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Supercapacitors Batteries

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 the 
available electrode surface and accessible potential window

The amount of energy stored is primarily determined by the 
redox potential and the number of electrons transferred
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Supercapacitors Batteries

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

Self-discharge in hours Self-discharge in months

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

*Energy for an ideal electric double-layer capacitor and capacitance based on the metal-vacuum capacitor model

xĺĜĤÖāϠÌ¿ĕ¿ËéûéĤéÖĜϱ



xĨĕÖĘÌ¿ĕ¿ÌéĤĉĘĜϠņûûϠ¿ϠĴéÒÖϠņÖûÒϠËÖĤĴÖÖĂϠ
ÖûÖÌĤĘĉûĺĤéÌϠÌ¿ĕ¿ÌéĤĉĘĜϠ¿ĂÒϠË¿ĤĤÖĘéÖĜ

Ηϯ5ûÖÌĤĘĉÌæÖāéÌ¿ûϠÒĉĨËûÖЀû¿ĺÖĘϠÌ¿ĕ¿ÌéĤĉĘĜϠЊ51X+Ћ
+æ¿ĘáÖϠéĜϠĜĤĉĘÖÒϠÖûÖÌĤĘĉĜĤ¿ĤéÌ¿ûûĺ
tÖĳÖĘĜéËûÖϠ¿ÒĜĉĘĕĤéĉĂϠĉàϠÖûÖÌĤĘĉûĺĤÖϠéĉĂĜϠ¿ĤĤæÖϠ
ÖûÖÌĤĘĉÒÖϼÖûÖÌĤĘĉûĺĤÖϠéĂĤÖĘà¿ÌÖ
EéáæϠĜĕÖÌéņÌϠĜĨĘà¿ÌÖϠ¿ĘÖ¿Ϡ¿ĂÒϠæéáæûĺϠĕĉĘĉĨĜϠÖûÖÌĤĘĉÒÖϠ
ā¿ĤÖĘé¿ûĜ

ΘϯqĜÖĨÒĉÌ¿ĕ¿ÌéĤĉĘĜ
+æ¿ĘáÖϠéĜϠĜĤĉĘÖÒϠĤæĘĉĨáæϠĕĜÖĨÒĉÌ¿ĕ¿ÌéĤéĳÖϠËÖæ¿ĳéĉĨĘЂĤæÖϠ
ÖĹĤÖĂĤϠĉàϠà¿Ę¿ÒéÌϠĘÖ¿ÌĤéĉĂϠéĜϠ¿ϠÌĉĂĤéĂĨĉĨĜϠàĨĂÌĤéĉĂϠĉàϠ
ĕĉĤÖĂĤé¿û
tĨeΘϰϠ?ÖΙeΚϰϠ^ĂeΘϰϠÖûÖÌĤĘĉĂéÌ¿ûûĺϠÌĉĂÒĨÌĤéĂáϠĕĉûĺāÖĘĜϰ¿ĂÒϠ
ĉĤæÖĘϠÖûÖÌĤĘĉÒÖϠā¿ĤÖĘé¿ûĜ
1ÖáĘ¿Ò¿ĤéĉĂϠėĨéÌøÖĘϰϠĜĺĜĤÖāϠû¿ĜĤĜϠàÖĴÖĘϠÌĺÌûÖĜ

Ιϯ ĜĜĺāÖĤĘéÌϼEĺËĘéÒϠÌ¿ĕ¿ÌéĤĉĘĜ
ϠÌĉāËéĂ¿ĤéĉĂϠĉàϠĤĴĉϠĂĉĂЀÖėĨéĳ¿ûÖĂĤϠÖûÖÌĤĘĉÒÖĜ
ϠË¿ĤĤÖĘĺЀûéøÖϠ¿ĂÒϠ¿ϠÌ¿ĕ¿ÌéĤĉĘЀûéøÖϠÖûÖÌĤĘĉÒÖϠéĂϠĤæÖϠĜ¿āÖϠÌÖûû
 æÖϠË¿ĤĤÖĘĺЀûéøÖϠÖûÖÌĤĘĉÒÖϠéĜϠĤæÖϠÖĂÖĘáĺϠĜĉĨĘÌÖ
+¿ĕ¿ÌéĤĉĘЀûéøÖϠÖûÖÌĤĘĉÒÖϠéāĕĘĉĳÖĜϠĕĉĴÖĘϠÒÖĂĜéĤĺϠ¿ĂÒϠ
ĘÖÒĨÌÖĜϠÒÖáĘ¿Ò¿ĤéĉĂ
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S. W. Bokhari et. al., Energy Reports 6 (2020) 2768



+û¿ĜĜéÌ¿ûϠāĉÒÖûĜϠàĉĘϠÖûÖÌĤĘĉÌæÖāéÌ¿ûϠÒĉĨËûÖЀû¿ĺÖĘϠÌ¿ĕ¿ÌéĤĉĘĜ
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A. Berrueta et al.: SCs: ElectricalCharacteristics, Modeling, Applications, and Future Trends    https://doi.org/10.1109/ACCESS.2019.2908558

Schematics of EDL structuresaccording to: (a) Helmholtz model, 
(b) Gouy-Chapman model, and (c) Gouy-Chapman-Stern model

Separator/



51X+ϠāĉÒÖûĜϱϠ?ĘĉāϠĜéāĕûÖĘϠĤĉϠāĉĘÖϠéĂЀÒÖĕĤæ
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Parallel plates capacitance:

eRïrelative permittivity of dielectric

e0ïpermittivity of vacuum

Aïelectrode flat cross-section surface area

dïeffective thickness of the double layer

where e = eRe0 is the absolute permittivity

An ideal capacitor is characterised by a constant
In which case:                         and

ὅ
‐‐ὃ

Ὠ

Charging of metal plates of a parallel-plate capacitor

ὅ ὪὉcell ὅ ὗȾὉcell

Ecell ï Cell potential, 

i.e., voltage between plates

Q ï Charge on each conductor plate

EDL presentation with specific adsorption (Stern adsorption layer), 
solvated ions, and the diffuse layer.
C. M. Schott et. al., Chem. Rev. 124 (2024) 12391

Reality not that easy



°æĺϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠéĜϠĤæÖϠĕĘéā¿ĘĺϠÌæ¿Ę¿ÌĤÖĘéĜ¿ĤéĉĂϠĉàϠ5X1+ЀĜ

qĘÖĳéĉĨĜϠĕĘÖĜĨāĕĤéĉĂϠàĉĘϠ¿ĂϠéÒÖ¿ûϠ51X+ϱϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠ¿ĂÒϰϠĤæĨĜϰ

^¿Ĺéā¿ûϠ¿ĂÒϠÖŃÖÌĤéĳÖϠÖĂÖĘáĺϠÒÖĂĜéĤĺϠĉàϠ¿ĂϠéÒÖ¿ûϠ51X+ϱ

¤ĜĨ¿ûûĺϰϠĤæÖϠ+Ϡĳ¿ûĨÖϠéĜϠÒÖĤÖĘāéĂÖÒϠĕÖĘϠΗϠÖûÖÌĤĘĉÒÖϠЊĉàϠéĂĤÖĘÖĜĤЋϱϠ

- HĂϠÌ¿ĜÖϠĉàϠĜĺāāÖĤĘéÌ¿ûϠÖûÖÌĤĘĉÒÖĜϰϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠĕÖĘϠĉĂÖ
ÖûÖÌĤĘĉÒÖϠéĜϠΚϠĤéāÖĜϠæéáæÖĘϠĳĜϠĕÖĘϠĤĉĤ¿ûϠÖûÖÌĤĘĉÒÖϠā¿ĜĜ
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)( cellEfC¸
cell/ EQC=

A. Laheäär et. al., Electrochem. Commun. 60(2015) 21

Ὁ ὅὉÃÅÌÌȟÍÁØὉÃÅÌÌȟÍÉÎ

(a) and (c) exhibit near-ideal EDLC chargin behaviour, 
whereas (b) and (d) exhibit considerable asymmetry even 
though tcharge is almost equal to tdischarge

Ὁ ὅὉ
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Based on the model that both 
EDL-s are separate capacitor-
like elements in series: C1 C2
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XéāéĤĜϠĤĉϠĜĕÖÌéņÌϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠéĂϠĕĘ¿ÌĤéÌÖ

HĂϠĕĘ¿ÌĤéÌÖϰϠĤæÖϠņĘĜĤϠ¿ĕĕĘĉĹéā¿ĤéĉĂϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠ
ĕĘÖĜÖĂĤÖÒϠ¿ĜϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠÒÖĕÖĂÒĜϠĉĂϠ¿ÒÒéĤéĉĂ¿ûϠ
à¿ÌĤĉĘĜϠéĂϠĤæÖϠÌ¿ĜÖϠĉàϠĕĉĘĉĨĜϠÖûÖÌĤĘĉÒÖĜϠ¿ĂÒϠ¿Ϡ
Ĝĉûĳ¿ĤÖÒϠÖûÖÌĤĘĉûĺĤÖϱ
ÅqĉĘÖϠĜéĿÖ
Å5ûÖÌĤĘĉÒÖϠĜĤĘĨÌĤĨĘÖ
Å5ûÖÌĤĘĉûĺĤÖϠÌĉāĕĉĜéĤéĉĂ
Å ĕĕûéÖÒϠĕĉĤÖĂĤé¿ûϰϠEcell
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J. Chmiola et. al., Science, 313 (2006) 1760 

Chmiola et. al., presented the anomalously high areal 
capacitance values from subnanometer pores

ὅ ‐ὃȾὨ

R. Härmas et. al., Electrochimica Acta 283 (2018) 931

Specific capacitance vs (a) accessible specific surface area 
and (b) accessible pore volume



ĜĕÖÌĤĜϠĉàϠ51X+ϠÌ¿ĕ¿ÌéĤéĳÖϠĕÖĘàĉĘā¿ĂÌÖ
qĉĘÖϠĜéĿÖϠ¿ĂÒϠéĤĜϠÖŃÖÌĤϠĉĂϠÌ¿ĕ¿ÌéĤ¿ĂÌÖ
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J. Wu, Chem. Rev. 122 (2022) 10821
Modelling of the areal capacitances of ionic liquids in slit pores and (c, inset) comparison with experimental. 

A. Garcia-Gomez et. al., Phys. Chem. Chem. Phys. 17 (2015) 15687

Et4BF4/AN 
electrolyte

Capacitance normalized to (a) total specific surface area and (b) to surface area from pores with widths > 0.63 nm



ĜĕÖÌĤĜϠĉàϠ51X+ϠÌ¿ĕ¿ÌéĤéĳÖϠĕÖĘàĉĘā¿ĂÌÖ
qĉĘÖϠĜæ¿ĕÖϠ¿ĂÒϠÒéāÖĂĜéĉĂ¿ûéĤĺ
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5ŃÖÌĤϠĉàϠÌĉĂĳÖĹϠĜĨĘà¿ÌÖĜϠéĂϠĤæÖϠÌ¿ĜÖϠĉàϠÌ¿ĘËĉĂϠĉĂéĉĂϠĜĕæÖĘÖĜϠ¿ĂÒϠĂ¿ĂĉĤĨËÖĜ

ÒÒéĤéĉĂ¿ûϠÌĨĘĳ¿ĤĨĘÖϠàĘĉāϠĜā¿ûûÖĘϠĉĂéĉĂĜϼĤĨËÖĜϠĤæÖĉĘÖĤéÌ¿ûûĺϠéĂÌĘÖ¿ĜÖĜϠĤæÖϠ¿ĘÖ¿ûϠ
Ì¿ĕ¿ÌéĤ¿ĂÌÖ

HĂϠĕĘ¿ÌĤéÌÖϰϠáĘ¿ĳéāÖĤĘéÌϠÌ¿ĕ¿ÌéĤ¿ĂÌÖĜϠ¿ĘÖϠûĉĴϠ¿ĜϠĤæÖϠĉĨĤÖĘϠĜĨĘà¿ÌÖϠéĜϠĨĜÖÒϠéĂĜĤÖ¿ÒϠĉàϠĤæÖϠ
éĂĂÖĘϰϠûĉĴÖĘϠ¿ÌÌÖĜĜéËûÖϠĜĕÖÌéņÌϠĜĨĘà¿ÌÖϠ¿ĘÖ¿

J. Huang et. al., J. Mater. Res., 25 (2010) 8

1) Theoretical areal capacitances of porous systems (a and b), zero-dimensional dots (c), and one-dimensional tubes (d). 2) and 3) 

experimental capacitances of zero-dimensional carbons (2) and carbon nanotubes (3). 4) visualization of zero-dimensional carbon dot and one-

dimensional carbon naotube



ĜĕÖÌĤĜϠĉàϠ51X+ϠÌ¿ĕ¿ÌéĤéĳÖϠĕÖĘàĉĘā¿ĂÌÖ
5ûÖÌĤĘĉûĺĤÖϠÖŃÖÌĤĜϠàĘĉāϠÒéĕĉĉûÖϠāĉāÖĂĤ

9.12.2025 Neutrons for Sustainable Energy; Supercapacitors 10

Dipole of the solvent used in the electrolyte (e.g., organic, aqueous etc.) contributes to 
the capacitance:

Where the dipole moment, mdm, affects the eR value through orientational polarization, P:

Integral aerial capacitance exhibits a maximum near dipole moment of 4 debye

J. Wu, Chem. Rev. 122 (2022) 10821

From cDFT calculations: A. Desolvation of ions from organic electrolyte with a solvent dipole moment of 3.4 debye (D) near matching 

pore sizes causes an increase of integral areal capacitance, B. Solvent dipole moments (brought in legend in units of D) and pore size effect 

on integral capacitance in organic electrolytes, and C. Variation of integral capacitance with dipole moment of the solvents

With no electric field present dipoles are unaligned

Under an electric field, dipoles are 

aligned into dipole chains
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qĜÖĨÒĉÌ¿ĕ¿ÌéĤĉĘĜ
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qĜÖĨÒĉÌ¿ĕ¿ÌéĤĉĘĜϠ¿ĂÒϠĕĜÖĨÒĉÌ¿ĕ¿ÌéĤéĳÖϠ
ā¿ĤÖĘé¿ûĜϱ
ÅtÖĳÖĘĜéËûÖϠÖûÖÌĤĘĉÌæÖāéÌ¿ûϠĘÖ¿ÌĤéĉĂĜ
Å+æ¿ĘáÖϼÒéĜÌæ¿ĘáÖϠĴéĤæéĂϠ¿ϠĜéáĂéņÌ¿ĂĤûĺϠ
ĜæĉĘĤÖĘϠĤéāÖϠĤæ¿ĂϠË¿ĤĤÖĘéÖĜϠЊÌĉāĕ¿Ę¿ËûÖϠ
ĤĉϠ51X+ĜЋ

Å5ĹæéËéĤϠ¿ϠæéáæϠÌæ¿ĘáÖϠĜĤĉĘ¿áÖϠÌ¿ĕ¿ÌéĤĺϠ
ЊÌĉāĕ¿Ę¿ËûÖϠĤĉϠË¿ĤĤÖĘéÖĜЋ

ÅHĂĤÖĘāÖÒé¿ĤÖϠÌĺÌûéĂáϠĜĤ¿ËéûéĤĺϠËÖĤĴÖÖĂϠ
XH*ĜϠЊĤæĉĨĜ¿ĂÒĜϠĉàϠÌĺÌûÖĜЋϠ¿ĂÒϠ51X+ĜϠ
ЊāéûûéĉĂĜϠĉàϠÌĺÌûÖĜЋ

 æÖϠÖĹ¿ÌĤϠāÖÌæ¿ĂéĜāϠéĜϠĉàĤÖĂϠĨĂøĂĉĴĂϠËĨĤϠ
ĤĺĕéÌ¿ûûĺϠ¿ĜÌĘéËÖÒϠĤĉϱ
ÅEéáæûĺϠĘÖĳÖĘĜéËûÖϠĜĨĘà¿ÌÖϠĉĘ
ÅHĂĤÖĘÌ¿û¿ĤéĉĂϠÌæ¿ĘáÖϠĤĘ¿ĂĜàÖĘϠĘÖ¿ÌĤéĉĂĜϠ
Å_ĉĤϠûéāéĤÖÒϠËĺϠĜĉûéÒЀĜĤ¿ĤÖϠÒéŃĨĜéĉĂ

S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738

Classificationof electrochemicalenergystoragemechanismsasa
functionof their characteristiccapacityandthe associated degree
of structural changesof the electrodes,reaction overpotential,
and kinetic limitations. Pseudocapacitivematerials operate at
short cycling times of about 10 s to 10 min while exhibiting
capacitiesassociatedwith intercalationmechanisms.
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qĜÖĨÒĉÌ¿ĕ¿ÌéĤ¿ĂÌÖ
The amount of charge stored/discharged in faradic 

processes corresponds to Faradays constant:

F = e ³ NA = 9.6485 ³104 C mol-1

Possibility of simultaneous high power and high energy 

density

Discharge curves between those of ideal batteries and ideal 

EDLCs

Electrochemical signal characteristic of Faradic processes 

and capacitive contributions can be present

Instead of using capacitance (F), it is better to use capacity 

(mAh):

ÅMost pseudocapacitive materials do not exhibit an 

ideally constant capacitance over the measured 

potential range

ÅCapacity provides a more compatible metric to 

compare with other materials

Characteristic electrochemical discharge and charge curves at a 

constant current densityfor capacitor-like processes (ideal EDLC) 

and battery-like processes (ideal LIB). 

S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738



9.12.2025 Neutrons for Sustainable Energy; Supercapacitors 13

S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738

 ĺĕÖĜϠĉàϠĕĜÖĨÒĉÌ¿ĕ¿ÌéĤ¿ĂÌÖϠЊ*ĺϠ+ĉĂĴ¿ĺЋ

For all types, the extent of reaction 
(x) depends linearly or almost 
linearly on the cell potential (Ecell)

Thus,leading to the thermodynamic 
definition of pseudocapacitance as 
ȹx/ȹEcell

Adsorption pseudocapacitance (A)

Redox pseudocapacitance (B)

Intercalation pseudocapacitance (C)

Mechanism illustrations and corresponding cyclic voltammograms of adsorption 

(A and D), redox (B and E), and intercalation (C and F) pseudocapacitance
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S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738

qĜÖĨÒĉÌ¿ĕ¿ÌéĤ¿ĂÌÖϠЂϠ¿ϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘЀûéøÖϠË¿ĤĤÖĘĺ϶ϴϠ
A growingtrend of reporting very high gravimetric capacitance values for materials that did not 
exhibit the electrochemical features indicative of pseudocapacitive materials

Stricter definition of pseudocapacitance:

 Brousse, B®langer, and Long (2015) - capacitance was nearly constant over a broad potential 
range 

 Simon and others -Extrinsic pseudocapacitance evolving from nanostructuring of otherwise 
battery-type materials, which exhibit Intercalation

Where l is the diffusion length, D is the diffusion coefficient, and td is the diffusion time

In addition, a large fraction of the redox sites lie at the interface in nanostructured materials,leading 
toa capacitor-like electrochemical response

 Costentin and Sav®ant - the electrochemical response is due to EDL formation at metallically 
conductive electrodes,or it is a combination of surface Faradaic and EDL processes in some 
pseudocapacitivematerials (e.g., hydrous RuO2 and MnO2), 

 Levi and Aurbach - mechanistic similarity between surface adsorption and ion intercalation 
(or ñsorptionò) into a host material
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5ĹĤĘéĂĜéÌϠ¿ĂÒϠéĂĤĘéĂĜéÌϠĕĜÖĨÒĉÌ¿ĕ¿ÌéĤ¿ĂÌÖ

Extrinsic pseudocapacitance:

ÅPseudocapacitive for thin films

ÅBecomes diffusion-controlled in 
bulk particle electrodes

Intrinsic pseudocapacitance:

ÅCapacitive behaviour over a wide 
range of particle sizes and 
dimensions

ÅNo detectablediffusion 
limitation in both thin film and 
bulk particle electrodes due to 
fast ion diffusion

Schematic representation and corresponding cyclic voltammograms of 

extrinsic and intrinsic pseudocapacitive materials.

S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738
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?ĘĉāϠ51X+ϠĤĉϠË¿ĤĤÖĘĺϱϠÒéŃÖĘÖĂÌÖĜϠéĂϠÖûÖÌĤĘĉÌæÖāéÌ¿ûϠĜéáĂ¿û

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

(b) Surface redox materials(e.g., MnO2 in 

neutral, aqueous media)

(d) Intercalation-type materials (e.g., lithium 

insertion in Nb2O5 in organic electrolytes)

(e) Intercalation-type materials showing broad 

but electrochemically reversible redox peaks 

(e.g., Ti3C2 in acidic, aqueous electrolytes)

(h) Typical battery-type material (e.g., LiFePO4)

S. Fleischmann et. al., Chem. Rev. 120 (2020) 6738



^¿éĂϠÌĉāĕĉĂÖĂĤĜϠ¿ĂÒϠā¿ĤÖĘé¿ûĜϠĉàϠéĂĤÖĘÖĜĤϠéĂϠ¿ϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘ
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Separator/

Different components yield different requirements:

Electrode ï Crucial for energy and power density 

(specific surface area and porosity, surface activity 

for pseudocapacitive, thermal and electronic 

conductivity) 

Electrolyte ï Crucial for power density, and a wide 

applicable potential window (ionic conductivity,  

thermal, chemical, and electrochemical stability, 

phase states, and dipole moment)

Separator/membrane ï Crucial for power density 

(ionic conductivity, wettability, porosity, chemical 

stability)

Current collector ï Chemical and electrochemical 

stability, electrical conductivity

A. Berrueta et al.: SCs: ElectricalCharacteristics, Modeling, Applications, and Future Trends    https://doi.org/10.1109/ACCESS.2019.2908558



9.12.2025 Neutrons for Sustainable Energy; Supercapacitors му

Carbon materials because:

ÅHigh specific surface area

ÅGood conductivity

ÅElectrochemical stability

ÅVariety of possible allotropes and structures

ÅChemical variety and functionalisation

Carbon allotropes:

ÅDiamond(sp3 hybridization)

ÅGraphite and graphene (sp2)

ÅFullerenes and nanotubes (sp2)

ÅAmorphous and non-graphitic carbon (sp3 + sp2)

Carbon-carbon bond angles 109.5̄, 120̄  or 180̄

a) Diamond, b) graphite, c) lonsdaleite, 

d) buckministerfulleren (C60), e) fulleren (C540), 

f) fulleren (C70), g) amorphous carbon, 

and h) single-walled nanotube
Wikimedia Commons, Eight allotropes of carbon, 

GNU Free Documentation License

xĨĕÖĘÌ¿ĕ¿ÌéĤĉĘϠÖûÖÌĤĘĉÒÖϠā¿ĤÖĘé¿ûĜϠЂϠāĉĜĤûĺϠÌ¿ĘËĉĂϠË¿ĜÖÒ



+¿ĘËĉĂϠā¿ĤÖĘé¿ûĜϠ¿ĜϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘϠÖûÖÌĤĘĉÒÖĜϠЀϠáĘ¿ĕæÖĂÖ
@Ę¿ĕæÖĂÖϱ

 EéáæϠĜĕÖÌéņÌϠĜĨĘà¿ÌÖϠ¿ĘÖ¿ϠЊĤæÖĉĘÖĤéÌ¿ûûĺϠĨĕϠĤĉϠ
ΘΜΙΖϠāΘϠá-ΗЋϠ

 5ĹÌÖĕĤéĉĂ¿ûûĺϠæéáæϠéĂЀĕû¿ĂÖϠÖûÖÌĤĘĉĂéÌϠ
ÌĉĂÒĨÌĤéĳéĤĺϠЂϠ
àĘÖÖϠæéáæЀāĉËéûéĤĺϠpϠÖûÖÌĤĘĉĂĜ

 5ûÖÌĤĘĉĂéÌϠÌĉĂÒĨÌĤéĳéĤĺϠĤÖāĕÖĘ¿ĤĨĘÖϠ
éĂÒÖĕÖĂÒÖĂĤ
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Graphene lattice (left) and graphene plates in vertical an electric field (right)

J.R. Miller et al. ElectrochimicaActa 56 (2011) 10443

1.42 Å

Single-layer graphene of interest for fundamental studies:
 Quantum capacitance - inverse of quantum 
capacitance is equal to the difference between the highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) states

M. D. Stoller et. al., Energy Environ. Sci., 4 (2011) 4685
HLQtot

111

CCC
+=The total capacitance of a one-sided and two-sided graphene calculated 

(middle) and experimentally measured (right) in 4 M H2SO4 electrolyte



+¿ĘËĉĂϠā¿ĤÖĘé¿ûĜϠ¿ĜϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘϠÖûÖÌĤĘĉÒÖĜϠЂϠ
Ì¿ĘËĉĂϠĂ¿ĂĉĤĨËÖĜ

XĉĴϠĜĕÖÌéņÌϠĜĨĘà¿ÌÖϠ¿ĘÖ¿ĜϠ

+¿ĕ¿ÌéĤ¿ĂÌÖϠā¿éĂûĺϠàĘĉāϠ51X

eĕÖĂЀÖĂÒÖÒϠàĉĘϠàĨûûϠĜĨĘà¿ÌÖϠ¿ÌÌÖĜĜ

°¿ûûϠĤæéÌøĂÖĜĜϠ¿ŃÖÌĤĜϠÌæ¿ĘáÖϠĜÌĘÖÖĂéĂá

?ĉĘϠæéáæÖĘĕĉĴÖĘϠÒÖĂĜéĤéÖĜϱ

 X¿ĘáÖĘϠÒé¿āÖĤÖĘϠĂ¿ĂĉĤĨËÖĜϠ

 eĕÖĂϠĉĨĤÖĘϠĜĨĘà¿ÌÖϠ

¤ĜÖÒϠéĂϠĕĘ¿ÌĤéÌÖϱ

 +ĉāĕĉĜéĤÖϠ¿ÒÒéĤéĳÖĜĤĉϠÖĂæ¿ĂÌÖϠ
ÒéŃĨĜéĉĂϠ¿ĂÒϠÌĉĂÒĨÌĤéĳéĤĺ

 ?ĨĂÌĤéĉĂ¿ûéĜÖÒϠ¿ûĤÖĘĂ¿ĤéĳÖĜ
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C. Masarapu et. al., ACS Nano 3, 8 (2009) 2199

Cyclic voltammetry of single-
walled carbon nanotubes at a 
very high scan rate with 1 M 
TEABF4 in PC electrolyte

Transmission electron 

microscopy (TEM) images of 

single-walled (left), multi-walled 

and close-ended (middle) and 

open-ended (right) carbon 

nanotubes 



+¿ĘËĉĂϠā¿ĤÖĘé¿ûĜϠ¿ĜϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘϠÖûÖÌĤĘĉÒÖĜϠЂϠ
Ì¿ĘËĉĂϠĉĂéĉĂĜ
xĕæÖĘéÌ¿ûϠĉĘϠĕĉûĺæÖÒĘ¿ûϠÌ¿ĘËĉĂϠĂ¿Ăĉĕ¿ĘĤéÌûÖĜϠĴéĤæϠàĨûûÖĘÖĂÖЀûéøÖϠ
ÒÖàÖÌĤéĳÖϠÌ¿ĘËĉĂϠĜæÖûûĜϠ

^ĉĜĤûĺϠĜā¿ûûÖĘϠĤæ¿ĂϠΗΖϠĂā

xĨĘà¿ÌÖϠ¿ĘÖ¿ĜϠĉàϠĨĕϠĤĉϠΜΖΖϠāΘϠá-ΗϱϠ
 ûĉĴϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠЊєΛΖϠ?Ϡá-ΗЋ

EéáæϠĕĉĴÖĘϠÒÖĂĜéĤéÖĜϠĤæĘĉĨáæϠÌ¿ĕ¿ÌéĤĺϠĘÖĤÖĂĤéĉĂϠ¿ĤϠæéáæϠĜÌ¿ĂϠĘ¿ĤÖĜ
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M. Zeiger et. al., J. Mater. Chem. A, 4 (2016) 3172

Visual representation of a cabon onion (upper) 
and TEM images of carbon onions (lower)

Capacitance values of carbon onions synthesised at diferent conditions



+¿ĘËĉĂϠā¿ĤÖĘé¿ûĜϠ¿ĜϠĜĨĕÖĘÌ¿ĕ¿ÌéĤĉĘϠÖûÖÌĤĘĉÒÖĜϠЂϠ
+¿ĘËéÒÖЀÒÖĘéĳÖÒϠÌ¿ĘËĉĂĜ
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5ĤÌæéĂáϠ¿Ĵ¿ĺϠĉàϠāÖĤ¿ûϠĉĘϠĂĉĂЀāÖĤ¿ûϰϠϰ̂Ϡ¿ĤĉāĜϠàĘĉāϠ
Ì¿ĘËéÒÖϰϠ¿̂+ϰϠĜĤĘĨÌĤĨĘÖϰϠ¿ĤϠæéáæϠĤÖāĕÖĘ¿ĤĨĘÖϠЊ²ϠΚΖΖϠ+̄ЋϠ
ûÖ¿ĳéĂáϠ¿ϠĕĨĘÖϠÌ¿ĘËĉĂϠā¿ĤÖĘé¿ûϰϠ+ϱ

qĉĜĜéËûÖϠĤĉϠĺéÖûÒϠæéáæϠĜĨĘà¿ÌÖϠ¿ĘÖ¿ϠЊĨĕϠĤĉϠΙΖΖΖϠāΘϠá-ΗЋϰ
æéáæϠĕĉĘĉĜéĤĺϰϠĂ¿ĘĘĉĴϠĕĉĘÖϠĜéĿÖϠÒéĜĤĘéËĨĤéĉĂϰϠ¿ĂÒϠ
ÌæÖāéÌ¿ûûĺϠĕĨĘÖϠÌ¿ĘËĉĂĜ

xĤĘĨÌĤĨĘ¿ûûĺϠÌ¿ĤÖáĉĘéĜÖÒϠ¿ĜϠЛÌĨĘĳÖÒϠáĘ¿ĕæÖĂÖĜМϰϠ
áĘ¿ĕæÖĂéÌϠÌ¿ĘËĉĂĜϠÖĤÌϯ

¤ĜÖÒϠĤĉϠĜæĉĴϠĤæÖϠéĂŇĨÖĂÌÖϠĉàϠĕĉĘÖϠĜéĿÖϠĉĂϠĤæÖϠ¿ĘÖ¿ûϠ
Ì¿ĕ¿ÌéĤ¿ĂÌÖϱ

 Ăĉā¿ûéĉĨĜϠéĂÌĘÖ¿ĜÖϠéĂϠÌ¿ĕ¿ÌéĤ¿ĂÌÖϠĴéĤæϠ
ÒÖÌĘÖ¿ĜÖÒϠĕĉĘÖϠĜéĿÖ

V. Presser et. al., Adv. Funct. Mater. 21(2011) 810


