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Why supercapacitor ?Why supercapacitor ?



• When a high power is requested for a short time (electric and 
hybrid vehicles, tramways, diesel engine starting, wind 
turbines, computers, lasers, emergency systems...)

• Capacitors are generally combined with another energy 
source to increase power, to improve economic efficiency and 
to preserve ecological demands.

Applications of supercapacitorsApplications of supercapacitors



Demand for lightDemand for light--weight and compactweight and compact
power sources  of high energypower sources  of high energy

and power densityand power density

Electric and hybrid vehicles, telecommunication systems, tramways, 
computers, cordless tools, toys, …



Capacitor used in AIRBUS A380 for emergency systemCapacitor used in AIRBUS A380 for emergency system





Charge of superCharge of super--capacitorcapacitor

AccelerationAcceleration

Motor powered by fuel cellMotor powered by fuel cellThe sThe supercapacitor upercapacitor recovers energyrecovers energy

released duringreleased duringbraking braking -- using it using it 

when a peak power is demanded.when a peak power is demanded.



General properties of supercapaitorsGeneral properties of supercapaitors



Ragone plot for different energy storage systems Ragone plot for different energy storage systems (log scale)(log scale)



Difference between accumulator and capacitor

Performance of accumulator is based on redox reactions 
Capacitor operates through electrostatic attraction of ions

Plateau 
for battery

Slope 
for capacitor



The Electrical Double LayerThe Electrical Double Layer
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Distance d of the layer ~ 1nm

Capacitance ~ 0.1 F m-2

Ssurface area of the electrode/electrolyte interface 
For an activated carbon, Sdepends on the micropores (< 2 nm) amount

S~ 1000 m2 g-1 ~100 F g-1
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High electrical conductivity
High surface area (charge accumulation)

� mesoporosity (2 < D < 50 nm) � ions mobility
� microporosity (D< 2nm)

Good pore connectivity
Good wettability properties

CarbonCarbon
most often used capacitor material most often used capacitor material 21
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Performance of Performance of electrochemical electrochemical capacitorcapacitor
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F. Béguin et al., Carbon 44 (2006) 2498 J. Chmiola et al., Science, 313 (2006), 1760

Optimal pore size L0N2:  0.7 nm in aqueous medium
0.8 nm in organic medium
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CCapacitance of the series of carbons versus apacitance of the series of carbons versus pore sizepore size



J. Huang, Ang. Chemie 47 (2008) 520
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Correlation of capacitance with the micropore volume Correlation of capacitance with the micropore volume 

measured by COmeasured by CO2 2 adsorption (pores < 0.7 nm)adsorption (pores < 0.7 nm)



Enhancement of capacitance by pseudoeffectsEnhancement of capacitance by pseudoeffects

Electrostatic charge storage + additional redox charge transfer with a continuous change of 
potential (dq = C dV)

Carbon with surface functionality (heteroatoms              
oxygen,nitrogen)

Carbons rich in nitrogen 

give pseudocapacitance effects,

i.e. faradaic reactions

Carbon with electrochemically sorbed hydrogen

Transition metal oxides (RuO2, MnO2...)

Electrically conducting polymers



Carbon nanotubes/conducting polymers Carbon nanotubes/conducting polymers 
compositescomposites
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Poly-(3,4-ethylenedioxytiophene) - PEDOT

Polyaniline - PANI Polypyrrole - PPy

Conducting polymersConducting polymers
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PPy/MWNTsPANI/MWNTs

360 F/g 200 F/g

SEM images of composites SEM images of composites ((80% 80% conducting polymer/20% MWNTs)conducting polymer/20% MWNTs)

V. Khomenko, E. Frackowiak, F. Béguin. Electrochim. Acta, 50 (2005) 2499



� Carbon nanotubes play a perfect role as a support 
for conducting polymers (no shrinkage, breaking)

� Good cycling of composite if the optimal range 
of potential selected (to preserve conducting properties 
without overoxidation)



Carbon nanotubes/MnOCarbon nanotubes/MnO22 compositescomposites



MnOx(OH)y + de- + dH+ « MnOx-d(OH)y+ d

� Advantages: 
Low cost
Environment friendly

� Disadvantages: 
Low conductivity (r = 2000 W·cm2)

MWNTs as conductivity additive

Amorphous manganese oxide (aAmorphous manganese oxide (a--MnOMnO22) as ) as 
electrode materialelectrode material



MnOx(OH)y + de- + dH+ « MnOx-d(OH)y+ d

MnOMnO22/CNTs composite/CNTs composite

Courtesy of M. Thackeray, Argonne National Laboratory, USA

Carbon nanotubes are introduced during a-MnO2• nH2O preparation 

Mn(II) + Mn(VII) + CNTs « Mn(IV) + CNTs



Comparison with a conventional additive
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DDDDEcarbon DDDDEMnO2
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Galvanostatic charge/discharge of the asymmetric capacitorGalvanostatic charge/discharge of the asymmetric capacitor

Good electrical efficiency until 2V operating voltage !



Carbon-hydrogen interactions very useful 
for asymmetric capacitor (two different electrodes):

(-) carbon electrode 

(+) manganese oxide electrode



Pseudocapacitance effectsPseudocapacitance effects

from carbons with electrosorbed hydrogenfrom carbons with electrosorbed hydrogen

C<H>  interactionsC<H>  interactions



Water is the proton source:

H2O + e- ��� � H   +   OH- (Volmer)

Nascent hydrogen can either adsorb onto the carbon 
surface:

<C> + x H   ��� � <CHx>

and/or recombine to H2 molecules: 

2H ��� � H2 (Tafel)

EElectrosorptionlectrosorptionin KOH mediumin KOH medium
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K. Jurewicz, E. Frackowiak, F. Béguin, Electrochem. Solid State Lett. 4 (2001) A27

Galvanostatic sorption and oxidation of hydrogen (6M KOH)Galvanostatic sorption and oxidation of hydrogen (6M KOH)

272 mAh/g = 1 wt% of hydrogen



Cyclic voltammetry of Cyclic voltammetry of AC viscose in 6 mol.LAC viscose in 6 mol.L--1 1 KOHKOH

K. Jurewicz, E. Frackowiak, F. Béguin, Applied Physics A, 78 (2004) 981
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Stability of the hydrogen interaction with carbon

The important discharge capacity a few days after charging suggests a strong 
hydrogen-carbon interaction



Electrosorbed hydrogen in nanoporous carbonElectrosorbed hydrogen in nanoporous carbon



D. Qu , Journal of Power Sources 179 (2008) 310 - 316

CarbonCarbon--hydrogen interactions hydrogen interactions 



Hydrogen is weakly chemisorbed
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The peak at ~500°C is due to the reaction of carbon with KOH:
6 KOH + C «««« 2 K + 3 H2 +2 K2CO3

HHydrogen desorbed by TPD on AC charged in 6 M KOH  ydrogen desorbed by TPD on AC charged in 6 M KOH  ((–– 500 mA/g500 mA/g))



Ed= RTm[ln (n/b)-ln (ln(n/b)/Tm)]
R perfect gas constant, 
b heating rate, 
Tm temperature at the peak maximum 
n pre-exponential factor (n = 1013 s-1)

From the TPD curve obtained 
after 12 hours charge at – 500 mA/g Ed = 110 kJ.mol -1

For chemisorbed oxygen Ed = 126 kJ.mol -1

S. Haydar et al., Carbon 38 (2000) 1297

Estimation of the desorption activation energyEstimation of the desorption activation energy



Chemical bonds and their energyChemical bonds and their energy



Chemical bonds Chemical bonds –– hydrogen storagehydrogen storage

R. Zidan, A.M. Rao, DOE Hydrogen 
Program, FY 2002 Progress Report.



� Hydrogen is efficiently stored at ambient conditions 
in nanostructured carbons by cathodic decomposition
of aqueous medium.

� Inserted hydrogen C<H> is weakly chemisorbed. The narrow 
micropores represent strong bonding adsorption sites 
for hydrogen trapping.

� Carbon with electrosorbed hydrogen is well adapted 
as a negative electrode of supercapacitor. 

ConclusionsConclusions



� MnO2/CNTs composites are promising capacitor materials.

� Carbon nanotubes are perfect component of composite.

� Cycleability of supercapacitors strongly depends 
on the operating voltage. 

� Asymmetric configuration with two different materials 
operating in their optimal potential range is the best way 
to enhance energy and power.

ConclusionsConclusions



Electrodes materials Supercapacitor characteristics

Positive Negative Cs (F/g) U (V)

PANI PPy 280 0.6

PANI PEDOT 160 0.8

PANI Carbon Maxsorb 330 1.0

a-MnO2 PANI 160 1.4

PPy Carbon Maxsorb 220 1.0

MnO2 PPy 140 1.6

PEDOT Carbon Maxsorb 110 1.2

MnO2 PEDOT 120 1.8

Examples of asymmetric capacitor with pseudoeffectsExamples of asymmetric capacitor with pseudoeffects



NN--doped carbon compositesdoped carbon composites

with multiwalled nanotubeswith multiwalled nanotubes



� Modification of chars or activated carbons
by ammoxidation or urea treatment (Jurewicz et al) 

� Different type of carbon precursors:

Polyacrylonitrile (Machnikowski, Béguin et al)
Polyvinylidene pyridine (Machnikowski et al)
Melamine (Kodama et al, Lota et al.)
Nomex (m-phenylene isophthalamide) (Tascon et al)
AMN-diaminomaleonitrile (Kawaguchi et al) 
CAN (tetracyano-tetraazanaphtalene)
Acetonitrile as carbon source using CVD method  

How to obtain carbons reach in nitrogen ? 
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Capacitance values (F/g) vs nitrogen content in carbon (wt.%)



Mechanical mixture

PAN

Carbonisation T=700°C N2 atm.

C/C composite pellets

Pressing of the material to 
form pellets

MWNTs-PAN mixture

ACETONE

No binder

Formation of the C/C composites from MWNTs and PANFormation of the C/C composites from MWNTs and PAN

MWNTs



After carbonisation of the MWNTs/PAN (30/70) mixture, the C/C composite 
is constituted of:

• a nanotube backbone

• individual or interconnected carbon aggregates from PAN

MWNTs
PAN

SEM characterisation of the C/C compositesSEM characterisation of the C/C composites
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Nanotubes as backbones for materials with Nanotubes as backbones for materials with 
pseudocapacitance propertiespseudocapacitance properties

Carbons from MWNTs/Melamine-formaldehyde 
composites



M+F

Nt+M+F

Nt+2M+F

Nt+3M+F

Carbonization of polymer (melamine M+formaldehyde F)
750oC, 1 hour(without activation proces !)

Carbonization of polymer blend with nanotubes Nts
750oC, 1 hour (M:F=1:1)

Carbonization of polymer blend with nanotubes Nts
750oC, 1 hour (M:F=2:1)

Carbonization of polymer blend with nanotubes Nts 750oC, 1 hour (M:F=3:1)

Preparation of NPreparation of N--rich compositesrich composites



M+FM+F

Nt+2M+FNt+2M+F Nt+3M+FNt+3M+F

Nt+M+FNt+M+F

TEM images of N-rich composites



G. Lota, K. Lota, E. Frackowiak, Electrochem. Comm. 9 (2007) 1828

Nitrogen Nitrogen adadsorption at 77Ksorption at 77Kand elemental analysis and elemental analysis 
of the of the NN--rich composites (750 C, 1 h)rich composites (750 C, 1 h)



 

Sample N   
[wt. %] 

SBET 
[m2/g] 

Vtotal 
[cm3/g] 

Vmicro 
[cm3/g] 

C* 

[F/g] 
C*  

[µF/cm2] 
C*  

[F/cm3] 

M+F 21.7 329 0.162 0.152 4 1.2 3 

Nt+3M+F 14.0 403 0.291 0.174 100 24.8 64 

Nt+2M+F 11.7 393 0.321 0.167 126 32.1 73 

Nt+M+F 7.4 381 0.424 0.156 83 21.8 45 

 

Physicochemical and electrochemical Physicochemical and electrochemical 
characteristics of Ncharacteristics of N--rich compositesrich composites

Capacitance estimated at5A/g !



Sample
Pyridinic 

(N-6)
[at. %]

Quaternary 
(N-Q)
[at. %]

Oxidized nitrogen
(N-X)
[at. %]

Total
(N)

[at. %]

M+F 10.2 13.4 1.2 24.8

Nt+3M+F 4.9 7.9 0.8 13.6

Nt+2M+F 4.9 7.3 0.5 12.7

Nt+M+F 2.7 4.8 0.4 7.9

XPS analysis of composites rich in nitrogen
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Electrochemical performance of the NElectrochemical performance of the N--rich compositesrich composites



>C=NH + 2 e- + 2 H+ � >CH-NH2
>C-NHOH + 2 e- + 2 H+ � >C-NH2 + H2O

E. Frackowiak et al. Electrochim. Acta 51 (2005) 2209

G. Lota et al. Electrochem. Commun. 9 (2007) 1828-1832



EEffect of nitrogen on capacitanceffect of nitrogen on capacitance

Faradaic reactions, e.g. for pyrydinic groups

Modification of electronic properties

Improvement of wettability



For quantum chemical calculations 
Unrestricted Hartree-Fock method was used.

HOMO & LUMO orbitals are presented which 
are responsible for formation of bonds and
electrical properties.

Electron is jumping from HOMO to LUMO,
the smaller gap (work function), the better conductivity.

Calculations ab initio.



Model of carbon matrix with nitrogen (11.92%) Model of carbon matrix with nitrogen (11.92%) 

Energy gap 3.81 eV

Energy gap is a difference between 
the first ionization energy (HOMO) 
and electron affinity (LUMO).

HartreeHartree--Fock methodFock method



Model of carbon matrix with nitrogen 25.87% Model of carbon matrix with nitrogen 25.87% 

Energy gap 4.63 eV



� Carbons rich in heteroatoms, e.g. containing N, O 
are a new trend for development of supercapacitor.
Heteroatom in the carbon network must be accessible 
to electrolyte (preferably aqueous medium). 

� Role of nitrogen: faradaic reactions, modidication of 
electronic properties, improvement of wettability.
Molecular quantum calculation consistent with electrochemistry. 

� Conducting properties of carbon (through local changes 
of DOS - density of electron states) is improved, however, 
the excess of nitrogen (over 14%) increases resistivity.
Increase of energy gap (HOMO-LUMO) to 4.63 eV.

Conclusions  (N rich carbons)Conclusions  (N rich carbons)



Conclusions  (hydrogen storage)Conclusions  (hydrogen storage)

� Hydrogen is efficiently stored in carbon through electro-
decomposition of alkaline electrolyte.  

� Inserted hydrogen is weakly chemisorbed.

� Carbon-hydrogen bonding C<H> has a chemical 
character (110 kJ/mol) being responsible for 
pseudocapacitance of negative electrode of supercapacitor.



� MnO2/CNTs composites are promising capacitor materials.

� Carbon nanotubes are perfect component of composite with 
conducting polymers and oxides.

� Cycleability of supercapacitors strongly depends 
on the operating voltage. 

� Asymmetric configuration with two different materials 
operating in their optimal potential range is the best way 
to enhance energy and power.

Conclusions (composites)Conclusions (composites)
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Industrial electrochemical capacitors from MAXWELL



Conductivity of NConductivity of N--rich composites (acidic medium)rich composites (acidic medium)

Composite R at 1kHz N (wt%)

M+F 2.98 ohm 21.7 %

Nt+3M+F 0.36 ohm 14.0 %

Nt+2M+F 0.19 ohm 11.7 %

Nt+M+F 0.17 ohm 7.4 %



Supercapacitor

type

Electrode Materials Voltage,

V

Pmax
kWkg -1

E

Whkg-1

Symmetric Carbon / Carbon 0.7 22 3.6

Symmetric MnO2 / MnO2 0.6 3.8 1.5

Asymmetric Carbon / MnO2 2 123 12.6

Performance of the asymmetric capacitor in aqueous medium

E.Raymundo-Piñero, V. Khomenko, F. Béguin, J. Power Sources, 153 (2005) 183
V. Khomenko, E.Raymundo-Piñero, E. Frackowiak, F. Béguin, Appl. Phys. A 82 (2006) 567



Compared performance of alginate ALG-C and Maxsorb

Sample Density
(g.cm-3)

Voltage
(V)

C
(F.g-1)

C
(µF.cm-2)

C
(F.cm-3)

Emax
(Wh.kg-1)

ALG-C 0.91 1 198 73 180 7.4

Maxsorb 0.47 0.7 190 6 89 3.2

• Pseudo-capacitance is the main contribution

• High volumetric capacity

• No deleterious effect of oxygen on the performance

ALG-C


