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Supercapacitors: electricity storage devices
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• Also called Electrochemical Double Layer Capacitors

• Charge stored through adsorption of ions at the surface of electrode

• No redox reaction in the bulk material → different from batteries

• E = CU2
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Electrode materials
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• Commercial devices: carbon materials

• 1D, 2D, 3D materials

• Various porosities, surface area, chemical activation

• Efficiency measured with the capacitance

Simon & Gogotsi, Nature Materials 7, 845 (2008)
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Electrolytes

Need to find a good compromise between:

• Large electrochemical window

• High conductivity

• Good adsorption of ions on (porous) carbon materials

• Toxicity, safety...

Depending on the application:

• Ionic liquids

• Organic electrolytes (acetonitrile + organic salts)

• Aqueous electrolytes (inorganic salts)

• Solid electrolytes (ionic liquids + polymers)
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Supercapacitors in the electricity storage landscape

846 nature materials | VOL 7 | NOVEMBER 2008 | www.nature.com/naturematerials

REVIEW ARTICLE

pseudo-capacitive active materials. Hybrid capacitors, combining a 
capacitive or pseudo-capacitive electrode with a battery electrode, are 
the latest kind of EC, which bene!t from both the capacitor and the 
battery properties.

Electrochemical capacitors currently !ll the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). "ey 
store hundreds or thousands of times more charge (tens to hundreds 
of farads per gram) than the latter, because of a much larger surface 
area (1,000–2,000 m2 g–1) available for charge storage in EDLC. 
However, they have a lower energy density than batteries, and this 
limits the optimal discharge time to less than a minute, whereas 
many applications clearly need more9. Since the early days of EC 
development in the late 1950s, there has not been a good strategy 
for increasing the energy density; only incremental performance 
improvements were achieved from the 1960s to 1990s. "e impressive 
increase in performance that has been demonstrated in the past 
couple of years is due to the discovery of new electrode materials and 
improved understanding of ion behaviour in small pores, as well as 
the design of new hybrid systems combining faradic and capacitive 
electrodes. Here we give an overview of past and recent !ndings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

"e !rst patent describing the concept of an electrochemical capacitor 
was !led in 1957 by Becker9, who used carbon with a high speci!c 
surface area (SSA) coated on a metallic current collector in a sulphuric 
acid solution. In 1971, NEC (Japan) developed aqueous-electrolyte 
capacitors under the energy company SOHIO’s licence for power-
saving units in electronics, and this application can be considered as 
the starting point for electrochemical capacitor use in commercial 
devices9. New applications in mobile electronics, transportation 

(cars, trucks, trams, trains and buses), renewable energy production 
and aerospace systems10 bolstered further research.

MECHANISM OF DOUBLE-LAYER CAPACITANCE
EDLCs are electrochemical capacitors that store the charge 
electrostatically using reversible adsorption of ions of the electrolyte 
onto active materials that are electrochemically stable and have high 
accessible SSA. Charge separation occurs on polarization at the 
electrode–electrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C ord
  A

C/A d
  (1)

where r is the electrolyte dielectric constant, 0 is the dielectric 
constant of the vacuum, d is the e#ective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

"is capacitance model was later re!ned by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a di#use layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. "e double layer capacitance is between 5 and 20 µF cm–2 
depending on the electrolyte used11. Speci!c capacitance achieved 
with aqueous alkaline or acid solutions is generally higher than in 
organic electrolytes11, but organic electrolytes are more widely used as 
they can sustain a higher operation voltage (up to 2.7 V in symmetric 
systems). Because the energy stored is proportional to voltage squared 
according to

 E = ½ CV2 (2)

a three-fold increase in voltage, V, results in about an order of 
magnitude increase in energy, E, stored at the same capacitance.

As a result of the electrostatic charge storage, there is no faradic 
(redox) reaction at EDLC electrodes. A supercapacitor electrode must 
be considered as a blocking electrode from an electrochemical point 
of view. "is major di#erence from batteries means that there is no 
limitation by the electrochemical kinetics through a polarization 
resistance. In addition, this surface storage mechanism allows very 
fast energy uptake and delivery, and better power performance. 
"e absence of faradic reactions also eliminates the swelling in the 
active material that batteries show during charge/discharge cycles. 
EDLCs can sustain millions of cycles whereas batteries survive a few 
thousand at best. Finally, the solvent of the electrolyte is not involved 
in the charge storage mechanism, unlike in Li-ion batteries where it 
contributes to the solid–electrolyte interphase when graphite anodes 
or high-potential cathodes are used. "is does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to –40 °C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices su#er from a limited energy density. "is explains why 
today’s EDLC research is largely focused on increasing their energy 
performance and widening the temperature limits into the range 
where batteries cannot operate9.

HIGH SURFACE AREA ACTIVE MATERIALS
"e key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satis!es all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, !bres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2a–d. Activated carbons are the most widely used 
materials today, because of their high SSA and moderate cost.

Activated carbons are derived from carbon-rich organic 
precursors by carbonization (heat treatment) in inert atmosphere 
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Figure 1 Specific power against specific energy, also called a Ragone plot, for 
various electrical energy storage devices. If a supercapacitor is used in an electric 
vehicle, the specific power shows how fast one can go, and the specific energy 
shows how far one can go on a single charge. Times shown are the time constants of 
the devices, obtained by dividing the energy density by the power.

©!2008!Macmillan Publishers Limited.  All rights reserved.!

Intermediate performances between
conventional capacitors and Li-ion
batteries.

• High specific power

• Correct specific energy

• Rapid charge/discharge
(a few seconds)

• High cyclability
(1 million cycles)
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Tramway in Paris: braking energy is stored in a supercap (allows for a
traction of more than 100 m)
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Applications

• Peugeot 308 e-HDI: 5V supercapacitor

• Stop-start system → lower fuel consumption (-15 %)

• Also in Formula One: KERS
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Experimental discovery (Gogotsi & Simon)

http://nano.materials.drexel.eduD
ANOTECHNOLOGY

I
N
REXEL

NSTITUTE

D
ANOTECHNOLOGY

I
N
REXEL

NSTITUTE Carbide-Derived Carbon (CDC)
TiC(s) + 2Cl2(g) �TiCl4(g) + C(s)

Process Features
� Precise control over structure and pore size distribution in CDC
� Network of open pores
� Various forms: coatings, free standing monoliths and powder
� Numerous carbides can be used
� Linear kinetics (can be grown to a large thickness)

VSiC = VCDC

Etching Agent:
Cl2, F2 ,Br2, I2, 
HCl, HBr, HI

200-1200oC
Temperature:

Carbide 

2 nm

Carbide
Porosity = 0%

Carbide Derived Carbon

2 nm

Nanoporous Carbon
Porosity >50% 

Y. Gogotsi, S. Welz, D. Ersoy, M.J. McNallan, Nature, v. 411, p. 283 (2001); 
J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P.L. Taberna, P. Simon, Science, v. 313, p. 1760 (2006)
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(zone III) were !tted with equation (5). For micropores (<1 nm), it was 
assumed that ions enter a cylindrical pore and line up, thus forming 
the ‘electric wire in cylinder’ model of a capacitor. Capacitance was 
calculated from43

  ln
0

r 0 (6)/ =   (6)

where a0 is the e"ective size of the ion (desolvated). #is model 
perfectly matches with the normalized capacitance change versus 
pore size (zone I in Fig. 4). Calculations using density functional 
theory gave consistent values for the size, a0, for unsolvated NEt4

+ and 
BF4

– ions43.
#is work suggests that removal of the solvation shell is required 

for ions to enter the micropores. Moreover, the ionic radius a0 found 
by using equation (6) was close to the bare ion size, suggesting that 
ions could be fully desolvated. A study carried out with CDCs in a 

solvent-free electrolyte ([EMI+,TFSI–] ionic liquid at 60 °C), in which 
both ions have a maximum size of about 0.7 nm, showed the maximum 
capacitance for samples with the 0.7-nm pore size46, demonstrating 
that a single ion per pore produces the maximum capacitance (Fig. 5). 
#is suggests that ions cannot be adsorbed on both pore surfaces, in 
contrast with traditional supercapacitor models.

MATERIALS BY DESIGN
#e recent !ndings of the micropore contribution to the capacitive 
storage highlight the lack of fundamental understanding of the 
electrochemical interfaces at the nanoscale and the behaviour of 
ions con!ned in nanopores. In particular, the results presented 
above rule out the generally accepted description of the double 
layer with solvated ions adsorbed on both sides of the pore walls, 
consistent with the absence of a di"use layer in subnanometre 
pores. Although recent studies45,46 provide some guidance for 
developing materials with improved capacitance, such as elimination 
of macro- and mesopores and matching the pore size with the ion 
size, further material optimization by Edisonian or combinatorial 
electrochemistry methods may take a very long time. #e e"ects of 
many parameters, such as carbon bonding (sp versus sp2 or sp3), pore 
shape, defects or adatoms, are di$cult to determine experimentally. 
Clearly, computational tools and atomistic simulation will be 
needed to help us to understand the charge storage mechanism in 
subnanometre pores and to propose strategies to design the next 
generation of high-capacitance materials and material–electrolyte 
systems47. Recasting the theory of double layers in electrochemistry 
to take into account solvation and desolvation e"ects could lead to a 
better understanding of charge storage as well as ion transport in ECs 
and even open up new opportunities in areas such as biological ion 
channels and water desalination.

REDOX-BASED ELECTROCHEMICAL CAPACITORS

MECHANISM OF PSEUDO-CAPACITIVE CHARGE STORAGE
Some ECs use fast, reversible redox reactions at the surface of 
active materials, thus de!ning what is called the pseudo-capacitive 
behaviour. Metal oxides such as RuO2, Fe3O4 or MnO2 (refs 48, 49), 
as well as electronically conducting polymers50, have been extensively 
studied in the past decades. #e speci!c pseudo-capacitance exceeds 
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Figure 4 Specific capacitance normalized by SSA as a function of pore size for 
different carbon samples. All samples were tested in the same electrolyte (NEt4

+,BF4
– 

in acetonitrile; concentrations are shown in the key). Symbols show experimental 
data for CDCs, templated mesoporous carbons and activated carbons, and lines show 
model fits43. A huge normalized capacitance increase is observed for microporous 
carbons with the smallest pore size in zone I, which would not be expected in the 
traditional view. The partial or complete loss of the solvation shell explains this 
anomalous behaviour42. As schematics show, zones I and II can be modelled as an 
electric wire-in-cylinder capacitor, an electric double-cylinder capacitor should be 
considered for zone III, and the commonly used planar electric double layer capacitor 
can be considered for larger pores, when the curvature/size effect becomes negligible 
(zone IV). A mathematical fit in the mesoporous range (zone III) is obtained using 
equation (5). Equation (6) was used to model the capacitive behaviour in zone I, 
where confined micropores force ions to desolvate partially or completely44. A, B: 
templated mesoporous carbons; C: activated mesoporous carbon; D, F: microporous 
CDC; E: microporous activated carbon. Reproduced with permission from ref. 44. 
© 2008 Wiley.
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• CDC: narrow pore size distribution

• Increase of the capacitance by +50 %!

• Optimum when pore size = ion size

Chmiola et al., Science, 313, 1760 (2006)

Largeot et al., J. Am. Chem. Soc., 130, 2730 (2008)
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Challenges

Need for improvements:

• Increase of capacitance
→ design of new carbon materials

• Electrolytes with high potential window

• Electrolytes with high conductivity
at low temperature (-40◦C)
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pseudo-capacitive active materials. Hybrid capacitors, combining a 
capacitive or pseudo-capacitive electrode with a battery electrode, are 
the latest kind of EC, which bene!t from both the capacitor and the 
battery properties.

Electrochemical capacitors currently !ll the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). "ey 
store hundreds or thousands of times more charge (tens to hundreds 
of farads per gram) than the latter, because of a much larger surface 
area (1,000–2,000 m2 g–1) available for charge storage in EDLC. 
However, they have a lower energy density than batteries, and this 
limits the optimal discharge time to less than a minute, whereas 
many applications clearly need more9. Since the early days of EC 
development in the late 1950s, there has not been a good strategy 
for increasing the energy density; only incremental performance 
improvements were achieved from the 1960s to 1990s. "e impressive 
increase in performance that has been demonstrated in the past 
couple of years is due to the discovery of new electrode materials and 
improved understanding of ion behaviour in small pores, as well as 
the design of new hybrid systems combining faradic and capacitive 
electrodes. Here we give an overview of past and recent !ndings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

"e !rst patent describing the concept of an electrochemical capacitor 
was !led in 1957 by Becker9, who used carbon with a high speci!c 
surface area (SSA) coated on a metallic current collector in a sulphuric 
acid solution. In 1971, NEC (Japan) developed aqueous-electrolyte 
capacitors under the energy company SOHIO’s licence for power-
saving units in electronics, and this application can be considered as 
the starting point for electrochemical capacitor use in commercial 
devices9. New applications in mobile electronics, transportation 

(cars, trucks, trams, trains and buses), renewable energy production 
and aerospace systems10 bolstered further research.

MECHANISM OF DOUBLE-LAYER CAPACITANCE
EDLCs are electrochemical capacitors that store the charge 
electrostatically using reversible adsorption of ions of the electrolyte 
onto active materials that are electrochemically stable and have high 
accessible SSA. Charge separation occurs on polarization at the 
electrode–electrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C ord
  A

C/A d
  (1)

where r is the electrolyte dielectric constant, 0 is the dielectric 
constant of the vacuum, d is the e#ective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

"is capacitance model was later re!ned by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a di#use layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. "e double layer capacitance is between 5 and 20 µF cm–2 
depending on the electrolyte used11. Speci!c capacitance achieved 
with aqueous alkaline or acid solutions is generally higher than in 
organic electrolytes11, but organic electrolytes are more widely used as 
they can sustain a higher operation voltage (up to 2.7 V in symmetric 
systems). Because the energy stored is proportional to voltage squared 
according to

 E = ½ CV2 (2)

a three-fold increase in voltage, V, results in about an order of 
magnitude increase in energy, E, stored at the same capacitance.

As a result of the electrostatic charge storage, there is no faradic 
(redox) reaction at EDLC electrodes. A supercapacitor electrode must 
be considered as a blocking electrode from an electrochemical point 
of view. "is major di#erence from batteries means that there is no 
limitation by the electrochemical kinetics through a polarization 
resistance. In addition, this surface storage mechanism allows very 
fast energy uptake and delivery, and better power performance. 
"e absence of faradic reactions also eliminates the swelling in the 
active material that batteries show during charge/discharge cycles. 
EDLCs can sustain millions of cycles whereas batteries survive a few 
thousand at best. Finally, the solvent of the electrolyte is not involved 
in the charge storage mechanism, unlike in Li-ion batteries where it 
contributes to the solid–electrolyte interphase when graphite anodes 
or high-potential cathodes are used. "is does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to –40 °C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices su#er from a limited energy density. "is explains why 
today’s EDLC research is largely focused on increasing their energy 
performance and widening the temperature limits into the range 
where batteries cannot operate9.

HIGH SURFACE AREA ACTIVE MATERIALS
"e key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satis!es all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, !bres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2a–d. Activated carbons are the most widely used 
materials today, because of their high SSA and moderate cost.

Activated carbons are derived from carbon-rich organic 
precursors by carbonization (heat treatment) in inert atmosphere 
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Figure 1 Specific power against specific energy, also called a Ragone plot, for 
various electrical energy storage devices. If a supercapacitor is used in an electric 
vehicle, the specific power shows how fast one can go, and the specific energy 
shows how far one can go on a single charge. Times shown are the time constants of 
the devices, obtained by dividing the energy density by the power.
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Much research work to be done in materials and electrochemistry, but...

• Local structure of the liquid inside the nanopores is unknown

• Very difficult to probe it experimentally

→ Simulation can help!
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Challenges

Need for improvements:

• Increase of capacitance
→ design of new carbon materials

• Electrolytes with high potential window

• Electrolytes with high conductivity
at low temperature (-40◦C)
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pseudo-capacitive active materials. Hybrid capacitors, combining a 
capacitive or pseudo-capacitive electrode with a battery electrode, are 
the latest kind of EC, which bene!t from both the capacitor and the 
battery properties.

Electrochemical capacitors currently !ll the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). "ey 
store hundreds or thousands of times more charge (tens to hundreds 
of farads per gram) than the latter, because of a much larger surface 
area (1,000–2,000 m2 g–1) available for charge storage in EDLC. 
However, they have a lower energy density than batteries, and this 
limits the optimal discharge time to less than a minute, whereas 
many applications clearly need more9. Since the early days of EC 
development in the late 1950s, there has not been a good strategy 
for increasing the energy density; only incremental performance 
improvements were achieved from the 1960s to 1990s. "e impressive 
increase in performance that has been demonstrated in the past 
couple of years is due to the discovery of new electrode materials and 
improved understanding of ion behaviour in small pores, as well as 
the design of new hybrid systems combining faradic and capacitive 
electrodes. Here we give an overview of past and recent !ndings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

"e !rst patent describing the concept of an electrochemical capacitor 
was !led in 1957 by Becker9, who used carbon with a high speci!c 
surface area (SSA) coated on a metallic current collector in a sulphuric 
acid solution. In 1971, NEC (Japan) developed aqueous-electrolyte 
capacitors under the energy company SOHIO’s licence for power-
saving units in electronics, and this application can be considered as 
the starting point for electrochemical capacitor use in commercial 
devices9. New applications in mobile electronics, transportation 

(cars, trucks, trams, trains and buses), renewable energy production 
and aerospace systems10 bolstered further research.

MECHANISM OF DOUBLE-LAYER CAPACITANCE
EDLCs are electrochemical capacitors that store the charge 
electrostatically using reversible adsorption of ions of the electrolyte 
onto active materials that are electrochemically stable and have high 
accessible SSA. Charge separation occurs on polarization at the 
electrode–electrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C ord
  A

C/A d
  (1)

where r is the electrolyte dielectric constant, 0 is the dielectric 
constant of the vacuum, d is the e#ective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

"is capacitance model was later re!ned by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a di#use layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. "e double layer capacitance is between 5 and 20 µF cm–2 
depending on the electrolyte used11. Speci!c capacitance achieved 
with aqueous alkaline or acid solutions is generally higher than in 
organic electrolytes11, but organic electrolytes are more widely used as 
they can sustain a higher operation voltage (up to 2.7 V in symmetric 
systems). Because the energy stored is proportional to voltage squared 
according to

 E = ½ CV2 (2)

a three-fold increase in voltage, V, results in about an order of 
magnitude increase in energy, E, stored at the same capacitance.

As a result of the electrostatic charge storage, there is no faradic 
(redox) reaction at EDLC electrodes. A supercapacitor electrode must 
be considered as a blocking electrode from an electrochemical point 
of view. "is major di#erence from batteries means that there is no 
limitation by the electrochemical kinetics through a polarization 
resistance. In addition, this surface storage mechanism allows very 
fast energy uptake and delivery, and better power performance. 
"e absence of faradic reactions also eliminates the swelling in the 
active material that batteries show during charge/discharge cycles. 
EDLCs can sustain millions of cycles whereas batteries survive a few 
thousand at best. Finally, the solvent of the electrolyte is not involved 
in the charge storage mechanism, unlike in Li-ion batteries where it 
contributes to the solid–electrolyte interphase when graphite anodes 
or high-potential cathodes are used. "is does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to –40 °C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices su#er from a limited energy density. "is explains why 
today’s EDLC research is largely focused on increasing their energy 
performance and widening the temperature limits into the range 
where batteries cannot operate9.

HIGH SURFACE AREA ACTIVE MATERIALS
"e key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satis!es all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, !bres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2a–d. Activated carbons are the most widely used 
materials today, because of their high SSA and moderate cost.

Activated carbons are derived from carbon-rich organic 
precursors by carbonization (heat treatment) in inert atmosphere 
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Figure 1 Specific power against specific energy, also called a Ragone plot, for 
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Much research work to be done in materials and electrochemistry, but...

• Local structure of the liquid inside the nanopores is unknown

• Very difficult to probe it experimentally

→ Simulation can help!
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Simulation method: molecular dynamics

• System of N classical atoms/molecules interacting together

• Periodic boundary conditions

• Iterative integration of Newton’s equation

mi ∂
2~r i

∂t2
=
∑
j 6=i

~F j→i = −∂V
∂~r i

where V is the interaction potential

• Numerical resolution

• Trajectory of the atoms over several nanoseconds

• Determination of structural, thermodynamic and transport properties
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Electrolyte: coarse-grained model

BMI+: 1-butyl-3-methylimidazolium
→ 3 sites

PF−6 : hexafluorophosphate
→ 1 site

!"#$% &'()%

*+%

*,%

*-% .%

Site x y z M σi εi qi

(Å) (Å) (Å) (g.mol−1) (Å) (kJ.mol−1) (e)
C1 0 -0.527 1.365 67.07 4.38 2.56 0.4374
C2 0 1.641 2.987 15.04 3.41 0.36 0.1578
C3 0 0.187 -2.389 57.12 5.04 1.83 0.1848
A 0 0 0 144.96 5.06 4.71 -0.7800

Figure 1: Schematic representation of the coarse-grained model of [BMI][PF6]
and corresponding force-field parameters [21]. Site-site interaction energies
are given by the sum of a Lennard-Jones potential and coulombic interactions
uij(rij) = 4εij [(

σij

rij
)12 − (

σij

rij
)6]+

qiqj

4πε0rij
where rij is the distance between sites,

ε0 is the permittivity of free space and crossed parameters are calculated by
Lorentz-Berthelot mixing rules. The parameters for the carbon atoms of the
graphite electrodes are σC = 3.37 Å and εC = 0.23 kJ.mol−1 [28].

lar Dynamics in Electronic Continuum model provides a theoretical framework
for systematic accounting of the effects of electronic polarization through the
use of rescaled charges [26]. A recent publication describes a methodology to
calculate the scaling factor from DFT calculations of the electrostatic potential
in liquid phase configurations [27]. Van der Waals attraction and repulsion are
described using pairwise additive Lennard-Jones interactions. The parameters
of the coarse-grained model developed by Roy and coworkers [21] to represent
[BMI][PF6] are reminded in figure 1 along with a scheme of the ionic liquid. For
the graphite electrodes, potential parameters for carbon atoms were set equal
to σC = 3.37 Å and εC = 0.23 kJ.mol−1 following Cole et al. [28]. All the cross
parameters were obtained using the Lorentz-Berthelot mixing rules.

The electrodes are modelled following a method, developed by Siepmann
and Sprik [29], which consists in determining the charge on each electrode atom
at each MD step by requiring that the potential on this atom is constant and
equal to a specified value. The charges, represented by gaussian distributions

3

Interaction potential:

V =
∑
i ,j>i

[
4εij

(
(
σij
rij

)12 − (
σij
rij

)6

)
+

qiqj
rij

]

Roy & Maroncelli, J. Phys. Chem. B 114, 12629 (2010)

Merlet, Salanne & Rotenberg, J. Phys. Chem. C 116, 7687 (2012)
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Simulating constant voltage electrodes
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Porous electrodes: CDC model structures

sample, 1200 !C, was the only one with an average pore size
over 10 Å. It is likely that the absence of mesopores in the
models is related to the lack of partially graphitized structures
and is ultimately a result of the short-range nature of the
reactive potential.

The Connolly surface area was calculated for the models
using the chord-length distribution method described by Gelb
and Gubbins [24] with Lennard–Jones argon as a probe mole-
cule. The results of these calculations are shown in Fig. 6,
along with experimental BET and NLDFT estimates of the sur-
face area of Ti-CDCs measured using argon adsorption iso-
therms at 77 K by Dash et al. [3]. Since argon is below its
triple point at 77 K, the effective saturation vapor pressure
was taken as that of the supercooled liquid (i.e., Po ! 0.03 MPa)
in reducing the isotherms. The BET surface areas were calcu-
lated from the reduced isotherms using the standard graphi-

cal approach [22]. Only points on the isotherm that fell inside
the linear range of the BET plots were used in the analysis.

The Connolly surface area increased as the structural
ordering became more pronounced in the models. Likewise,
the surface areas calculated by the BET and NLDFT methods
increased as the ordering increasedwith chlorination temper-
ature. At the highest chlorination temperature and slowest
quench rate, the SSA for both the experimental samples and
models decreased. Thiswas a result of the increased structural
ordering which reduced the fraction of the total pore volume
distributed in small micropores that contribute significantly
to the total SSA, and it is consistent with a reduction in the
area under the small micropores region of the PSDs at slower
quench rates, as shown in Fig. 4. It is expected that this trend
will continue at chlorination temperatures well above 1200 !C,
until the porous features vanish due to graphitization.

Fig. 3 – Comparison of experimental HRTEM images (left column), simulated HRTEM images (center column) and snapshots of
the model structures (right column). Each images has been scaled such that the edge length corresponds to 4 nm. (A) HRTEM
images of Ti-CDC synthesized at 600 !C and QMD structure quenched at 64x, respectively. (B) Same as (A) except for 800 !C
and 8x. (C) Same as (A) except for 1200 !C and 1x.
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FIGURE 22 – Comparaison de l’image de microscopie reconstruite (au milieu) à partir des systèmes
simulés (à droite) avec l’image obtenue expérimentalement pour le matériau réel (à gauche). Figure
extraite de l’article de Palmer et coll. (Carbon, 48, 1116 (2010)).

teurs, qui ont réussi à générer des structures réalistes. Ils ont pour cela effectué des simulations de
dynamique moléculaire employant un champ de force “réactif” (Reax-FF), c’est-à-dire qui permet la
rupture/formation de liaisons, pour le carbone. Partant du liquide à très haute température, le système
a été refroidi avec des vitesses de refroidissement variées, ce qui permet d’aboutir à des structures fi-
nales différentes 50. En comparant les distributions de taille de pores, les isothermes d’adsorption BET
et la structure fine des carbones, Palmer et coll. ont pu établir une correspondance entre la vitesse de
refroidissement en simulation et la température de chloration expérimentale. Ceci est illustré sur la
figure 22, sur laquelle l’image de microscopie reconstruite à partir des systèmes simulés est comparée

50. J.C. Palmer et coll. (Carbon, 48, 1116 (2010)

49

sample, 1200 !C, was the only one with an average pore size
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quench rate, the SSA for both the experimental samples and
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FIGURE 22 – Comparaison de l’image de microscopie reconstruite (au milieu) à partir des systèmes
simulés (à droite) avec l’image obtenue expérimentalement pour le matériau réel (à gauche). Figure
extraite de l’article de Palmer et coll. (Carbon, 48, 1116 (2010)).

teurs, qui ont réussi à générer des structures réalistes. Ils ont pour cela effectué des simulations de
dynamique moléculaire employant un champ de force “réactif” (Reax-FF), c’est-à-dire qui permet la
rupture/formation de liaisons, pour le carbone. Partant du liquide à très haute température, le système
a été refroidi avec des vitesses de refroidissement variées, ce qui permet d’aboutir à des structures fi-
nales différentes 50. En comparant les distributions de taille de pores, les isothermes d’adsorption BET
et la structure fine des carbones, Palmer et coll. ont pu établir une correspondance entre la vitesse de
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50. J.C. Palmer et coll. (Carbon, 48, 1116 (2010)

49

sample, 1200 !C, was the only one with an average pore size
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using the chord-length distribution method described by Gelb
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• Obtained from quenching a liquid carbon (ReaxFF)

• Different quenching rates: changes in the pore shape
and size distribution

• Mimics CDC structures obtained at different temperatures

Palmer et al., Carbon 48, 1116 (2010)
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Example of trajectory

Loading movie

Simulation cell with 2-Dimensional periodic boundary conditions

M. Salanne (Maison de la Simulation) Modelling of supercapacitors October 15th, 2014 14 / 23


movie1_1200_q0.mpg
Media File (video/mpeg)



Increase of the capacitance in nanoporous carbons

29 F/g 

87 F/g 

Effect of 
confinement 

Merlet et al., Nature Materials, 11, 306 (2012)
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Superionic state
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Like-like ions interactions screened by the metallic walls
→ superionic state

Merlet et al., Nature Materials, 11, 306 (2012)
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NMR experiments on supercapacitors

MAS-NMR
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Figure 2 | Boron-11 NMR spectra of soaked electrodes. a–e, 11B MAS-NMR
spectra of BF4− in crystalline TEABF4 (a), in carbon A (b,d, in blue) and B
(c,e, in green) soaked with electrolyte, plotted with their fitted models in
red in a–c. These spectra have been fitted with four lines, corresponding to:
solid-like (pink, no shift) and liquid-like or free BF4− (cyan, no shift), both
outside the space between the graphene layers; BF4− in type I sites,
between graphene layers (shifted by −6 ppm, dark blue) and in type II sites
(purple, shifted by −5 ppm). The parameters of the 11B solid-like line have
been obtained from the spectrum of the solid TEABF4 salt (a),
characterized by a quadrupolar interaction with Cq = 24.3 kHz and η =0.

side of the spectrum (by around−5 ppm), indicating that very little

BF4
−
is found in environments corresponding to shifts of −3 ppm

(the type II environment for TEA
+
or ACN). Solvated BF4

−
is

bulkier than ACN or even TEA
+
, which may also lose its solvation

shell more easily, confirming that the type II sites preferentially

accommodate the smaller ACN.

In soaked carbon B, a larger proportion of BF4
−

is found

adsorbed in type I sites (13.5% of all BF4
−
) and in type II

sites (13.2%) than in carbon A. It has a similar proportion of

TEA
+
in type I (41%) but a lesser proportion in type II (4.8%).

Therefore, the cationic excess between graphene layers is smaller,

and, as expected, a smaller proportion of solid BF4
−

(48.3%,

ensuring the local electroneutrality) is found. This difference

may be explained by the disordered texture of the graphene

layers in carbon B, which may be responsible for its ability to

accommodate BF4
−

anions, although the exact mechanism is

still unknown.

First polarization cycle and state of electrolyte species

In a second step, the supercapacitors were charged until the

desired voltage is obtained and kept in floating conditions

for 30min. The carbon powders of each electrode were then

separated from the current collector, dried for 15min under

nitrogen and analysed by NMR. As we proved a relatively low

Table 2 | Percentages of BF4− species in each site from the 11B
NMR spectra presented in Fig. 2.

Solid (%) Free (%) Type II (%) Type I (%)

Carbon A 63.5 21.5 7.7 7.3
Carbon B 48.3 25.1 13.2 13.5

self-discharge (see introduction in Supplementary Information),

the disequilibrium between cationic and anionic concentrations

(that is, the ionic charge) in each electrode was frozen at that stage.

Although floating at voltage values higher than 2.7 V is expected

to lead to the electrolyte degradation
32
, the capacitors were also

tested at 3.3 and 4.0 V, to gain insight into what happens outside

this stability window.

To understand the initial state of electrolyte molecules inside

the electrodes at 0 V, supercapacitors with carbon A and B were

prepared and the
13
C and

11
B NMR spectra (Fig. 4) were recorded

before polarization or after a 2.3 V/30min and 0V/30min cycle

(that is, after a charge–discharge cycle). For carbon A, the peaks’

positions are identical (Fig. 4a–d), both for
13
C and

11
B NMR,

and all the expected resonances are shifted by −6 ppm compared

with the spectrum of the electrolyte solution alone (Supplementary

Fig. S2), indicating that all of the species are able to enter the

graphene interlayer space after the introduction of the electrolyte.

This is expected as the amount of electrolyte was adjusted to

fill the electrode porosity. Interestingly, the
11
B NMR peaks are

broader before the charge, which might indicate a greater mobility

or less disorder for the BF4
−
anions after a charge–discharge cycle.

This effect is not observed as markedly by
13
C NMR, indicating

that it might result from changes in the mobility, which affect

the quadrupolar
11
B spins and not the ethyl groups of TEA

+
,

rather than from structural disorder alone (resulting in a broader

distribution of chemical shifts).

Interestingly, in the more disordered carbon B, without a

charge–discharge cycle, none of the electrolyte species can be

found between graphene layers, seeming instead to be located in

type II sites (Fig. 4e,f). The type I sites of the graphene interlayer

space seem to become accessible for the electrolyte species only

after applying a voltage. Subsequent charge–discharge cycles do

not give rise to any change in NMR spectra and this opening

phenomenon seems to be irreversible. We expect the space between

graphene layers to become accessible only when a voltage is applied,

with cations and anions entering it during the first charge. When

this supercapacitor is discharged for the first time, the space

between graphene layers remains occupied by electrolyte species,

with an equal proportion of cations and anions (Fig. 4g,h). This

could be related to the electrochemical activation phenomenon,

where charging induces an irreversible increase in the accessible

nanoporosity and the associated capacitance
33
. In contrast, for the

nanoporous carbon electrode powders, which have been submitted

to a 10
−2

mbar pressure at 120
◦
C before the soaking stage, this

phenomenon is not observed; the electrolyte species managed to

enter the nanoporosity of carbon B, highlighting also the role

that previously adsorbed gases (such as argon from the glove

box) and wettability issues may somehow have in blocking the

nanoporosity in some carbons and not in others. Hence, in the case

of non-degassed carbon B, NMR demonstrates that the electrolyte

can also enter the graphene interlayer space provided that a first

charge–discharge cycle is realized.

Although the previously mentioned opening phenomenon is

irreversible and the space between graphene layers remains filled

with electrolyte species, the reversibility of the individual adsorption

of cations or anions was checked by discharging the supercapacitor

at 0 V after polarization at +2.3 V and polarizing it again at −2.3 V:

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 3
©!2013!Macmillan Publishers Limited.  All rights reserved.!

• Several adsorption modes

in situ NMR

19272 dx.doi.org/10.1021/ja2072115 |J. Am. Chem. Soc. 2011, 133, 19270–19273

Journal of the American Chemical Society COMMUNICATION

solution in Figure 1. Importantly, the results indicate that most of
the BF4

! ions are located in the vicinity of the carbon, probably
due to the limited volume of the plastic bags (and thus electro-
lyte). As the voltage increased from 0 to 2 V, the high- and low-
frequency peaks appeared to merge, and at 2 V, only one
resonance, with a shoulder to lower frequency, can be seen.

In the cell design shown in Figure 2a, NMR signals from both
electrodes of the supercapacitor are investigated simultaneously,
and it is not clear how to separate the resonances associated with
the different electrodes. To address this, a second design was
used where the electrodes are no longer facing each other but
rather are sheared so that they are separated by a 4 mm gap
(Figure 2b). This configuration allows the NMR spectra of the
individual electrodes to be monitored separately by placing only
one electrode inside the NMR coil. The 11B in situ NMR spectra
of the supercapacitor charged from 0 to 2 V and charged from
0 to !2 V (Figure 4a!c) now show the individual spectra of
the positive and negative electrodes. At 0 V, the same three
electrolyte features are again identified: strongly bound ions,
weakly bound ions, and free electrolyte. The free electrolyte peak
is slightly more intense in this design, presumably because
the larger bag used in this experiment means that more electro-
lyte can be added. As this resonance overlaps strongly with the
weakly bound ion peak (i.e., from the ions nearby the carbon), its
relative amount is difficult to quantify accurately. All the resonances
are shifted by ∼4.4 ppm compared with the sorption study,
including the free electrolyte peak, which we ascribe to bulk
susceptibility effects associated with the orientation of the carbon
and bag geometry (with respect to the magnetic field) used in this
experiment, as discussed in the SI. As shown in the SI, small
variations in the relative concentrations of the different peaks and
their shifts are noted fromexperiment to experiment, but the results
described here are consistent from one experiment to the next.
Compared with the normal supercapacitors (Figure 3), the “long”
capacitors require a much longer time for the current to reach
equilibrium after the applied potential has been changed (see SI).

On charging from 0 to +2 V, the signal at lower frequencies
becomes narrower and moves to higher frequencies toward the
peak that was previously assigned to the weakly bound ions
(Figure 4a). This is consistent with the results of the normal cell
design. The peak assigned to the weakly bound ions becomes
narrower. A different behavior is observed when charging from
0 to!2 V (Figure 4b). Most noticeable is the loss in intensity of
the resonance due to the strongly bound ions (below !0.5 V)
and its gradual shift to higher frequency. This resonance can no
longer be observed at!2 V. Again the peak at higher frequencies
becomes narrower but now also shifts to lower frequency, so that
at!2 V a sharper, more Lorentzian line shape is observed. A plot

of the total integrated signal intensity shows, as expected, a steady
decrease in BF4

! concentration from +2 to !2 V.
T1 relaxation times were measured in a separate experiment.

The spin!lattice relaxation time of the strongly bound BF4
! ions

decreased from 2.1 to 0.3 s as the voltage was increased from!2
to 2 V (Figure 5). This noticeable decrease in relaxation time is
assigned to increased anion!carbon interactions at positive
potentials and possibly effects due to changes in the density of
states at the Fermi level of carbon, due to injection of (positive)
charge. The weakly bound ions are affected by the applied voltage
(5.0 s at !2 V, 0.5 s at +2 V), showing that the influence of the
carbon on the relaxation behavior is not restricted to the first

Figure 3. In situ 11B static NMR spectra of a normal YP-17 super-
capacitor held at different voltages. In this experiment, both electrodes
were placed inside the NMR coil, as illustrated in Figure 2a.

Figure 4. In situ 11B static NMR spectra of a “long” YP-17 supercapacitor
held at different voltages. In these experiments, only one electrode is placed
inside the NMR coil (see Figure 2b): (a) supercapacitor charged from 0 to
2 V (positive electrode), (b) supercapacitor charged from 0 to !2 V
(negative electrode), (c) stacked plot of panels a and b, and (d) integrated
areas of the spectra in panels a and b as a function of applied voltage.

• Evolution with applied potential

Deschamps et al., Nature Materials 11, 306 (2013)

Wang et al., J. Am. Chem. Soc. 133, 19270 (2011)
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NMR experiments on supercapacitors

MAS-NMR
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Figure 2 | Boron-11 NMR spectra of soaked electrodes. a–e, 11B MAS-NMR
spectra of BF4− in crystalline TEABF4 (a), in carbon A (b,d, in blue) and B
(c,e, in green) soaked with electrolyte, plotted with their fitted models in
red in a–c. These spectra have been fitted with four lines, corresponding to:
solid-like (pink, no shift) and liquid-like or free BF4− (cyan, no shift), both
outside the space between the graphene layers; BF4− in type I sites,
between graphene layers (shifted by −6 ppm, dark blue) and in type II sites
(purple, shifted by −5 ppm). The parameters of the 11B solid-like line have
been obtained from the spectrum of the solid TEABF4 salt (a),
characterized by a quadrupolar interaction with Cq = 24.3 kHz and η =0.

side of the spectrum (by around−5 ppm), indicating that very little

BF4
−
is found in environments corresponding to shifts of −3 ppm

(the type II environment for TEA
+
or ACN). Solvated BF4

−
is

bulkier than ACN or even TEA
+
, which may also lose its solvation

shell more easily, confirming that the type II sites preferentially

accommodate the smaller ACN.

In soaked carbon B, a larger proportion of BF4
−

is found

adsorbed in type I sites (13.5% of all BF4
−
) and in type II

sites (13.2%) than in carbon A. It has a similar proportion of

TEA
+
in type I (41%) but a lesser proportion in type II (4.8%).

Therefore, the cationic excess between graphene layers is smaller,

and, as expected, a smaller proportion of solid BF4
−

(48.3%,

ensuring the local electroneutrality) is found. This difference

may be explained by the disordered texture of the graphene

layers in carbon B, which may be responsible for its ability to

accommodate BF4
−

anions, although the exact mechanism is

still unknown.

First polarization cycle and state of electrolyte species

In a second step, the supercapacitors were charged until the

desired voltage is obtained and kept in floating conditions

for 30min. The carbon powders of each electrode were then

separated from the current collector, dried for 15min under

nitrogen and analysed by NMR. As we proved a relatively low

Table 2 | Percentages of BF4− species in each site from the 11B
NMR spectra presented in Fig. 2.

Solid (%) Free (%) Type II (%) Type I (%)

Carbon A 63.5 21.5 7.7 7.3
Carbon B 48.3 25.1 13.2 13.5

self-discharge (see introduction in Supplementary Information),

the disequilibrium between cationic and anionic concentrations

(that is, the ionic charge) in each electrode was frozen at that stage.

Although floating at voltage values higher than 2.7 V is expected

to lead to the electrolyte degradation
32
, the capacitors were also

tested at 3.3 and 4.0 V, to gain insight into what happens outside

this stability window.

To understand the initial state of electrolyte molecules inside

the electrodes at 0 V, supercapacitors with carbon A and B were

prepared and the
13
C and

11
B NMR spectra (Fig. 4) were recorded

before polarization or after a 2.3 V/30min and 0V/30min cycle

(that is, after a charge–discharge cycle). For carbon A, the peaks’

positions are identical (Fig. 4a–d), both for
13
C and

11
B NMR,

and all the expected resonances are shifted by −6 ppm compared

with the spectrum of the electrolyte solution alone (Supplementary

Fig. S2), indicating that all of the species are able to enter the

graphene interlayer space after the introduction of the electrolyte.

This is expected as the amount of electrolyte was adjusted to

fill the electrode porosity. Interestingly, the
11
B NMR peaks are

broader before the charge, which might indicate a greater mobility

or less disorder for the BF4
−
anions after a charge–discharge cycle.

This effect is not observed as markedly by
13
C NMR, indicating

that it might result from changes in the mobility, which affect

the quadrupolar
11
B spins and not the ethyl groups of TEA

+
,

rather than from structural disorder alone (resulting in a broader

distribution of chemical shifts).

Interestingly, in the more disordered carbon B, without a

charge–discharge cycle, none of the electrolyte species can be

found between graphene layers, seeming instead to be located in

type II sites (Fig. 4e,f). The type I sites of the graphene interlayer

space seem to become accessible for the electrolyte species only

after applying a voltage. Subsequent charge–discharge cycles do

not give rise to any change in NMR spectra and this opening

phenomenon seems to be irreversible. We expect the space between

graphene layers to become accessible only when a voltage is applied,

with cations and anions entering it during the first charge. When

this supercapacitor is discharged for the first time, the space

between graphene layers remains occupied by electrolyte species,

with an equal proportion of cations and anions (Fig. 4g,h). This

could be related to the electrochemical activation phenomenon,

where charging induces an irreversible increase in the accessible

nanoporosity and the associated capacitance
33
. In contrast, for the

nanoporous carbon electrode powders, which have been submitted

to a 10
−2

mbar pressure at 120
◦
C before the soaking stage, this

phenomenon is not observed; the electrolyte species managed to

enter the nanoporosity of carbon B, highlighting also the role

that previously adsorbed gases (such as argon from the glove

box) and wettability issues may somehow have in blocking the

nanoporosity in some carbons and not in others. Hence, in the case

of non-degassed carbon B, NMR demonstrates that the electrolyte

can also enter the graphene interlayer space provided that a first

charge–discharge cycle is realized.

Although the previously mentioned opening phenomenon is

irreversible and the space between graphene layers remains filled

with electrolyte species, the reversibility of the individual adsorption

of cations or anions was checked by discharging the supercapacitor

at 0 V after polarization at +2.3 V and polarizing it again at −2.3 V:

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 3
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• Several adsorption modes

in situ NMR
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solution in Figure 1. Importantly, the results indicate that most of
the BF4

! ions are located in the vicinity of the carbon, probably
due to the limited volume of the plastic bags (and thus electro-
lyte). As the voltage increased from 0 to 2 V, the high- and low-
frequency peaks appeared to merge, and at 2 V, only one
resonance, with a shoulder to lower frequency, can be seen.

In the cell design shown in Figure 2a, NMR signals from both
electrodes of the supercapacitor are investigated simultaneously,
and it is not clear how to separate the resonances associated with
the different electrodes. To address this, a second design was
used where the electrodes are no longer facing each other but
rather are sheared so that they are separated by a 4 mm gap
(Figure 2b). This configuration allows the NMR spectra of the
individual electrodes to be monitored separately by placing only
one electrode inside the NMR coil. The 11B in situ NMR spectra
of the supercapacitor charged from 0 to 2 V and charged from
0 to !2 V (Figure 4a!c) now show the individual spectra of
the positive and negative electrodes. At 0 V, the same three
electrolyte features are again identified: strongly bound ions,
weakly bound ions, and free electrolyte. The free electrolyte peak
is slightly more intense in this design, presumably because
the larger bag used in this experiment means that more electro-
lyte can be added. As this resonance overlaps strongly with the
weakly bound ion peak (i.e., from the ions nearby the carbon), its
relative amount is difficult to quantify accurately. All the resonances
are shifted by ∼4.4 ppm compared with the sorption study,
including the free electrolyte peak, which we ascribe to bulk
susceptibility effects associated with the orientation of the carbon
and bag geometry (with respect to the magnetic field) used in this
experiment, as discussed in the SI. As shown in the SI, small
variations in the relative concentrations of the different peaks and
their shifts are noted fromexperiment to experiment, but the results
described here are consistent from one experiment to the next.
Compared with the normal supercapacitors (Figure 3), the “long”
capacitors require a much longer time for the current to reach
equilibrium after the applied potential has been changed (see SI).

On charging from 0 to +2 V, the signal at lower frequencies
becomes narrower and moves to higher frequencies toward the
peak that was previously assigned to the weakly bound ions
(Figure 4a). This is consistent with the results of the normal cell
design. The peak assigned to the weakly bound ions becomes
narrower. A different behavior is observed when charging from
0 to!2 V (Figure 4b). Most noticeable is the loss in intensity of
the resonance due to the strongly bound ions (below !0.5 V)
and its gradual shift to higher frequency. This resonance can no
longer be observed at!2 V. Again the peak at higher frequencies
becomes narrower but now also shifts to lower frequency, so that
at!2 V a sharper, more Lorentzian line shape is observed. A plot

of the total integrated signal intensity shows, as expected, a steady
decrease in BF4

! concentration from +2 to !2 V.
T1 relaxation times were measured in a separate experiment.

The spin!lattice relaxation time of the strongly bound BF4
! ions

decreased from 2.1 to 0.3 s as the voltage was increased from!2
to 2 V (Figure 5). This noticeable decrease in relaxation time is
assigned to increased anion!carbon interactions at positive
potentials and possibly effects due to changes in the density of
states at the Fermi level of carbon, due to injection of (positive)
charge. The weakly bound ions are affected by the applied voltage
(5.0 s at !2 V, 0.5 s at +2 V), showing that the influence of the
carbon on the relaxation behavior is not restricted to the first

Figure 3. In situ 11B static NMR spectra of a normal YP-17 super-
capacitor held at different voltages. In this experiment, both electrodes
were placed inside the NMR coil, as illustrated in Figure 2a.

Figure 4. In situ 11B static NMR spectra of a “long” YP-17 supercapacitor
held at different voltages. In these experiments, only one electrode is placed
inside the NMR coil (see Figure 2b): (a) supercapacitor charged from 0 to
2 V (positive electrode), (b) supercapacitor charged from 0 to !2 V
(negative electrode), (c) stacked plot of panels a and b, and (d) integrated
areas of the spectra in panels a and b as a function of applied voltage.

• Evolution with applied potential

Deschamps et al., Nature Materials 11, 306 (2013)

Wang et al., J. Am. Chem. Soc. 133, 19270 (2011)
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A variety of adsorption sites
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Evolution with applied potential
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• Counter-ions migrate in confined sites...

• ... While other ions (and the solvent) leave them
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Impact of local morphology on supercapacitor properties
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Merlet et al., Nature Communications, 4, 2701 (2013)
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Desolvation of ions in nanoporous carbons

Distributions of solvation numbers for ACN-[BMI][PF6] in a positive electrode

In the main text, we defined four types of coordination sites according to the number of

carbon atoms coordinating the ions. The sites with the highest carbon CNs correspond to

ions with low solvation numbers.
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FIG. 3: Distributions of solvation numbers around anions in the bulk and in the positive elec-

trode (+ 0.5 V) for ACN-[BMI][PF6]. For the various environments defined in the main text, the

distributions are distinct.
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Distributions of solvation numbers for ACN-[BMI][PF6] in a positive electrode

In the main text, we defined four types of coordination sites according to the number of

carbon atoms coordinating the ions. The sites with the highest carbon CNs correspond to

ions with low solvation numbers.
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Conclusion & Perspectives

• Simulations performed at constant applied potential

• Realistic structures of CDCs

• Nanoporous carbons:
-screening by the metallic walls → superionic state
-absence of overscreening due to confinement → better efficiency
-role of the local morphology

• Simulations of charge/discharge processes

• Influence of the ionic sizes (development of new models)

• Porous carbon structure (evaluation of new models)

• Ionic liquids dissolved in other solvents
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