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Energy delivering

‘ We need to store high amount of energy
Energy Storage

We need to deliver energy as desired

¥
High power applications
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Energy on demand

“Energy on demand”: An effective delivery is essential for an effective storage

In our daily life we are facing many different situations, and each of them requires
a different amount of energy and, also, a different delivery time

There are situations in which we need:

Fast delivery/uptake: minutes or second

KRepeated delivery: tens of thousands or million of times
\ S

¥

High power applications
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High power applications

Port@rane

Flash@nXameras?
and@nobiles

Fast deliver of energy and high cycle life
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High power applications

Fast delivery of energy, but long life is not a requirement

FRIEDRICH-SCHILLER-
UNIVERSITAT
JENA



High power applications in transportation

“Stop and go” function : d go”in heayehicles

Fast delivery of energy and high cycle life
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High power applications

High power is required in public transportation

They can be charged at the station

Fast delivery / uptake of energy and high cycle life
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High power applications in stationary applications

Fast delivery might be necessary to optimize the use
of alternative energy sources and stabilize (smart) grid
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High power and electrochemical devices

Physical storage

formation

Electrochemical

energy storage devices

Supercapacitors
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Chemical storage

Redox reaction

Lithium-ion batteries
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EDLCs vs. LIBs

SUPERCAPACITORS LITHIUM-ION
BATTERIES
105 i Charge time Seconds Minutes
e 7 Discharge time Seconds Minutes
3 6’/ , Cycle efficiency (%) >95% 90%
2 ms , ’ , Cycle life >500.000 ca. 10000 @ 1C rate
. 4 Specific Energy (Wh/kg) 5 70-100
o 10 Specific Power (kW/kq) 5-10 0.5-1
X
= Higher power Higher energy
~
o 10° Extraordi-nary Mediu.m
% cycle life cycle life
o
o
o — o o Of 0,00
= 10° Boe ol = fosiee
© ot kA
(% Double layer
. formation Redox reaction
10
Physical Storage Chemical Storage
0 No charge transfer Charge transfer
10° ol PR

Specific Energy / Wh kg™
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EDLCs applications

Electrochemical Capacitors:
Challenges and Opportunities for Real-World Applications

by John R. Miller and Andrew F. Burke

Interface 2008

Journal of Power Sources 326 (2016) 726-735

Contents lists available at ScienceDirect

RN BF

I

Journal of Power Sources Olunotd
ELSE\ J_R journal homepage: www.elsevier.com/locate/jpowsour
Engineering electrochemical capacitor applications @Cmsmﬂ(

John R. Miller

JME, Inc. and Case Western Reserve University, 23500 Mercantile Road, Suite K, Beachwood, OH 44122, USA

HIGHLIGHTS

» Electrochemical capacitors are used today in a broad range of applications.
« Approaches presented for the design of capacitor storage systems.
« No single commercial product offers superior performance in all applications.
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EDLCs vs. LIBs

City bus with “stop and go” driving: thousand start/stop during a day

High cycle life
Need to dissipate the heat generation
due to charge-discharge losses

.

Supercap: 3000F, 2,7 V
High power battery: 12Ah

Fia. 2. Bybrid city transit bus that uses an electrochemical capacitor energy stomage system. Typical
chargedischarge periods may be forty seconds in this application with contimows 16-howrs-per-day
opesation (>1000 charge/discharge cydes eack day ). (Photo covrtesy of ISE Cosposation )
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EDLCs vs. LIBs

Supercap: 3000F, 2,7V
High power battery: 12Ah

Test performed by measuring the amount of energy captured by each device for
various constant-current charge times

The stored regenerative energy was the amount of energy that could be discharge
after the charge

Charging: Initial state
2,7V for supercap Supercapacitor 1,35 V
2,8 V for battery Battery 10% SOC
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EDLCs vs. LIBs

t>600 s (10 minutes)
Battery has a constant ca. 15 times higher specific

t= 100 s battery capture ca. 5 times more energy than

t= 10 s battery and supercap capture the same specific
BUT, supercap can discharge ca. 95% of this amount,
The effective energy density of the capacitor is twice that

of the battery (that will need larger cooling system to

T<10 s supercap better performance (specific energy

JENA

1003 3 energy than the capacitors
Lt teny
= 100 < capacitor
E l.'q'll_"lllr'tﬂ"_/ |
Eu - :_..-" - s |..:|:-:||.'|l|.1|
s g energy.
& aﬂ-:l’;d"."-r &
while the battery only ca. 50% of the amount.
1 10 I.TI 1L:.l.l 0000
Charging tme (s)
T— remove the dissipate energy)
remain flat well below 10 s)
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EDLCs vs. LIBs

S e SUPERCAPACITORS LITHIUM-ION
1000 5 1 BATTERIES
105 Charge time Seconds Minutes
P4 s e Discharge time Seconds Minutes
battey re s " [Cycle efficiency (%) >05% 90%
" 36ms - L, Cycle life >500.000 Ca. 10000 @ 1C rate
@ i . -~ 0.3p:% . [ Specific Energy (Whkg) 5 70-100
= T o 10 . +” |_Specific Power (kW/kg) 5-10 0.5-1
g 100 ~ . .
a ’ 2 Higher power Higher energy
" =
T |_';||_|1|||'¢r|— e - @ 10° Extraordinary Mediu.m
Iﬁ . % cycle life cycle life
ot o
E :’ — |...|:-.||.|l|.l| 5
W i Nk £ 10° o
5- . o Be°s k
stol "‘"I = 4] Double layer .
) formation Redox reaction
10°F
Physical Storage Chemical Storage
i i0 100 1000 0000 10° e \ B No charge transfer Charge transfer
; 10 10" 10° 100 10° 10°
Charging time (s)

Specific Energy / Wh kg™

Supercaps more appropriate for high power application

Battery not well suited for high-rate cyclic operation
Only a relatively small fraction of the battery s energy can be utilized
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High power applications

Market Size by Region

High power systems need to display: 900 me
700me
= High power So0me
400 m€
= Relatively high energy Joom _—
) ) 100 m€ e —
= Short charge-discharge time OmE  oteE 2018 2020E 2002E
. . e ELIFOpE 116,04 237,24 490,78 854,51
= High cycle life ——China 167,12 244,46 437,46 71235
. e == NOrth America 76,87 122,71 157,94 351,73
. Rellablllty ——Rest of Asia 58,52 115,01 180,56 401,91
- = Rest of World 6,45 23,58 47,26 115,50

Large applicability

Source:IDTechEx

High safety Global market supercapacitor in 2016

was ca. 450 million USD
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Supercapacitor producers

oB

«  Maxwell (USA)

* loxus (USA)

« JSR Micro (Japan)
* Nippon Chemi-Con Corporation(Japan)
* Nesscap (Korea)

» Cap-XX (Australia)

* Yunasko (Russia)

« Skeleton (Estonia-Germany)
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© SCA1800

Carbon electrodes
coated onto Al foil

e T

Taken from
Nature Materials 7, 845 - 854 (2008)

Separator
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Supercapacitor components

CELL COMPONENTS

Casing

Separator

Carbon electrodes
coated onto Al foil

Taken from
Nature Materials 7, 845 - 854 (2008)

ELECTRODE COMPONENTS

Active marerial
Conducting agent
Binder

Current collecrors

ELECTROLYTE COMPONENTS

Solvent

Conducting salt
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Supercapacitor classification

> Active material
> Type of electrolyte

> “Degree of hybridization”
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Supercapacitors

EC Double Layer
Capacitor

Non-Faradaic
(no transfer of charge)

Pseudocapacitance
Charge transfer through surface
Faradaic, redox reactions

Electrolyte  Electrode Electrolyte  Electrode

—

POODD
ODOOOO
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Active materials in supercapacitors
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Supercapacitors

EC Double Layer
Capacitor

i

Non-Farada Pseudocapacitance
t On'f araf a;]c Charge transfer through surface
(no transfer of charge) Faradaic, redox reactions

-~ -~

High Power
High cycle life
Fast charging
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Capacitor-like and battery-like electrodes

Capacitor-like electrodes

The charge discharge process is limited only
by the electrochemical stability of the electrolyte

Discharge curve

Battery-like electrodes

Cyeclic
voltammogram

Battery-like
electrodes

Capacitor-like
electrodes

(c)
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Energy and power

V2
EmaX - %CVZ I:)max ~ e

C = Capacitance
V = Maximum supercap voltage
R = Equivalent Series Resistance (ERS)

- Maximum supercapacitor voltage (AV 4y s¢) DViaxsc = Vimax+ | Vinax.|
: - : .1 + 1.1
- Supercapacitor specific capacitance (Cg,) Cs. =( ) Iwg,
C.w, Cw
- Equivalent Series Resistance (ESR) ESR = Rignic T Relectronic
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Performance metrics (from CV)

SPECIFIC CAPACITANCE
a) C (F/g) =i/(sxm)

b) C (F/g)=3.6 x dQ/dV=3.6/B

SPECIFIC CAPACITY
Q (mAh/g) = JidV/(sxmx3.6)

COULOMBIC EFFICIENCY
charge-discharge process

h% = (Qdischarge/ Qcharge )Xloo

CYCLING STABILITY

% capacity fade = [:I-'(QlOOOth cycle/ Qioth cycle)]xloO

40
15
v 207 W 1.0
(%]
g ob/S S 41205
> B=dv/dQ
E 0.0 /
— -20
- _0.5 L L L r L ra r
.40 . . . 80 60 -40 20 O
-15 -1.0 -0.5 0.0 Q/mAh g
E/Vvs Ag
i (A/cm?) = current density
s (V/s) = scan rate
m(g/cm?)= electrode mass
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Performance metrics (from CC)

% capacity fade = [1-(Qggoth cycle/ Qioth cycle)]xloo

DEVICE CAPACITANCE
C (F/cm?) =i (dty/dV) =i/B’
> .
T 207 B’=dV/dt,
£ 1.5
1>‘ 1 0_‘ MAXIMUM SPECIFIC POWER
0.5 Pmax (W/kg)= Vmax2/(4*ESR*Wcomp)
0.0 ; 7 ; ; '
20 40 60 80 100
t/s COULOMBIC EFFICIENCY
. of the charge-discharge process h% =t /t.x100
t. (s) = time of charge ge-d gep 0T e
ty (s) = time of discharge
W,(g/cm?) =total active mass
Weomp(@/CM?) =total composite mass CYCLING STABILITY
i (A /cm?) = current density
V,ax(V) = maximum cell voltage
ESR (Wcm?) = DV/(2 x i)
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Performance metrics (from impedance spectroscopy)

From 10KHz to 10 mHz
16 T T T T T T T
14 A B C 10mHz A (high frequency)= pure resistivity behaviour
I ' | Uncompensated resistance (bulk) Z;,m=0
12+
. B (intermediate frequency)= the signal “penetrate”
10+ - .
= . more deeply into the porous structure of the electrodes.
~ 8¢t Y 1 The capacitive behaviour appears in the diagram
£
= 6 i -::.
- - [ C (low frequency)= the capacity behaviour dominate
4r P 1 anditis visible in the linear part of the diagram.
2 / | Limit capacitance can be calculated using:
0 4 6 8 10 12 14 16 c= 1
ZIw 2pNZimm
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Energy and power

S romener
H s . AVERAGE SPECIFC ENERGY.
§ | o \ | E.v (Whikg) = ix]Vdts/(Weompx3.6)
\ \v AVERAGE SPECIFC POWER
P, (W/kg)= E, <3600/t

10 20 30 40 50 60
Eneray density / Wh kg™

ts (s) = discharge time
Weomp(@/Cm?) = total mass composite electrode materials per cm?
i (A /cm?) = current density
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Performance metrics

\‘etspedwe

Journal of The Electrochemical Society, 164 (7) A1487-A1488 (2017) A1487

A Guideline for Reporting Performance Metrics with
Electrochemical Capacitors: From Electrode Materials

to Full Devices

A. Balducci,>*** D. Belanger,® T. Brousse,®¢* J. W. Long,’** and W. Sugimoto®*

@nstitute for Technical Chemistry and Environmental Chemistry, Friedrich-Schiller-University Jena, 07743 Jena,
Germany

bCenter for Energy and Environmental Chemistry Jena (CEEC Jena), Friedrich-Schiller-University Jena, 07743 Jena,
Germany

¢ Departement Chimie, Université du Québec a@ Montréal, Succursale Centre-Ville, Montréal, Québec H3C 3P8, Canada
dnstitut des Matériaux Jean Rouxel (IMN), Université de Nantes, CNRS, 44322 Nantes Cedex 3, France

€Réseau sur le Stockage Electrochimique de I'Energie (RS2E), FR CNRS 3459, France

TCode 6170, Surface Chemistry Branch, U.S. Naval Research Laboratory, Washington, DC 20375, USA

8Materials and Chemical Engineering, Shinshu University, Tokida 3-15-1, Ueda 386-8567 Japan

Over the past decade, interest in electrochemical capacitors as an energy-storage technology has increased enormously, spurring the
development and evaluation of a large number of new materials and device configurations. This perspective article aims to propose
guidelines by which new materials and devices should be evaluated, and how resulting data should be reported with respect to critical
metrics such as capacitance, energy and power.

© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
‘medium, provided the original work is properly cited. [DOI: 10.1149/2.0851707jes] All rights reserved.

MATERIALS SCIENCE

True Performance Metrics
in Electrochemical Energy Storage

Y. Gogotsi' and P. Simon?

Exceptional performance claims for electrodes used in batteries and electrochemical capacitors
often fail to hold up when all device components are included.
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EDLCs

Materials Today  Volume 21, Number 4 « May 2018 RESEARCH

Materials for supercapacitors: When Li-ion
battery power is not enough

Z. Lin ', E. Goikolea **, A. Balducci>°, K. Naoi %, P.L. Taberna %, M. Salanne *°,
G. Yushin '°, P. Simon "%~
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W Materialsy ews.com

Carbons and Electrolytes for Advanced Supercapacitors

Frangois Béguin,* Volker Presser, Andrea Balducci, and Elzbieta Frackowiak
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EDLCs

Electrochemical double layer capacitors (EDLCs) store the electric energy in an
electrochemical double layer formed at the solid/electrolyte interface

1
)

discharged

charged

® ea) +1© ®-
® E +|© E ] B
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Electrical double layer

+ w—
I
e o[-
+]© E (2] B
+Hle L o]
o B of Helmholtz model
e ¢ o]
T
+tle r o]
+tle o o]
+tle L o] Bidimensional
+le ‘r( o|-
+le g o
+le ol ‘ ‘ .
© = il hydratisierte (negative)  Describe the excess of charge of solvated ions at the interface metal/electrolyre.
charged' ' avfgeladene Uberschufi-lonen
|
|

|

I Elektrode
[ Distance between solvated ions and metal is comprise between 0.2 and 0.5 nm
|

aufere

weimholtz-Fliche After, the double layer is called external layer
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Electrical double layer

i
ll

It is called diffuse layer
Describe the diffusion of the excess of charge near the
v, electrode inside the electrolytic solution.

charged

+|© i starre Ooppelschicht
= S PP
1 g E g - /é/é @ jonale Uberschufladungen GO UV'Ch aD m an m Od eI
+le g of- % .
m° t o6 A @ -y :
e : °N — Tridimensional
+le g <) = é ‘_* diffuse Doppelschicht
+He Y o] 3 . .
He s off Z | Introduce a factor related with the thermal fluctuation that
e ol 7 consider the movement of the ions
¥ _
charged : L Z :
(I
11
|
|

LN
__F@

The ions are considered as punctual charges.

The potential associated with the diffuse layer vary
exponentially with the distance from the interface
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Electrical double layer

i
ll

| Helmholtz ~ Gouy-Chapman
charged

‘\ﬂ' ayer layer Solvated ions close to the electrode are absorbed following a
gl 1 1 , 1 Langmuir isotherm

| — = —
CdI CH Cdiff

Wy
ig E g: - Solvated
e E B @i + - Tons  Stern model
+|e g 2] B - _ +
+le (] B - idi i
e * o O Tridimensional
ik o OB 1 NG
11 9k () -+ Describe the simultaneously presence of a diffuse and
1 A & - |® W compact layer.
| [
| (I
(|
11
|
|

The external region is described by a Gouy-Chapman layer

The double layer capacitance is limited by the smaller capacitance contribution and change with the potential
electrode and the ions concentrations
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EDLCs: storage process

{; Electrochemical capacitors store the electric energy
in an electrochemical double layer

e . off formed at the solid/electrolyte interface
+1© L (O] B
+le E af-
+He S o]
+tle r -
tle o o= : L
e X ol The charge-discharge process is limited only
e § o by the electrochemical stability of the electrolyte
+le al-
o 53] B2
(| [ ‘
charged | L
I\ [ 1 . .
| o When the electrolyte is not longer electrochemically
I e stable faradic reactions will take place
I [
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EDLCs: storage process

Electrostatic charge process

+4+4+++++++++
— - —-—0000QOQOOQOOQQO

charged

e s
I

Sl daleok-Frlelolalc)

@®
@
[<5)

(33
®
(33]
®
@

3%

D

@&|-

A I R T

A

Positive and negative IONIC charges within the electrolyte accumulate
at the surface of the solid electrode and compensate for the electronic
charge at the electrode surface

The thickness of the DL depend on the concentration of the
electrolytes and on the size of the ions
(for concentrated electrolytes is in the order of 5-10A)

The double layer CAPACITANCE can be estimated as:

- = — = !

C=¢.g,A/d

C = capacitance

er = electrolyte dielectric constant

€0 = dielectric constant of the vacuum

A = electrode surface area

d = effective thickness of the double layer (charge separation distance)
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EDLCs: storage process

P ‘(:zikamAjd |
I
The double layer capacitance is about 10-20 uF/cm?
j g » g N for a smooth electrode in concentrated electrolytic solutions
+|e L - . . g . . .
+le E o] The corresponding electric field in the electrochemical double layer is
He § o ef- high and lues up to 106 V/cm easil
do T o very high and assumes values up ily
+|e 0 58]
L = : : :
i 2 Y $ B Compared to conventional capacitors the energy density stored
i g E g = in the electrochemical double layer display is high (Ragone plot)
o 53] B2
b ) In order to achieve a higher capacitance the electrode surface area
charged, | I is additionally increased using porous electrodes with a extremely
: ! : : large internal effective surface
|l | charged
I I HIGH SURFACE AREA MATERIALS
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Carbons in EDLC

The attraction of carbons as a supercapacitors electrode materials arise from
a unigue combination of chemical and physical properties:

* High conductivity

» High surface-area range (ca. 1 to > 2000m2/g)

» Good corrosion resistance

« High temperature stability

« Controlled pore structure

» Processability and compatibility in composite materials
» Relatively low cost

*  Activated carbon
*  Graphene

® Carbon nanotubes
* (CDC
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Activated carbon

Carbons can be converted into a form that has very high surface area

Activation is the process employed to increase surface area and porosity from a
carbonised organic precursor (“CHAR?).
The resulting materials are referred as ACTIVATED CARBONS

CHAR have low porosity and their Activation open the pores and can create additional porosity
structure consists of elementary crystallites

. ) i » Carbon precursor
with a large number of interstices.

» Activation condition ACTIVATEDO
Temperature CARBON
The interstices tend to be filled with Time _ O o
disorganized carbon residues (“TARS”) CEBzals EImE

that block the pore entrance Control over the porosity, pore-size distribution, nature of internal surface
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Activated carbon

Thermal activation (physical activation)

Modification of carbon char by controlled gasification
Usually between 700 — 1100°C in presence of oxidising gases

During gasification the oxidizing atmosphere greatly increases the pores volume and surface area of
the materials through a controlled carbon “burn-off” and the elimination of volatile pyrolysis products

» Burn-off level influence the quality of the activated carbon
» Itis controlled by the temperature and duration of activation

Chemical activation

Usually between 400 — 700°C.
Involves the dehydrating action of agent like KOH, H;PO,, ZnCl

Post activation washing of the carbon is usually required to remove residual
reactant and inorganic residues
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Activated carbon

N
_F__,.,-"'I /_\
Q@‘ 5@ ——= Macropores
‘@ = > 50 nm Macropores > 50nm
N

B, 1. Schenatic diagroem of the pore size wetwork of aw activated
corbar grvin

Mesopores 2<size<50 nm
— Micropores Micropores > 2nm

< 2 nm

T Mesopaores
2 < sipe < S0 nm

Micropores give the higher contribution to the surface area
Mesopores contribute to the surface area and allows improvement accessibility
Macropores negligible contribution to the surface, but they act as transport avenue
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Activated carbon

Is it the capacitance (F/g) proportional

Major factor that contribute to capacitance:
* Electrode surface area

« Morphology

 Surface chemistry

* Measurement condition

charged

= C=¢g.¢,A/d : .
Bl o8 r=o to its available surface area (m?/g)?
E
+1© L (4] B
+le E af-
+He S o]
+le r o
+|e (0] 58]
+|© L ] B
+Hle Y o
e § o
+le ]
S} D=
| [
| [
|1
||
|
|

[
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Carbon and capacitance

Intrinsic resistivity (intra-particle) of a carbon material

is dependent on its chemical and structural morphology

In electrodes electrical resistance depend:
> Intra-particle resistance

> Inter-particle resistance (contact)

Resistance associated with:
 Current-carrying path

» Across carbon/carbon interface

» Across carbon/metallic current collector
» Through the metallic current collector
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Carbon and capacitance

T A

> Traditional view

-
o

(CH,CH_),N* BF,
0.68 nm diameter | 0.33 nm diameter

Distortion of the ion
solvation shell

Normalized capacitancs (UFcm?)

(2]

e TCcoC or even desolvatation
. . N BCETACCOCs Cl h of the i
Carbide-derived carbons : e 0se approach of the 1on
From 0,6 to 1,1 nm 2 B to the carbon surface
Accuracy of 0,5 nm ) S ¢ ’
~verage pore size (nm)
B
. 2. Nomnalzed capacitamce vs. average pore size for TiC-CIDC and other aarbons fromm [Reratire tested in the same clectroly tes. #3€ (From

Ref 15

J Chmiola, G Yushin, Y Gogotsi, C Portet, P Simon, PL Taberna Science 313 (5794), 1760-1763
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Carbon and capacitance

Cite this: Phys. Chem. Chem. Phys., 2011, 13, 12403-12406

WWW.ISC.Org/pecp

COMMUNICATION

Formation of a superionic state in electrfied nanopores: from meaymem (a) Mean field-theory have fiest predicted that the presence of image

fions, leading to the packing of ions of the same

charges at the surface of

mhrmﬁ-ammmma.mpmfmmuncmm. BM-PF, tonic liquid have displayed the formation of such
structures (green: PF; anions, red: BMI® cations, turquoise sticks carbon-carbon bonds). Reproduced with permission from Ref. [125]; (<) Scattering
experiments have finally confirmed the existence of in the region when they are adsorbed in 0.7-nm pores.
Reproduced with permission from Ref [125].

g

Local electrode
charge (x 107 C)

Increasing degree of confinement (DoC)

Impact of the degree of confinement of the ions on the local surface charge. (a) slar dynamics have evide d the of various
adsorption sites for the ijons inside nanoporous carbons, for which a degree of confinement (DoC) can be confined. Here PF6- anions (green spheres)
Mmdmswmmmmoocamdm'mIduonyn(uuedm molecules, red: lbm)l-:-meMniqunam guyspheesand sticks:
carbon duced with from Ref. (130} () In situ small-angle X+ay have confi between
the magnitude on melocdelxnodemlgemmoocdmadsmdbnshaccuqmdemomeadsovbedhvammwammﬂ,
AC2 and CDC). Reproduced with permission from Ref. [131).

Teresa A. Centeno,* Olha Sereda® and Fritz Stoeckli*”

Received 14th March 2011, Accepted 20th May 2011
DOL: 10.1039/c1cp20748h

Capacitance in carbon pores of 0.7 to 15 nm: a regular patternt
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Electrolytes

Electrolytes is  key component of electrochemical storage devices.
=
L)

@GED e

4

Electrolyte
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Ideal electrolyte for EDLCs

Electrolyte is
an active material

Chemical
stability?

Flash@oint

BoilingZndrl
melting?
pointZ

Ideal electrolyte

= Large electrochemical stability

= Solvent-free

» Low melting and high boiling points
» High thermal and chemical stabilities
» High flash point

» Cheap (Cost)
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A. Balducci, Journal of Power Sources, 326, 534-540 (2016)



Electrolytes for EDLCs: classes

» Aqueous electrolytes

» Organic electiolytes

> |On|C “qUIdS Flecirodyte  Density  Besistivity Cell
(gm/  (Ohm-<cm) VYeltage
cim’)
Density: aqueous < organic < ionic liquids KOH 129 1.9 L0

Conductivity: aqueous > organic > ionic liquids

Cell Voltage: aqueous < organic < ionic liquids Sulfuric acid | 1.2 1.35 L0

. Fropylene 7 52 2 5.3,

For the same activated carbon carbonate | - N B

C in aqueous electrolyte (170 F g-1) wcetonttctle | 78 8 2oan
C in organic electrolyte (130 F g-1)

C inionic liquid (100 F g-1) lonie | a5 | 125280 | 40

lquuid I8 (100PC) 325
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Electrolytes in EDLCs: state of the art

State of the art

Acetonitrile (ACN) Propylene Carbonate (PC) m High Conductivity
N=— )OK

e = Good operative temperature range of use
Viscosiy Viscosily = Cell voltage: 2.7-2.8V

Dielectric

Flash point Dielectric Flash point
Constany

Constan

1

maxzz

VZ

E Ve
4R

CVv? p

Price Melting Point Price Melting Point

Boiling Point Boiling Point

Current electrolytes cannot be used for
the realization of high voltage EDLC

Conducting salt ‘

Ammonium salt  —\_ ~—~ )
Et,NBF, A __ BFs Alternative electrolytes are needed
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Alternative electrolytes

ORGANICELECTROLYTESE

Conventionall ___Alternative®l | LIBE|  Solvent-freed | Co-sol.2

4.08 ':r
B S N8 SN SR
g’n 3.58 !
© Il
= i
o 308 oo
g s
'E ! Conventional electrolytes for EDLCs
© 250 I Solvents salts
g E *  Acetonitrile (ACN) Cation
o 20@ - 1 * Propylene Carbonate (PC) + Tetra-ethylammonium (Et,N‘)

i Anion

+ Tetra fluoroborate (BFY)

Alternative electrolytes for EDLCs

Carbonate Ester and Cyano ester
* Glutaronitrile {GTN) * Butilene Carbonate (BC) *  3-cyanopropionic acid methyl ester (CPAME)
* Adiponitrile (ADN) * Ethylene Carbonate (EC) *  Methyl acetate (MA)
* Butyronitrile (BTN) Sulfonate *  Methyl formate (MF)
*  2-Methylglutaronitrile (2-MGN) «  Ethyl isopropy! sufone (EiPS)
| TR B e il o L e e i bl TR e L by
‘Cation Anion i
* Pyrrolidinium (Pyr) *  Bis(trifluoromethansulfonyljimide (TFSI ).
* Imidazolium {Im) «  Bis(fluorosulforwl)imide (FSI) -
'+ Azepanoum (Azp) +  Dicyanamide (DCA) ' lonic liquids
+ sulfonium (Me,S) + Tricyanomethanide (C(CN)) | Solvent-free electrolytes )
+  Cyclic sulfonium (CS) * Hexafluorophosphate (PFg) !

Overview of the solvents and salts utilized in conventional and alternative electrolytes for EDLCs.
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Electrolyte components

CH3 o o o o
N/ \/
NEC/\/J\CEN ) 4

(5]
F;C/ \N/ \CFa

Alternative Alternative
solvents salts

Solvent
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Operative voltage in alternative electrolytes

Alternative
solvent

%%

Alternative
salts

Sulfones
Adiponitrile
Carbonates

PYR,,BF,

N\ UL

Solvent
free

Pyrrolidinium
Imidazolium
Eutectic Mix.

4'0_A(A)|z|
3.5— 2
] 3.0— %
%
2.5— . % =

The use of alternative electrolytes might
lead to important increase of the
operative voltage of EDLCs
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F. Béguin, V. Presser, A. Balducci, E. Frackowiak, Ad. Mater.26, 2219-2251 (2014);
A. Balducci, Journal of Power Sources, 326, 534-540 (2016)




Energy and power in alternative electrolytes

p p p

3.5%4 % i 3915_ % § Zp 157 \§
= | “mE £ | | E & v
2.5 . % § 52— % :\\ 57 § %
Operativeloltagel EnergydowRurrenta EnergythighZurrent?
30| % 30| |:| 30| .l:ll:l%

- Conventional
Alternative solvents
% Alternative salts

||]]]I|]]]]] Solvent-free

The overall performance of EDLCs containing alternative electrolytes
Is not higher than those of systems containing conventional electrolytes
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A. Balducci, Journal of Power Sources, 326, 534-540 (2016)



Development of novel electrolyte components

d@
olytesk

FRIEDRICH-SCHILLER- A. Balducci, Journal of Power Sources, 326, 534-540 (2016)
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Develpment of novel electrolyte components

ACTUAL
STATE

FUTURE

Identification Characterization ‘
Slow NOT Systematic

Identification ‘ Characterization -
Fast & Systematic &
Precise _ accurate
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Novel electrolytes for supercapacitor

Theoretical
models

Input: Desired properties

Experimental . (o] TN EIN Screening of
Electrochemistry .
chemistry compound classes

validation

Output: Promising candidates

Synthesis

Z. Lin, E Goikolea, A. Balducci, K. Naoi, P.L. Taberna, M. Salanne, G. Yushin, P. Simon, Materials Today, 21 (4), 419-436 (2018)
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Novel solvents for EDLCs and inactive electrode components

Al current collector

O The degradation of the current collector has a detrimental
carbon lctiodes effect on the cycling stability of EDLCs

coated onto Al foil

O The composition of the salt and the ion-solvent interactions
strongly affect the anodic dissolution of Al

Separator Taken from

Nature Materials 7, 845 - 854 (2008)

Impact of novel electrolytes on the anodic dissolution of Al current collectors
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Float tests in selected electrolytes

1st: al Alat1.7 Vvs.Ag Degradation
process

Electrode
behavior

Device
performance

@C
@C :

:
FRIEDRICH-SCHILLER- J. Krummacher, L.H. HeB, A. Balducci, ChemSusChem DOI10.1002/cssc.201701422
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Outline

» Pseudocapacitors
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Supercapacitors

EC Double Layer
Capacitor

Non-Faradaic
(no transfer of charge)

Pseudocapacitance
Charge transfer through surface
Faradaic, redox reactions

Electrolyte  Electrode Electrolyte  Electrode

—

POODD
ODOOOO
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Active materials in supercapacitors

1400
1200 = —
RUDPAPPA —====
o
|m i
L 1000 TR S0, o m e *
o RuDisel-gal)====-=x *
8
E 800 - MnQy —--—---- B p O EDITT [
— RuC{s-g) ——----
g :-:aﬂ:ﬂc Ty Mg 700 RuO,/ACISIZ d
o 600 - CAG oW 7% e RUC{ESD) ==-12 8
8 HRC Pén, WinCy -
! PFDT * .
(4} CHT % WFFFT" -, \‘ .. RUO.ICE ==
= 4004 o pancn “In“‘ RUG,CNT
[X] Vet Oaac, SO M0 e RUO;JAC
3 | 0 FMeT ‘\“.\ e raniac ®  RuO,CHG . 3
" 200 - \ S NiOy/RUD: - _
. 'l* PEDT. -  RUOMPC - “
e - s ~-‘ M“%{ M ruoiac{ee
o T e Sn0,Fe,0; o
Carbons  Polymers Metal oxides RuO,
I
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K. Naoi, P. Simon, Interface 2008, 17, 34




Pseudocapacitive materials

»

» Conducting polymers
» Metal Oxides

» RuG; Battery-like electrodes
300
——PC /1 MEtNEF, ﬂ
—PC 1:1 1L/ 0.3 M LiTFSI A - |
200 ——pyr, TFSI s % ey — T T
— | i ] 0
‘o 100 % e - ! -
NIRERRRERnaNNE
é 0 E o | % { JIT_ Il. f
H g |
§ 1007 § e
-200 1 9E T -~
= 1:..‘1:
300 scan rate: 20 mV s” 3 a]_E_ i nIE- L |1:| . .I.,
-1.0 05 00 05 10 15 (a) Patential /v, E gur '

Potential [V]
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Pseudocapacitive materials

Journal of The Electrochemical Society. 162 (5) A5185-A5189 (2015) A5185

JES Focus Issue oN ELECTROCHEMICAL CAPACITORS: FUNDAMENTALS TO APPLICATIONS

To Be or Not To Be Pseudocapacitive?

Thierry Brousse,””*? Daniel Bélanger,** and Jeffrey W. Long?*

A [nstitut des Matériaux Jean Rouxel (IMN), Université de Nantes, CNRS, 44322 Nantes Cedex 3, France

b Réseau sur le Stockage Electrochimique de I’Energie (RS2E), FR CNRS 3459, France

¢ Département Chimie, Université du Québec a Montréal, Succursale Centre-Ville, Montréal, Québec H3C 3P8, Canada
dCode 61 70, Surface Chemistry Branch, U.S. Naval Research Laboratory, Washington, DC 20375, USA

In the field of electrochemical capacitors, the term “pseudocapacitance” is used to
designate electrode materials (RuO2, MnO2) that have the electrochemical signature of a
capacitive electrode (such as observed with activated carbon), i.e., exhibiting a linear
dependence of the charge stored with the width of the potential window, but where charge
storage originates from different reaction mechanisms
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Pseudocapacitive materials

o N
T T

Current (A g'1)
N

1 " 1 " 1

Ni(OH)QliO

Pure Coso‘

1 " L

Figure 2. Cyclic voltammograms of Ni(OH), and different cobalt doped nickel oxides® that exhibit pure faradaic behavior, while MnO, electrode® shows the
rectangular shape CV typical of a pseudocapacitive oxide.

0.1 0.2 0.3
Voltage vs. SCE (V)

0.4 0.5

1(A.g?)

0.00

-0.25 1

-0.50

0.0

072 ' Ol.4 ' 0l.6
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0.8

1.0
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Pseudocapacitive materials

Current /mA crmi? substrate
ANODIC

CURRENT/ Ax10°
CATHODIC CATHODIC

ANODIC

a) RuO; film

L ol POTENTIAL/V, RHE
1 1 1 1

L
02 0.6 10 1.4

b) Pb/PbCl,

POTENTIAL/V, RHE

—PbCl, *

Cyclic voltammogram for RuO, in 1 M aqueos
H,SO, (298K) showing mirror-image symmetry
and responses to sucessive switching along the
scanned potential range

Cyclic voltammogram for Pb-PbCI, battery electrode
showing typical irreversibility arising with 3-dim
materials undergoing chemical phase changes
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Pseudocapacitive material: MXenes

(b) , -
, DN TRRRGE, o Trensition metal ozide surface €00 | % —::::0-;":"
- VAR I LR :.0 sl > (nduormanws) —_ mvs
) B B YD LRRPrRER 400 |-
._c.;n...t\.‘c:cu’:'..l -
ALERANANAS g 200 +
“Fast” protons § 0
Intercalated water i-ZOO -
~ 1
o I — 1000 mVs’
50 — 500 mVs "
Conductive carbide core 800 | 100 mvs”
{rapid electron supply) . .

A 1 L A
10 08 06 04 02
Potential (V vs. HgiHg SO )

(a) Schematic illustration of MXene structure: MXenes possess excellent cond uctivity owing to a conductive carbide inner layer along with transition metal
oxide-like surfaces. Intercalated water molecules enable high accessibility of the redox-active sites on MXene surfaces to jons, Le, protons; (b) cyclic

voltammetry profiles of macro-porous T CT, film with 0.43 mg em™ loading and 13-um thickness collected in 3 M H;504 at scan rates from 100 to 10000
mV s~ Adapted with permission fom Ref. [177]
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Pseudocapacitive material: Conducting polymers

NILPANI nanocomposites
s 1 -

3 WLS ND in ND-PANI ranozompesies

|
-
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o .
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* - R ©
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5 aed AC YPUID " ) Yo bt
| \ -
» 1 2
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LR | 8
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= et
o o1 ' 0 w o wn
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nod TRKT—— — 3 —d' 100 T rang 23]
N 2 mA em T —— [T \ i
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e, S - o . "o
Seoq 16 maem” g o
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{ A mA cn i
ol i
%04 Teees puny PANI
1804 . - " 100 'A‘:’v -
L PANGCNT i symmetrk 2 elocwodo cells oy M H S0,
O] . - vy vy -
Q 3 ‘ L 3 I 2 W 1 9 :(:n 10003 15000 20000  1508¢ 3800l
Cument Dansky (Ag ') Cyele Number

Selec

ted examples of the conductive polymer<arbon composites and their electrochemical behavior, such as {a) SEM micrographs of PANI with 3 wt.% of

nanodiamond (ND) soot incorporated into the PANI particles during synthesis; and (b) CV of a symmetric pseudocapacitor with ND-PANI electrodes; (¢) SEM
of PANI electrodeposited on CNT fabric at the smallest current density of 2 mA em™2; (d) its capacitance retention at high current densities; ) frequency
response in comparison with commonly used AC (YP-17D) and ONT fabric with no PANL and (f) cyde stability showing over 30,000 stable cydes in H;S0,
aqueous dectrolyte. Adapted with permission from Refs. [184,190].
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Outline

» Hybrid devices
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Hybrid devices

Supercapacitors and batteries

will remain different

’/
0.3p4
7’

10"

10°
10

2

10° 10° 10" 10° 10°
Specific Energy / Wh kg™

"o 10 , -

X~ 0 .
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g 10° SYSTEMS

[e] ¢ /,( ’
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High Energy
High Power
Medium-high cycling stability

=
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Hybrid devices
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Hybrid devices

=
o

Specific Power / W kg™

10"

10" 10° 10" 10° 10
Specific Energy / Wh kg™

New type of high power devices

High energy (40-60 Wh kg™
(higher than supercaps)

High power (5-8 kWkg™)
(higher than batteries)

Medium-high cycling stability
(hundred of thousand cycles)
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Hybridization

Active material hybridization

Combination into one electrode of supercapacitors and battery material

potential / V vs. Li/Li"

44

Interaction of LiFePO, (LFP) and Activated Carbon
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Hybridization

Electrode combination

Combination of supercapacitors and battery electrodes into one devices

A
oo |
E' N Positive Cathode @ . R
: electrode LFP, etc. 2 processes occur simultaneously
f o | AC during charge-discharge:
™
= Negative
] .. . .
=2 slecrode Anode - Li insertion-extraction
24T Graphite, « Double layer formation and deplation
LTO, etc
o " J
O =l
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Hybridization

Electrode combination

Type 1 Type 2
— < =k = Fosiiive
n Cathode ” electrod
> LFP, etc. >
> o > 0o
~~ m—— ~~ m——
© Negative <
‘E electrode g Anode
el — TRt Graphite
o - o LTO,
o o etc.
oL oL
Lower operative voltage Higher operative voltage
Contain lithium (cathode) Does not contain lithium (pre-lithiation)

FRIEDRICH-SCHILLER-
UNIVERSITAT
JENA



Type 2 device: lithium-ion capacitors

5 T T T T T
*High voltage (4.3 V)
*High power
r *High energy (25 Wh/kg)
3 *High cycle life (>50.000 cycles)
E Low self discharge
=
g CIIAC 1
€ 1} Lithium-ion capacitor | | ] Key technology:
Pre-doping of Li to the carbon anode
0 N : : ' v
0 10 20 30 40 50 60
Specific Capacity / mAh g™
FRIEDRICH-SCHILLER- o K. Naoi, ;imon, Interface 2008, 17, 34
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Type 2 device: lithium-ion capacitors

| |
I |
' Type 2 Li lon pre-doping to negative electrode |
I e Positive electrode: |
| + e ourPur =& . I
EE: Activated carbon |
: $o - Negative electrode |
13 Graphite :
I | &= |
L ECT Electrolyte |
| - - State-of-the-art LIBs |
: [

Alternative materials for the negative electrode of LIC would be beneficial
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Conclusions

» Supercapacitors are important (and commercially available) energy
storage devices which are used in a large number of applications

» The energy of supercapacitors should be improved
« Active materials
« Electrolytes
 |nactive components

> We need new ideas and new scientists
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