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16 Abstract

18 This article presents a review of our recent work on capacitance of carbide-derived carbons.
20 Specific capacitance as high as 14 pF/cm? or 160 F/g was achieved using carbide-derived
23 carbons with tailored subnanometer pore size, which is significantly higher than 6 pF/cm? or
25 100 F/g) for conventional activated carbons. Such high capacitance was obtained in several
types of organic electrolytes with or without solvent. A maximum is obtained for the carbons
30 with the mean pore size close to the bare ion size, ruling out the traditional point of view that
32 mesoporosity is highly required for maximum capacitance. Surprisingly, carbons with
subnanometer porosity exhibit high capacitance retention, since only a 10% loss is measured
37 when 6 A/g discharge is drawn. These findings show the importance of fitting the ion size
39 with the mean pore size. The double layer theory falls short to explain such charge storage
42 mechanisms at the nanometer scale, thus atomistic modeling is required to find out an

44 alternative charge storage model.
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1. Introduction

Electrical Double Layer Capacitors (EDLCs), also known as supercapacitors, are one of the
most promising electrochemical energy storage devices for high power delivery or energy
harvesting applications (/-3). EDLCs charge storage mechanism is electrostatic by nature, and
requires storage of opposite charges at the two electrodes, properly balanced by the ions from
the electrolyte. This is achieved through the reversible adsorption of ions from an electrolyte
onto high surface area carbons.

Differentiating from batteries or pseudocapacitors (/, 3), there is no redox reaction involved
in the charge storage mechanism and the charge is stored at the surface of the carbon
materials. Accordingly, it can be quickly released or captured and this explains the high
power capability of EDLCs. As a drawback, the amount of charge stored at the surface is
limited and the energy density of the EDLCs will always be about an order of magnitude
lower than that of batteries. EDLCs are already used in many commercial applications such as
power electronics, aircrafts, cranes, elevators, tramways and others (3). One of the most
promising applications are the Hybrid Vehicles (HVs) in combination with Internal
Combustion Engines, and the Electric Vehicles (HEVs) where EDLCs could be combined
with a battery pack for braking energy recovery or short-time acceleration power. For a fuel-
cell powered HEV, the use of EDLCs would be of great interest for power delivery during the

first seconds the fuel cell needs to reach operational state.

Today, the energy density achieved by commercial products (about 5 Wh.kg™) limits their use
to few seconds of charge/discharge, which is sufficient for energy harvesting (recovery of
potential energy in cranes and elevators, braking energy in tramways and HEVs or
mechanical energy coupled with MEMS) (3). However, increase of the operation time up to

10 s or more would definitely secure a place for supercapacitors at the forefront of the energy
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storage harvesting devices. Therefore improving the energy density of supercapacitors would

enable many new applications.

Being proportional to the voltage square, both power and energy are increased when the cell

voltage is increased as shown in equations (1) and (2) below:

1 2
E=—CxV (1
5 (1)
VZ
P=— 2
4R @)

where V' is the cell voltage (V), E is the energy (J), C is the capacitance (F), P is the power

(W) and R is the series resistance (£2).

Therefore, much effort focused on the increase of the operating voltage of supercapacitors by
designing new electrolytes (4)(5). One strategy today is the use of ionic liquids as electrolytes

(6)(7)(8)(9), which can ensure a high cell voltage (up to 4V), despite a low ionic conductivity.

Combining a faradic electrode with an EDLC electrode is another way to improve the energy
density. Such systems, named Hybrid Capacitors, reach high energy densities of more than 15
Wh.kg' for the Li-ion capacitor operating in organic electrolyte with a pre-lithiated graphite
negative electrode (/0). The combination of a negative carbon electrode to a MnO,
(11)(12)(13)(14), NiOOH (15)(16) or PbO, (17)(18) positive electrodes leads to high power

hybrid systems operating in aqueous electrolytes.

However, whatever hybrid systems are being considered, they still suffer from the drawbacks
linked to the faradic electrode, which are a limited cyclability for high depth of discharge (>

70%) or high rate of charge (/9). Another route to increase the energy density of
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supercapacitors, is to keep the symmetric EDLC carbon/carbon system and increase the
capacitance of these porous carbons. This solution may appear as more complex, since there
is less flexibility on the choice of the materials, but the supercapacitor cyclability, power
performance and low temperature behaviors are preserved (3). In this paper, we will try to
give an update on the most recent work relating to the design of microporous carbons for

EDLC applications.

2. Discussion

2.1 Capacitance vs pore size in organic electrolytes

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 (21) described in 1853 as the double layer
capacitance (20,22) C

c-4
d

; 3)

where ¢ is the electrolyte dielectric constant, A4 - the surface area accessible to ions and d - the
distance between the centre of the ion and the carbon surface. EDLCs use high specific
surface area (SSA) carbons to increase the total available surface area for ion adsorption. Such
carbons are traditionally obtained from carbon-rich organic precursors by heat treatment in
inert atmosphere (carbonisation process). High surface area is achieved through what is called
the “activation” consisting in a partial, controlled oxidation of the carbon precursor (23). SSA

as high as 1,500 — 2,600 m2.g"' can be achieved by activation.
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The specific capacitance of carbons expressed in Farads per gram of carbon (F.g'l) shows a
linear dependence on surface area up to 1500 m2.g™, but tends rapidly to plateau when SSA is
further increased (24). As a consequence, the way in which the surface is developed has a
great impact on the value of specific capacitance achieved. One of the key issues in designing
nanostructured carbons for EDLC applications is then the understanding of the relationship
between the electrolyte ion size and the carbon pore size (25)(26). Because of the mean size
of the solvated ions in non-aqueous electrolytes (about 1nm) (27), a mean carbon pore size of
about 2-3 nm was thought to be the best compromise to reach high capacitance values.
Indeed, such pore size was large enough to host adsorbed ions on both sides of the carbon
pore walls but small enough to minimize the voids and maximize the energy density (Fig. 1).
However, all attempts to prepare carbons using standard activation or template-based
synthesis failed to significantly increase the carbon capacitance (3). At the same time, some
authors mentioned that surprisingly high capacitance could be obtained with microporous
carbons, and this suggested that even the small micropores (size less than 2 nm) could

contribute to the charge storage (26)(28)(29).

Charge storage in pores smaller than the size of solvated ions of the electrolyte has been
recently demonstrated by using Carbide Derived Carbons (CDCs) (30). CDCs were obtained
by chlorination of a metal carbide (TiC in our case) according to

TiIC+2Cl, - TiCls,+C  (4)
Using this synthesis process, it is possible to prepare carbons with a fine-tuned and a narrow
pore size distribution, which is definitely not possible through the standard activation process
(23). CDCs with controlled pore size from 0.6 to 1 nm were prepared and electrochemically

tested in a 1.5M NEt4BF, in acetonitrile electrolyte.
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Figure 1 shows the change of the normalized capacitance vs the carbon pore size; normalized
capacitance (uF.cm'z) was obtained by dividing the gravimetric capacitance by the SSA.
Some data from the literature obtained with mesoporous carbons reported in Figure 1 follows
the expected traditional behavior: when the carbon pore size decreases in the mesoporous
range (down to 2 nm), the normalized capacitance decreases. However, the results obtained
with the CDCs in the 0.6 — 1 nm pore range show a sharp capacitance increase following a
power law dependence with rpore'l. This was the first demonstration of the anomalous
capacitance increase observed with microporous carbons with controlled, narrow pore size
distribution. Such micropores, smaller than the size of the solvated NEt,” and BF, ions in
acetonitrile (27, 30), were thus accessible to the ions of the electrolyte. The proposed
hypothesis was that these narrow pores were accessible thanks to a partial desolvation of the
ions. A smaller approaching distance (d) of the ion to the carbon surface was responsible for

the capacitance increase according to equation (3).

Several recent studies confirmed these results. Kaneko’s group observed with carbon nano-
horns that ions were able to pass through gates smaller than the size of the solvated ions in
propylene carbonate-based electrolytes (27). Meunier’s group proposed a mathematical fit of
the anomalous capacitance increase in these micropores based on the Electrical Wire-in-
Cylinder model (EWC) capacitance equation (37, 32). Thanks to this model, it was possible to
calculate an average size of the ions inside the pores, which was found to be smaller than the

bare ion size.
Surprisingly, the power capability of laboratory EDLC devices assembled with CDCs

powders was not deeply affected by the use of microporous carbons. Figure 2a shows a

Nyquist plot for different CDC samples (0.72 — 1.1 nm). AC Series resistance (measured at

Wiley-VCH
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high frequency) as low as 0.5 Ohm.cm? was obtained in 1.5 M NEt4BF,4 in an acetonitrile
electrolyte. At low frequencies, where the ionic resistance of the electrolyte inside the porous
network can be seen, the DC resistances were in the range of 2-3 Ohm.cm?, i.e. in the same
range as for activated carbon-based electrodes (33). The capacitance increase using these
microporous carbons was not achieved at the expense of the power performance since these
series resistance values are similar to that of standard activated carbons (33). Figure 2b shows
the capacitance change vs the current density. The capacitance retention was found to be very
good, with only a 10% loss for the best sample (0.72 nm) when the current was increased up
to 6 A.g". The power capability of the CDCs was very good when the pore size was well
adapted to the ion size, between 0.72 and 0.76 nm. Thus, it is possible to reach high energy

and high power density with sub-nanometer microporous carbons.

Using the Cavity Micro Electrode technique (CME) developed by Cachet-Vivier et al. (34),
we have studied the electrochemical behavior of the CDCs in NEtBF,; in acetonitrile
electrolyte (35). The CME allowed the recording of electrochemical behavior of active
material eliminating effects of separators, current collectors and other device components.
Figure 3 shows the CVs of four CDC samples recorded at 100 mV.sin 1.5 M NEt,BF, in AN
electrolyte between—1.3 V/Ref. and +1 V/Ref. All the plots were normalized to the maximum
capacitive current at 1 V/ref.. The capacitive behavior originates from the NEt; cation
adsorption negative of the OCV, which was measured close to 0 V/Ref for all samples. For
potential higher than OCV, the BF4 anions adsorption can be seen. In this potential range (
potentials higher than OCV), the CVs are rectangular-shaped - typical for pure double-layer
capacitive behavior. When the potential scan is reversed at 1 V/Ref to negative, only slight
changes in the CVs can be observed above the OCV. This potential range corresponds to the

discharge of the positive electrode, where anions are removed from the porous carbons. When
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the potential scan was negative of the OCV (0 V/Ref), the rectangular shape of the CV was
lost for all samples except the one with the largest pore size (1 nm). The smaller the pore size
(the lower the synthesis temperature), the more distorted the CVs. This shift from purely
capacitive behavior is also present when the potential scan rate is reversed at -1.3 V/Ref to
positive values. These distortions of CVs were also reported by Salitra et al. (26) using a
conventional 3-electrode cell with an activated carbon cloth as the active material. They were
linked with the limitation in the pore accessibility because of the well-known “sieving effect”

(26, 36) hampering the ion transport inside the small, narrow pores.

From these measurements, it was deduced that anion adsorptions could occur without any
limitation even for pore size of 0.68 nm (rectangular shape of the CVs), that meant that the
effective anion size seen by the carbon during the adsorption was < 0.68 nm. In the same way,
the effective size of the adsorbed cation in AN during double layer charging/discharging can
be estimated between 0.76 nm and 1 nm, since CV distortions were observed for pore size
less than 0.76 nm. Comparing these effective ion size to the solvated ion size (1.3 nm and
1.16 nm for the cation and the anion respectively), it appears obvious that the ions need to be,
at least, partially desolvated to enter the micropores smaller than 1 nm, thus confirming the
previous results. Recent results reported by Mysyk et al. (37) confirmed this sieving effect.
However, in this recent paper, only 2-electrode measurements were made and it was not

possible to distinguish between anion and cation contributions to the capacitive process.

2.2 Capacitance vs pore size in solvent-free electrolytes
In a solvent-based electrolyte, the determination of the exact solvation shell is sometimes
difficult, depending if one considers the first, second or subsequent solvation sphere. The

next step has thus been to try to get free from the ion solvation shell, by using an ionic liquid
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electrolyte. The electrochemical characterization of CDC electrodes was conducted at 60°C in
Ethyl-Methyllmmidazolium-TriFluoro-methane-Sulfonyllmide ionic liquid (EMI-TFSI),
according to two main criteria (38). First, the ionic conductivity of the EMI-TFSI neat
electrolyte at 60°C is about 15 mS.cm” which allows the ohmic drop to remain at a
reasonable value during electrochemical measurements. Additionally, the ion sizes were
calculated as 0.79 nm and 0.76 nm respectively for TFSI and EMI ions, meaning that ion sizes
were 1) very close were and ii) in the range of the CDC pore size (38). Figure 4 shows the
change of the gravimetric capacitance (a) and normalized capacitance (b) vs the carbon pore
size for the cell, the positive and the negative electrodes (38). The normalized capacitance

was obtained by dividing the gravimetric capacitance (F. g'l) by the SSA (m?. g'l).

In Figure 4, the electrode specific capacitance (C’cectrode) 18 calculated from the weight of the

carbon in one electrode (Mearbon) according to equation (3):

C' il — Celectrode
electrode (F.g7) — ——

m carbon

The calculated electrode capacitance (C’clectrode) Was calculated from the 2-electrode cell
capacitance C. according to equation (4):

cell

2xC

C electrode(F.g™") =

carbon

From Figures 4a and 4b, it can be seen that positive, negative and cell capacitance show a
maximum at the same pore size. This is consistent with the similar ion sizes observed for the
EMI" and TFSI'. More surprising is that the maximum capacitance was obtained for pore size
close to the ion size, 0.72 nm. These results rules out the way charge storage is traditionally

described in EDLC materials, with ions adsorbed on both pore walls: carbon pore size is here

9
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in the same range as the ion size and there is no space available for more than one ion per
pore. However, the maximum capacitance at 0.72 nm agrees well with the ion size, taking into
account the asymmetry of the ions and accuracy of pore size measurements. At this point,
pore size is perfectly adapted to the ion size and ion adsorption is achieved in an efficient
way. Both, larger and smaller pores show a significant drop in capacitance. When pore size is
increased, average distance between pore wall and the centre of the ion (d) is increased and
then the capacitance for pores larger than around 0.72 nm decreases according to equation (3).
For smaller pore size, the steric effect limit the ion accessibility and the capacitance is

decreased.

Additionally, a commercial microporous activated carbon tested in the same conditions gave a
capacitance of about 100 F.g" and 6 pF.cm™ When compared to the maximum capacitance
values reported in Figure 4, it can be seen that matching the pore size close to the ion size
leads to a 60% capacitance increase. There is no evidence of any charge saturation like
recently reported (37, 39); moreover, the opposite effect was observed. This work suggests a
general approach to selecting a porous electrode / electrolyte couple in order to maximize the
capacitance, which has been now proved for both, organic salt in a solvent and solvent-free
liquid electrolytes. More basic work is needed to understand the mechanism of this
capacitance increase. In this aim, modeling of ions and their environment when adsorbed
inside these narrow subnanometer pores is needed. As an example, Yang et al. (40) recently
used the molecular simulation to model the electrical double layer capacitance using carbon
nanotubes. These simulations confirmed an increase of the capacitance when decreasing the
pore size in the microporous range. Combining in-situ experimental measurements to
mathematical modeling will be of great help in the understanding of the mechanism of

anomalous capacitance increase when carbon pore size matches the ion size. This will affect

10
Wiley-VCH



Page 11 of 16 Fuel Cells

©CoO~NOUTA,WNPE

not only the energy storage field (EDLCs) but also other applications where ion transport
through membranes is required, such as for water desalination or non channels in cells.

3. Conclusions

The most recent advances in supercapacitor materials include development of nanoporous
carbons with the pore size tuned to fit the size of ions of the electrolyte with Angstrém
accuracy. An improved understanding of charge storage and ion desolvation in sub-nanometer
pores has helped to overcome a barrier that has been hampering the progress in the field for
several decades. It has also stressed the requirement of matching the active materials with
specific electrolytes and the need to use a cathode and anode with different pore sizes, which
match the anion/cation size. The very large number of possible active materials and
electrolytes requires better theoretical guidance for the design of more powerful and long-

lasting EDLCs.
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Figure 1: Change of the normalized capacitance vs the carbon pore size; normalized
capacitance (pF.cm'z) was obtained by dividing the gravimetric capacitance by the SSA; from

(30).

Figure 2a: Nyquist plot of supercapacitor cells assembled with CDCs with various pore size

in 1.5 M NEBF, in AN electrolyte. Frequency range: 10 kHz-10 mHz; bias voltage: OV.

Figure 2b: Capacitance change vs current density for laboratory cells assembled with CDCs

with various pore size.

Figure 3: Cyclic Voltammetries (CVs) of four CDC samples with various pore size (0.68 — 1
nm) recorded at 100 mV.s'inl1.5M NE4BEF, in AN electrolyte between —1.3 V/Ref. and +1

V/Ref. (Reference electrode is a silver wire); from (35).

Figure 4: Change of the gravimetric capacitance (a) and normalized capacitance (b) vs the
carbon pore size for the cell, the positive and the negative electrodes in EMI TFSI neat
electrolyte at 60°C. Calculated capacitance C”ectrode Tefers to electrode specific capacitance
calculated from the overall cell (EDLC) capacitance measured in two-electrode configuration.
Capacitance were calculated from galvanostatic charge discharge plots at 10 mA.cm?; from

(38).
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