1

The electronic side of the double-layer: Impact on diagnostics and
improvement of carbon double layer electrodes.
R. Kötz, M. Hahn, O. Barbieri, J.-C. Sauter, R. Gallay*
Paul Scherrer Institut, CH-5232 Villigen, Switzerland
* Maxwell Technologies SA, CH-1728 Rossens, Switzerland

Introduction
In order to bring supercapacitors to the market and make them an indispensable
element among energy storage devices, manufacturers and developers try to
improve the performance of supercapacitors in terms of energy and power
density. One measure toward a better performance is the increase of the nominal
voltage U of the supercapacitor. As U2 affects both energy and power the
increase of the available potential window would be a very effective step.
In addition an increased capacitance will also improve the energy density. Larger
capacitance can be achieved by an increased specific surface area of the active
material as well as by an increased specific double layer capacitance.
Taking a typical value of the double layer capacitance (DLC) of a metal, 20 - 30
µF/cm2, and a surface area of activated carbon of 2000 m2/g a specific
capacitance of 400 - 600 F/g should be achievable. Typical values achieved
today, however are around 100 F/g when using organic electrolytes. Several
authors investigated reasons for the relatively small specific capacitance of
today’s real supercapacitor electrodes in non-aqueous electrolytes. It was found
that the specific double layer capacitance may be significantly smaller than
expected /1/ and that part of the BET surface area is not accessible to the
electrolyte, because the pore size distribution may not match the size of the
available anions or cations /2/.
In fact, available data for the double layer capacitance of various carbons vary
between 1 and 100 µF/cm2. For activated carbons a DLC was reported between
5 and 20 µF/cm2 when related to the measured BET surface area of the
respective carbon /3/. Similar values were reported also for organic, aprotic
electrolytes /4, 5/. In order to fit the experimental data for activated carbon fibers
in aqueous electrolyte Shi /1/ assumed a DLC of 14.5 µF/cm2 for micropores and
a DLC of 7.5 µF/cm2 for external surface.
In contrast to an ideal capacitor with a constant capacitance independent of the
state of charge, a typical electrochemical double layer capacitor exhibits a
potential dependent capacitance. In addition to the absolute number of the DLC
of activated carbons the potential dependence of the DLC is of significant
importance for the performance of a double layer capacitor. Cyclic
voltammograms for carbon based double layer capacitor electrodes measured by
various authors exhibit a pronounced potential dependence of the capacitance,
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which has been explained by the presence of surface functional groups
(especially in aqueous electrolytes) or other pseudo capacitance, or by a
potential dependent accessibility of pores.
In the present contribution we report about simultaneous in situ measurements of
the potential dependent capacitance of a real AC based double layer electrode in
organic electrolyte and of the potential dependent electronic conductance of the
very same electrode /6/.
Experimental
The electrode material used was a commercial PTFE-bound activated carbon
with a BET-surface of 1050 m2/g. A solution of 1 mol/l Et4NBF4 in acetonitrile was
employed as the electrolyte.
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Fig. 1: 3-D view of the electrode arrangement in the measuring cell. The counter
electrode (CE) is mounted at the bottom of an electrolyte container (not shown).
The sample (S) is clamped between two gold wires (a, b). After assembling the
cell is filled with the electrolyte solution through an additional opening in the lid
(L).
The cover of the electrochemical cell with integrated sample holder is shown in
Figure 1. Its essential part consists of two gold wires clamping a small electrode
sample (2 mm in diameter, 0.6 mm thick). The sample is immersed into the
electrolyte solution, and stepwise electrochemically charged against a counter
electrode made from the same material and placed below the sample on the
bottom of the electrolyte container. Since the counter electrode is much larger
than the sample, its potential is effectively pinned upon charging. Thus the
electrode potential, U, can be directly recorded with respect to the counter
electrode, whose potential is considered to be the pzc.
At each potential step both, the electronic conductance across the sample and
the electrochemical impedance between the sample and the counter electrode
are measured.
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The electronic conductance, L = i/Uab, is determined by applying a small dccurrent, i, across the sample and measuring the corresponding potential drop,
Uab (some mV), between the two wires (a and b in Fig. 1).
The capacitance, C, is calculated from the imaginary part, Zim, of the
electrochemical impedance at a frequency f = 10 mHz, according to C = 1/(2pfZim).

Results and Discussion
The cyclic voltammogram of a single commercial PTFE-bound activated carbon
based double layer capacitor electrode in 1M Et4NBF4 in acetonitrile is shown in
figure 2a. The potential is referenced versus the potential of zero charge. The CV
exhibits a clear “butterfly” shape with a capacitance minimum at the pzc and
increasing capacitance toward positive and negative charging.
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Fig. 2 (a) Cyclic voltammogram of a single activated carbon electrode. The
measuring device used is shown in Fig. 1. (b) Cyclic voltammogram of the
complete DLC device, consisting of two equal-sized electrodes. For both
diagrams, the current is normalized to the dry carbon mass of the single
electrode and of the device, respectively, and the sweep rate of 10 mV/s.
Electrolyte: 1mol/l Et4NBF4 in acetonitrile.
The fact that the shape of the CV is nearly symmetrical around the pzc indicates
that the pore structure of the material is designed for anion as well as cation
transport. The consequence of such an electrode characteristic for the capacitor
performance is demonstrated in figure 1b, where the CV of the 2-electrode
arrangement of the above electrode material is shown. The specific capacitance
of the capacitor is 1/4 of the capacitance of the single electrode and increases
from the discharged state towards the charged state by almost a factor of 2. This
behavior is also observed for commercial capacitors during constant current
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charge/discharge tests. During such tests the slope of the potential
increase/decrease is smallest in the charged state.
Figure 3 shows the capacitance together with the electronic conductance of the
single electrode as a function of the electrode potential. The capacitance was
determined from the impedance measurement according to C = 1 / (2 p wZimag)
and normalized with respect to the BET surface are, which was 1050 m2/g. The
conductance is normalized to be 1 at the pzc. Both capacitance and conductance
have a very similar dependence on the electrode potential with a pronounced
minimum close to the pzc.
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Fig. 3 Capacity (squares) and normalized electronic conductance (circles) vs.
electrode potential. spzc = 500 S/m. Stepwise charging (0.25 V and 600 s per
step). Only the data of one positive potential sweep are shown. C is calculated
from the electrochemical impedance measured at 10 mHz. The measuring
device used is depicted in Fig. 1. Electrolyte: 1 mol/l Et4NBF4 in acetonitrile.
Drawn lines connect the measured data points and are a guideline to the eye.
Conductivity
For a metal-like conductor with a finite density of states at the Fermi level, D (EF),
the conductivity may be described by /7/

s = e0 m ( E F ) D ( E F ) kT

(1)

where m(EF) is the mobility, assigned to the electronic states at the Fermi level. It
is obvious from (1) that the density of states and the mobility affect the
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conductivity. Assuming the mobility is constant, only changes in D may be
responsible for the measured dependence on the electrode potential. The
applied electrode potential will affect D only in a narrow surface layer of the
carbon electrode, characterized by the screening length (Fermi length) of the
electric field inside the metal-like pore walls,

d SC =

ee0
e0 D ( E F )

(2)

2

where e is the relative dielectric constant in the direction normal to the graphene
layers, e0 is the vacuum permittivity, and e0 is the absolute value of the electronic
charge.
Consequently, only if d sc is comparable to the thickness of the pore walls, the
electrode potential is expected to affect the conductivity. Obviously, this
assumption is fulfilled for the highly porous electrode material, where the
thickness of the pore walls can be estimated to be some graphene layers only.
The potential variation at a pore wall is sketched in Figure 4. The potential
difference between pore electrolyte and electrode (pore wall) is distributed
between the electrolyte side (Helmholtz layer) and the electrode side (space
charge layer). According to the potential variations within the solid, electronic
states are filled/emptied and the conductance varies consequently.
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Fig. 4 Sketch of charge and
potential distribution across the
pore wall and the adjacent
solution phase inside the pores.
The inset shows the equivalent
circuit used to separate the
space charge capacitance, Csc,
from the overall capacitance,
Ctot.
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We therefore assume that the density of states (DOS) and thus the conductance
at the surface of the carbon pore walls is affected by the electrode potential,
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which shifts the position of the Fermi level. A shift of the Fermi level results in a
change of D.

Capacitance
If part of the potential drop is located within the solid as shown in figure 4 it
becomes evident that the interface capacitance can be divided into two
contributions, one on the electrolyte side and one on the solid side, both being
connected in series. The smaller of theses capacitances will dominate the overall
interface capacitance. E.B. Yeager and also H. Gerischer have addressed this
problem of a possible space charge contribution to the interface capacitance of
graphite in depth before.
Treating HOPG as a narrow gap semiconductor, with the charge carriers obeying
Boltzmann statistics, Yeager calculated a space charge capacity, Csc, being
nearly identical with the measured capacity minimum at the pzc /8, 9/. Thus,
almost the whole potential drop across the double layer must be attributed to the
space charge layer inside the solid. In a thorough re-examination of Yeager’s
experimental data, Gerischer confirmed this conclusion /10/. However, he argued
that HOPG must be treated more appropriately as a metal with a low, but still
finite density of states at the Fermi level, D (EF). Then, for a constant density of
states, Csc is given by

C SC = e0 e e 0 D ( E F )

(3)

According to the above considerations, it is clear that conductance as well as
capacitance of the carbon electrolyte interface may be affected by the potential
applied provided the density of states D is such that the screening length of the
field within the solid is at least comparable to that on the electrolyte side. In
addition, for the conductance to be affected the extension of the space charge
region has to be comparable to the thickness of the pore wall.
Using a computational fitting program the measured conductance was fitted by
calculating the respective distribution of the density of states (DOS), which are
filled/emptied during electrochemical charging/discharging. As is evident in
figure 5 results for both the conductance as well as for the capacitance can be
well reproduced with a common density of states distribution.
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DOS distributions for graphite and HOPG were determined before /11,12/ and
are reproduced in figure 6 together with the present results.

Fig. 6 DOS of activated
carbon (our fit result)
compared to two previous
results for graphite /11, 12/.
The dos is given as a
function of the shift of the
Fermi level with respect to
the uncharged state, EF –
EF0.

While the approach of Gerischer was adapted in the present investigation we
extended this approach be measuring the electronic conductance
simultaneously. The fact that both quantities can be explained by the same
assumption substantiates the approaches discussed earlier by Gerischer and
Yeager.
The DOS result of our investigation was found to be significantly higher than
previous calculations for graphite and HOPG. This may be due to the fact that we
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investigated activated carbon with a significant number of defects and grain
boundaries.
Implications for Capacitors and Conclusions
The above results were obtained on a commercial capacitor electrode and may
well be a result of the special carbon or the chosen electrolyte. In order to
investigate the validity of the measured potential dependence we have
investigated different electrolytes as well as different carbons.

Fig. 7 Cyclic voltammogram
(current recalculated to obtain
specific capacitance) of
different carbons (commercial
electrode, Kynol fiber cloth and
TIMCAL activated carbon
MM192) in organic electrolyte

The behavior of different carbons is reproduced in figure 7. As a result it is
obvious that the type of carbon does not change the effect of the electrode
potential on the capacitance. For all carbons the typical butterfly shape is
observed. This confirms our general assumption that the variation of the charge
carrier density in the carbon is responsible for the observed effect.
Figure 8 shows the cyclic voltammogram of one and the same electrode (Kynol
AC Fibers) in organic as well as in aqueous electrolyte. While the well-known
butterfly shape is obtained for this carbon in the organic electrolyte a totally
different potential dependence of the capacitance is observed for the aqueous
acidic electrolyte. In contrast to the organic electrolyte the capacitance has a
maximum close to the immersion potential. This maximum is due to
pseudocapacitance probably arising from quinon type surface functional groups
as was also observed for activated glassy carbon electrodes /13/. As a
consequence the capacitance of a respective device will be smallest in the
charged state and largest in the discharged state. The result obtained for H2SO4
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is not general for aqueous electrolytes. In neutral NaClO4 a butterfly shaped CV
is obtained again.

Fig. 8 Cyclic voltammogram of
AC Fiber cloth (Kynol) in
organic (1 M EtNBF4 in
CH3CN) and aqueous (1 M
H2SO4) electrolyte. Current
normalized to scan rate (10
mV/s) and electrode mass.

As an alternative to acetonitrile-based organic electrolytes for capacitor devices
propylene carbonate (PC) is often mentioned. We therefore also studied the
behavior in PC electrolyte and found that the results are well in agreement with
those observed for AN based electrolyte.

Fig. 9 Cyclic voltammogram of
a Kynol cloth electrode in
Propylene carbonate (PC) and
acetonitrile (AN) based
electrolyte.
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Figure 9 shows the results for AC Fiber cloth (Kynol) electrode in both AN and
PC based electrolytes. Obviously the dependence C (U) is very similar for both
solvents.
There are several consequences of the above considerations for optimization
and performance of double layer capacitors.
First of all the capacitance per square centimeter is not necessarily determined
by the solution side of the double layer and assumptions for the specific
capacitance to be 20 or 30 µF/cm2 are most probably too high. Estimations for
the correlation of BET surface area and electrode capacitance usually result in
rather low values for the specific capacitance. Such results often lead to the
conclusion that not all pores of the AC electrode are utilized. The limited
screening ability of the carbon pore walls resulting in a small space charge
capacitance, which dominates the overall interface capacitance, may be an
alternative explanation.
In order to increase the specific capacitance one should not only think about the
solution side of the interface but also about increasing the charge screening
capabilities of the respective carbon. It is clear that the density of states should
be as high as possible in order to increase the space charge capacitance, which
eventually will be dominated by the Helmholtz capacitance.
Secondly, for very high surface area activated carbons it can be estimated that
most of the pore walls have a thickness of a few graphene layers only. This is
qualitatively demonstrated in Figure 10 where the specific surface area in m2/g is
plotted for a porous structure with slit like pores as a function of the thickness of
the walls between pores.
It can be seen that for a surface area of > 1000 m2/g the walls between pores
have thickness < 1 nm. For 1 nm walls between two pores the effects discussed
above may well be important when considering a screening length (1/e value) of
about 0.3 nm on both sides. For a surface area > 2000 m2/g the pore wall
thickness approaches the thickness of one graphene layer only. For such walls a
significant reduction of the specific capacitance can be expected because the
screening capability of the pore wall is now very limited.
For pore walls that thin a situation may arise where the complete screening of the
charge is no longer possible, especially when keeping in mind that electrolyte
contacts the wall on both sides. The lack of screening will result in reduced
capacitance of the carbon material. The potential not screened at the interface
will result in an additional potential drop at the back contact of the electrode.
The relatively small capacitance observed for carbon materials with extreme
surface areas > 2000 m2/g by various authors and in our laboratory may be
explained by this effect in addition to pore size limitations.
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Fig. 10 Specific surface area as a function of pore wall thickness for a porous
material assuming slit-like pores and a density of 2.2 g/cm3 for the bulk wall
material.
Thirdly, the potential dependence of the capacitance (butterfly shape of the CV)
is rather fortunate for EDLC applications. The capacitance is largest in the
charged state where the capacitor will work most of the time. For aqueous
carbon based capacitors the contribution of surface functional groups results in a
maximum capacitance in the discharged state /13,14/, which is not very
beneficial. Furthermore, with respect to voltage balancing issues of capacitor
chains the increase of capacitance with voltage dilutes the voltage run-away of
capacitors with lower capacitance.
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