//AC



Pores (increased a) H b) Diffuse layer C) Sternlayer  Diffuse layer
Current __»- I ~ contact area) ™
collectors [ ceo ) - / ‘
L— Double layer
Electrodes A - /

@ +

Electrode
Electrode

Electrode

RS LA s lonic charges
""" ™ moving through
the membrane +

'8 Positive ionic charge [ Positive electronic charge @ Cation @ Anion

@ Solvent molecule
n Negative ionic charge . Negative electronic charge

Schematics dEDLstructures according to(a) Helmholtz model
(b) GouyChapman modebnd(c) GouyChapmanrStern model

A. Berrueteet al.. SCsElectricalCharacteristicaModeling Applications and Futurelrends https://doi.org/10.1109/ACCESS.2019.2908558
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Parallel plates capacitance Reality not that easy
& 1 relative permittivityof dielectric Stern layer diffuse layer

T permittivity of vacuum

AT electrode flat crossection surface area
d1 effective thickness of the double layer
wheree= ggis the absolute permittivity

An ideal capacitor is characterised by a constant
Inwhich cased "QQ; ¢ | | a®d 070 o | |

E.. T Cell potential,
Q l.e., voltage between plates
Q1 Charge on each conductor pl
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cH> area A ’
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EDL presentation with specific adsorption (Stern adsorption lay

_ _ solvated ions, and the diffuse layer.
Charging of metal plates of a paraléate capacitor C. M. Schott et. alChem. Rev. 122024 12391
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A. Laheaar et. glElectrochemCommun60 (2015 21
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100 i;Eii;f:-f- ] | . e 5 @)
4 1MEtMeNBF, + AN > 1 M Et,MeNBF, + AN
= GDC-KOH:ZnCl, = GDC-CO, L:w = GDC-KOH:ZnCl, ®= GDC-CO, ® TIiC-CDC
= Mo,C-CDC800 = WC-CDC © = Mo,C-CDC800 = WC-CDC B NMAC & SMAC
50 = TiC-CDC = Ta,HfC.-CDC 50 [ = TiC-CDC ® Ta,HIC,-CDC A B,C&Ti,AIC-CDCs
A WTIC,-CDC 4 sic-cpc A WTiC,CDC 4 SiC-CDC o (8]
A sol-gel TIC-CDC 4 Carbon Fabric 4 sol-gel TiC-CDC 4 Carbon Fabric O [26]
A Mo,C-CDC A VC-CDC ! 4 Mo,C-CDC 4 VC-CDC 0 L 1
NE mmeabE , N - it L , ‘ , 0 1 2 3 4 5
0 500 5 1;)([)]:2 9.1 1500 2000 0.0 0.5 1.0 15 VDFT/Z‘.;(Jm3 g-12.5 3.0 35 4.0 Average pore Size (nm)
Specific capacitanoes (a) accessible specibgrfacearea Chmiola et. al., presented the anomalously high areal
and (b) accessible pore volume capacitance values from subnanometer pores
R. Harmas et. glElectrochimica Acta83(2018 931 J. Chmiola et. al., Science, 313 (2000
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Pore width (nm)
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Modellingof the areal capacitances of ionic liquids in slit paed (c, inset) comparison with experimental
J. Wy Chem. Rev122(2022 10821

0.16 0.16
m2 go W a b
s Et,BF/AN
0.12 ‘-.* electrolyte 0.12
_ . < M1e " ."""D":JjJ "m o
“ / - - ol -G - S = .
E 000 M1-A v m2® " PP o .
w 0.08 A Dol : g 0.08 o o
b ’ ADD B o O ?
. o____. Q
8 O op @ - o
0.04 0.04
Capacitance normalized to S ger Capacitance normalized to S >g.62
0 0
05 1 15 2 0.5 1 1.5 2
Average micropore size (nm) Average micropore size (nm)

Capacitance normalizdd (a) totalspecific surfacarea and (b) teurface area from pores witlidths>0.63 nm

A. GarcigGomez et. al Phys Chem. ChenPhys. 172015 15687
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1) Theoretical areal capacitances of porous systems (a and Bilimmersional dots (c), and owkmensional tubes (d). 2) a3l
experimental capacitances of z&lionensional carbons (2) and carbon nanotubes (3). 4) visualization efirensional carbodot and one

dimensional carbon naotube

J.Huang etal., J. Mater. Res25(2010 8

9.12.2025

Average particle diameter (nm) Average tube diameter (nm)
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Dipole of t_he solvent u_segl in the electrolyte (e.g., organic, agueous etc.) contrlbutes ' . ‘ .

the capacitance 5ol

Capacitance, pF/cm?

Q
Where the dipole momenty,,, affects theg, value through orientational polarizatid?, with no electric field present dipoles are unalic
- pU 5 q l{‘)— P ~ ~ 5 4 s TD" A |
— 5 LU - - L U ¥ v Uj C
-8 P Oy 0Ty
Integral aerial capacitance exhibits a maximum near dipole moment of 4 debye L
.12 - ; ; - ; B. 15 S C. o5
"r ] 14] .
of E® tS_ 0.0 /\ ]
8 = 12 ] " ‘1:511:
7t ¥ == =1 =
g- }: \ei g 10} g 9.5} _/ \ -
ol 100§ 00/ g 9 E . = 1
3t 1@ ) 00 g | g oo Under an electric field, dipoles are
2 I 169 9 S9|: © ol J aligned into dipole chains
%0 o5 10 15 20 25 30 %0 05 10 15 20 25 30 35 40 ®% 3 4 5 6
Pore width, nm Pore width, nm Solvent dipole moment, debye

From cDFT calculations: A. Desolvation of ions from organic electrolyte with a solvent dipole moment of 3.4 debye (Djaheag ma
pore sizes causes an increase of integral areal capacitance, B. Solvent dipole moments (brought in legend in unifgod Eiy amdfect
on integral capacitance in organic electrolytes, and C. Variation of integral capacitance with dipole moment of the solvents

J. Wy Chem. Rev122(2022 10821
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q G O I O C I C e & I e Electrochemical Energy Storage Mechanisms
QGQTOéi Cé\é‘l él:lé EG?(JAO%é' Opportunities for
a 2 HO E é 2 0 G Q Pseudocapacitive Materials
A, an s o sy oA A S qq_;
At Oij OEGEEN0O30001 AEE] : SRR
A+e,Ea0p06Gl ¢ Ea03I 6 £ 4 T e
GaeC EHOE2HeaO9Hae¢ AJE | » RS Alloying
N A [3-] e
HC 351 X+ GHh 5 . _ AR,
i L = 4 L . L A4 H . ~ o /5K D t . i ntercalation wit
AslLeéEeAdyIméamr] @ £ Z| e ten | | gt
bl Cace ¢ E(J E U O%HC ?EC HH é ,JP,;?“ ) Tens of Minutes —
AHAAOGEaAOOE AORI I 1 0é6A | S| 1S 1o min Several Hours
X H * G ’9 I-bl:l i,%é,\ T G (J A ‘(‘) ,CA; :9 6 é. ’? |EIectricalDoubIe-l.ayer|
tbaeuuéecAG % C a %I | 1 00G Structural Change / Reaction Overpotential / Kinetic Limitation
®@0230L¢l H2a0l ¢ AéGanzé G l——
HI éél a0l 2¢ Gl EEEOO?2HE o Iassmcatlorof electrochem|cabnergystoragemechan|smsasa
A Eé &l E O OF GéED ok G ono t r cteristiccapacityandthe associatedlegree
A HAROET » 0 AééAD] , % ralch ép%e% ctr Reactlgfg rpotential,
A IAEc ¢ u ¢rec ;9 aei, - i thﬁn citivemat perate at
A _¢ A0 ¢ aé ABBEIZHIOR®®NE @h@rt%yﬁ\lmg times of about 10 s to 10 min while exhibiting

S. Fleischmann et. aChem. Rev120(2020 6738
9.12.2025
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The amount of charge stored/discharged in faradic
processes corresponds to Faradays constant:
F=e3 N,=9.6485° 10 C mol!?
Possibility of simultaneous high power and high energy
density
Discharge curves between those of ideal batteries and i
EDLCs
Electrochemical signal characteristic of Faradic process
and capacitive contributions can be present
Instead of using capacitance (F), it is better to use capa
(mAh):

A Most pseudocapacitive materials do not exhibit e

ideally constant capacitance over the measured Degree Of Ch arge /discha rge
potential range

A Capacity provides a more compatible metric to Characteristic electrochemiadischarge and chargeirves at a
compare with other materials constant current densifgr capacitotlike processes (ideal EDLC)
and battenlike processes (ideal LIB).

Ideal LIB Charge

Discharge

E=1/,CV? Ideal EDLC

............................................................... Discharge
State of charge

Potential

S. Fleischmann et. aChem. Rev120(2020 6738
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. Adsorption Red Int lati
For all types, the extent of reactiol ,emmoreor o B pecudocapacitance PAGCRRch
()() depends Ilnearly Or aImOSt cé°bc \'s\é Hydrous grain Insertion host Li*in
linearly on thecell potential E_,) el b e 106600
. : e 3 (S | erctolve QOO0
Thus,leadingto the thermodynamic ¢ |[iie 2% R < 00000
definition of pseudocapacitance as : e P 90000
o B 5 |IGPe gk - 00000
ell @, (05 %% 90000
b B )
Adsorption pseudocapacitance (A ).r » Sk s e
Redox pseudocapacitance (B) 3| £ B
Intercalation pseudocapacitance (Q’) .
= %gtentia?(t/ vs. F%-?E) =z % Ot;i)tengjaal(v 356 ch)e a | L ;;Ztentiafzv - fitl-’Li') 30
Pt + xH* + xe- € Pt-xH, 4 Ru0,-0.5H,0 + xH* + xe- €> H,Ru0,-0.5H,0 Nb,O; + xLi* + xe" €<> Li,Nb,0;
Mechanism illustrations and corresponding cyclic voltammograms of adso
S. Fleischmann et. aChem. Rev120(2020) 6738 (A and D), redox (B and E), and intercalation (C and F) pseudocapacitanc
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S. Fleischmann et. aChem. Rev120(2020 6738
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Extrinsic pseudocapacitance:
A Pseudocapacitive for thin films

A Becoms diffusion-controlled in
bulk particle electrodes

Intrinsic pseudocapacitance:

A Capacitive behaviour over a wi ‘

range of particle sizes and
dimensions

A No detectablaliffusion
limitation in both thin film and

Li

No diffusion limitation = pseudocapacitive behavior

THIN films

Current (A)

Potential (V)

As films get thicker

£~

v
N
o
-
3
-
x
)
Current (A)

Potential (V)
Diffusion limitation in thicker films - battery-like behavior

Intrinsic pseudocapacitance
*

@® carbon

el o E -szos

Current (A)

Potential (V)
No diffusion limitation in thicker films - pseudocapacitive behavior

bulk particle electrodes due to Schematic representation and corresponding cyclic voltammograms

fast ion diffusion

S. Fleischmann et. aChem. Rev120(2020 6738
9.12.2025
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(a)

d>) =
<t | E
§§ g (b) Surface redox materigls.g., MnQ in
§ neutral, aqueous media)
Potential (V) Potential (V) Time (s)
d : : L
é’ ( l <2 \ (d) Intercalationtype materials€.g.,lithium
@ é ? E insertion in NBO; in organic electrolytes)
o - - el " .
F8 1 B : et

Q:.) 8 8 .‘~~~~~‘\

2 . - ™./ (e) Intercalatiortype materials showing broad
(@) voRmaiY) (h) PORNY) (i) i but electrochemically reversible redox peaks
=| Faradaic < . _ \ (e.g.,Ti3C, in acidic, aqueouslectrolytes)

E | dominated €| Typical e = (h)

" < | =| Batteries s N Trereeercee " _ : :

Ssfl § 5 | @ Tt ., | (h) Typical batterytype material (e.g., LiFePp
SSR 3 3 = \ o
w \ !

Potential (V) Potential (V) Time (s)

Schematicyclic voltammograms (a,b,d,e,g,h) and corresponding galvanostatic profiles (c,f,i) of various types of charge :
where (b,d,e) are different pseudocapacitive types and (g,h,i) correspond to battery type materials.

S. Fleischmann et. aChem. Rev120(2020 6738
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collectors <o

Pores (increased
Current / — contact area)
o
% .

L— Double layer
Electrodes

Tonic charges
moving through
the membrane

. Positive ionic charge . Positive electronic charge

nNcgativc ionic charge |9 Negative electronic charge

Different components yield different requirements

Electrode’ Crucial for energy and power density
(specific surface area and porosity, surface activit
for pseudocapacitive, thermal and electronic
conductivity)

Electrolytei Crucial for power density, and a wide
applicable potential window (ionic conductivity,
thermal, chemical, and electrochemical stability,
phase states, and dipole moment)

Separator/membraneCrucial for power density
(ionic conductivity, wettability, porosity, chemical
stability)

Current collectofr Chemical and electrochemical
stability, electrical conductivity

A. Berrueteet al.. SCsElectricalCharacteristicaModeling Applications and Futurelrends https://doi.org/10.1109/ACCESS.2019.2908558
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Carbon materials because:
A High specific surface area
A Good conductivity
A Electrochemical stability
A Variety of possible allotropes and structures
A Chemical variety and functionalisation

o»
JT1
W

O

)
g

(@)

o

Carbon allotropes
A Diamond(sp? hybridizatior)
A Graphite and grapherisp’)

A Fullerenes and nanotub@) a) Diamond, b) graphite, c) lonsdaleite
A s d) buckministerfulleren (C60), e) fulleren (C540
Amorphous and negraphitic carbongp® + sp?) f) fulleren (C70), g) amorphous carhon
Carboncarbon bond angles 109,320 or 180 andh) singlgwalletl nanotubge
WikimediaCommonsEightallotropesof carbon

GNU Free DocumentatiorLicense
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° - = ==Calculated One Side , b ¢ ¢ Measured Graphene One Side
1 \, ——calcuatedTwosides ./ &7 *Measured Graphene Two Sides  *

. ! < 4 ) . J.R. Miller et aElectrochimicacta 56 (201110443

&, 5 &’ 51 . ¢

g 4 g4+ - ° S Singlelayer graphene of interest for fundamental studies

g g2 L - Quantum capacitanceinverse of quantum

Q 2 - & 21 ¢ . . . .

S f 8 & capacitancas equal to the difference between the highes
0 —e e o e occupied molecular orbital (HOMOQO) and lowest unoccug:
MW i, YW W ey O molecular orbital (LUMO) states 4 1 1

The totalcapacitance of a onsidedand two-sided graphene calculated - +
middle) and experimentally measured (right) in 4 electrolyte

(I\/I D Stz)ller et aIpEner y [ Yo ik ’ CtOt CQ CHL
. D. .al. gy EnvironSci., 4(2011) 4685
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Transm|SS|on electron
microscopy (TEM) images of
singlewalled (left), multtwalled

@)
)
)
@/
@, H
®, (@)
o» E'

+C a & ¢ Gé HOBHOQOHA éxpdEibs@rled (middle) and
OéNT GéeAs A0 ¢ Aehendetidright darbon
2T Al AécBpgtodgaon dYHEs
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Coin cell Coin cell
cathode can Separator  anode can
soaked in
electrolvte
0.012{Scan rate: 1000 mV/s "
=z 0.006- =
» % ) - 25°C
S 0.000- - 100°C
- 3 . » Cooled to 25 °C
"~ -0.006-
-0.012- b
15 1.0 05 00 05 1.0 1.5

Voltage (V)
Cyclic voltammetry of single
walled carbon nanotubes at a
very high scan rate with 1 M
TEABEn PC electrolyte

C. Masarapu et. al.,ACSNano 3, 8 (2009) 2199
20



Capacitance (F/g)

Xx8eOE€él ¢03¢EER8¢C0] ®00E¢ 03] (EEHAPADACE(EH
ODO0aldl AHeij O ¢cEEeA3Ga2000G?
NeGHOI 2Ga HEROE 9H & A2
xT Ea¢cl 093¢ CEXR AT & IR ¢E 3
G6¢JI s BADE O Hoe
Eéaa®e3ec¢JO OAGEéHEOGIH®XECT daa&Dl ¢ & ¢ |
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é ‘E Borgohain et al. (arc discharge of graphite, purified, 1 M KCI, 100 mV/s)
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Capacitancealuesof carbon onions synthesised at diferent conditions Visual representation of a cabon onion (upy
M. Zeiger et. al.,J. MaterChem A 4 (2016) 3172 and TEM images of carbon onions (lower)
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