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Abstract Two porous carbon materials, one synthesised
by pyrolysis of an organic aerogel prepared using sol—
gel method and the other synthesised from molybdenum
carbide by high temperature chlorination method, were
tested as supercapacitor electrode materials in a non-
aqueous tetraalkylammonium salt-based electrolyte. The
gravimetric capacitance values calculated for the carbon
acrogel (CAG)-based system were almost two times
smaller (~55 Fg ') compared to carbide-derived carbon
(C(Mo,C))-based system (~125 Fg™'). However, due to
the very wide region of ideal polarizability, 3.6 V for
C(Mo,C) and 3.8 V for CAG-based test cells, very high
energy densities up to 63 Wh kg ' (34 Wh dm*) and
power densities up to 757 kW kg' (314 kW dm>)
were estimated for these systems, respectively. CAG-
based system shows very short characteristic charge/
discharge time constant values (0.05 s).
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Introduction

Recently, renewable energy sources, such as solar power
and wind energy, have been under quick development.
However, these energy sources are erratic and their attain-
ability depends noticeably on the time of day and season.
Consequently, energy storage systems are needed to widely
utilise these renewable energy sources, including their con-
nection with smart grids. Among different energy storage
systems, the electrochemical power sources (Li-ion bat-
teries, supercapacitors and fuel cells) are highly valued
choices [1-10] that can easily be produced in the form of
both small and large capacity devices.

During the last few decades, intensive research and de-
velopment work has been done in the field of supercapaci-
tors (SCs) with the aim to improve the energy and power
performance of these energy storage devices [1-6]. Many
different porous carbon materials have been studied as po-
tential electrode materials in both aqueous and non-aqueous
electrolyte-based capacitor systems [7, 8]. It was established
that limiting capacitance and characteristic time constant
[3-8], and thus, energy and power density, depend notice-
ably on the specific surface area and pore size distribution of
the carbon materials studied. This paper focuses on the
comparison of electrochemical behaviour of two different
carbon materials for non-aqueous electrolyte-based SC ap-
plication—mainly microporous high surface area carbide-
derived carbon (with some mesoporosity) and partly meso-
porous carbon aerogel with a small contribution of very
narrow micropores.

Carbon aerogels, prepared by different synthesis meth-
ods, have been studied as porous SC electrodes [11], also as
composite electrode materials [12] and conductive fillers for
activated carbon-based electrodes [13]. The electrochemical
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behaviour of different carbide-derived carbons as electrode
materials has also been tested [14, 15].

Experimental

Electrode active material synthesis, porosity and X-ray
diffraction characterization

Carbon aerogel material, further noted as CAG, was syn-
thesised from a gel of 5-methylresorcinol (MR) (99.6%,
Carboshale OU) and formaldehyde (FA) (37% aqueous so-
lution (Sigma-Aldrich) stabilised with 10-15% of metha-
nol). The initial gel was prepared at 25 °C by dissolving MR
and Na,CO; (99.8%, Riedel-de Haén) in deionized water
(W), followed by the addition of FA solution. Concentra-
tions of the precursors, expressed as molar ratios, were the
following: MR/FA=0.5, W/MR=45 and MR/Na,CO5=60.
Twenty-four hour after gel formation, the gel monolith was
placed into aqueous acetic acid (>99%, Sigma-Aldrich)
solution (pH=4) for 48 h to neutralise the base catalyst in
the gel. Solvent exchange in the gel pores was done by
placing the gel into acetone (=99.5%, BaltOil AS, replaced
every 24 h for 4 days with the volume of acetone being ten
times the volume of gel piece). Then, the gel was dried via
supercritical carbon dioxide extraction on a 100-ml auto-
clave (constructed by NWA Analytische Mefigerdte GmbH)
to obtain an organic aerogel. Carbon aerogel was prepared
by heating the organic acrogel up to 900 °C in a nitrogen
flow, following a temperature programme proposed by
Pérez-Caballero et al. [16]. Activation of the carbon aerogel
was carried out in a CO, flow at 900 °C for 2 h with the
temperature ramping rate 10 °C min~'. A tubular furnace
MTF 12/38/400 (Carbolite) was applied for carbonization
and activation. High temperature chlorination method, de-
scribed in detail in Ref. [17], was used at 800 °C for
synthesising mainly microporous carbide-derived carbon
from molybdenum carbide, noted as C(Mo,C).

Nova 1200¢ (Quantachrome) system was used for nitro-
gen adsorption measurements, where Brunauer—Emmett—
Teller method, non-local density functional theory (NLDFT)
and other models, discussed in detail in [18], were applied to
study the porous carbon structure. Slit-shaped pores were
assumed and a standardised model was applied for the N,
sorption data analysis by NLDFT [19]. The data obtained
for C(Mo,C) and CAG are given in Table 1 and pore size
distributions are represented in Fig. la. According to the
adsorption measurements, C(Mo,C)-based electrode mate-
rial, having one NLDFT pore size distribution maximum
(PSDM) at 1.15 nm, is mainly microporous with some
mesoporosity with second PSDM at 3.80 nm. CAG has a
considerable amount of both mesopores and micropores, but
the micropores are much smaller compared to C(Mo,C),
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Table 1 Gas phase characteristics of the C(Mo,C) and CAG electrode
materials

Carbon SBET/m2 gil Smi(:ro/rn2 gil Vmicm/crn3 gil Vtol/crn3 gil
C(MoC) 1,680 1,560 1.2 1.4
CAG 790 440 0.2 22

BET Brunauer—-Emmett—Teller, Spz7 BET multipoint surface area, S,,,;..
oo t-method micropore area, V,,;.,, t-method micropore volume, V,,,
total pore volume

having the respective PSDM at ~0.55 nm (Fig. 1a), and
probably contribute little to the overall actively adsorbing
pore volume of CAG material (Table 1). Thus, for CAG
material, mesopores form most of the active surface for
adsorption of electrolyte ions.

The X-ray diffraction (XRD) pattern for the CAG elec-
trode material (Fig. 1b) was recorded on a Bruker D8
diffractometer (Bruker Corp.) employing CuK« radiation
with a step size of 0.01° and counting time of 2 s using
position sensitive LynxEye detector. The diffraction spec-
trum was recorded at 25 °C. Similar XRD profiles have been
obtained for carbon aerogel materials synthesised by other
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Fig. 1 a Differential pore size distribution vs. pore width plots
obtained by applying NLDFT method on the nitrogen sorption (at
—196 °C) data and b characteristic XRD patterns for CAG and C
(Mo,C) electrode materials
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research groups [20, 21]. The XRD pattern for C(Mo,C)
material has been published before [17] and is reproduced
for comparison in Fig. 1b. According to data in Fig. 1b, both
CAG and C(Mo,C) are practically amorphous. However,
there is a small amount of graphitic structure in both materi-
als based on the wide diffraction peaks at 20~23° and 20~
43°, characteristic to the graphite (002) and (100)/(101)
planes, respectively [17]. The (002) diffraction peak corre-
sponds to parallel graphene layers and (100)/(101) diffrac-
tion peak describes the 2D in-plane symmetry along the
graphene layers. More detailed C(Mo,C) material character-
ization can be found in [17].

Experimental systems

The 105+5-um thick layers of electrodes were press-rolled
from slurries comprising 95 wt.% active material, C(Mo,C)
or CAG and 5 wt.% polytetrafluoroethylene (PTFE) binder
(required amount of PTFE measured from 60% solution in
H,O (Aldrich)). A thin Al layer (~2 wm) was deposited by
magnetron sputtering method (AJA International) on one
side of the electrodes for good electrical contact and to
reduce the ohmic potential drop for SC cells. Cross-section
surface area of electrodes in the assembled symmetrical two-
electrode test cells was 2.0 cm”. The mass per two electro-
des was ~0.018 and ~0.023 g for CAG- and C(Mo,C)-based
systems, respectively.

The SC systems were tested in 1 M triethylmethylam-
monium tetrafluoroborate (TEMABF,, 99.9%, Stella
Chemifa Corp.) solution in acetonitrile (AN, 99.9%, max
0.003% H,0, Riedel-de Haén). The electrolyte solution
was saturated with pure Ar (99.9999%) and all measure-
ments were conducted in a glove box using hermetic two-
electrode standard cells (Hohsen Corp.). Membranes
made from cellulose (TF4425, Nippon Kodoshi Corp.)
were used for optimal chemical compatibility with AN-
based electrolyte. Electrodes were impregnated with the
working electrolyte solution for 24 h before measure-
ments. Impedance spectra were recorded using a 1252A
Solartron frequency response analyser and a SI1287
potentiostat with a 5-mV modulation.

Electrochemical results and discussion
Cyclic voltammetry data

The cyclic voltammograms (CVs) were measured at cell
potential scan rates v from 5 to 100 mV s~ up to different
maximum cell potentials AE to establish regions of ideal
polarizability for each porous carbon electrode material. The
gravimetric capacitance C, (in farads per gram) and volu-
metric capacitance C, (in farads per centimetre) values per

one electrode were calculated from the current density j (in
amperes per square centimetre) values on CVs according to:

ZjXSel
C, = 1
T (1)
%
C, = 2
v Vchl ()

where v is cell potential scan rate (in volts per second), S is
electrode cross-section surface area (2.0 cm?), 1 is mass per
one electrode (in grams) and / is electrode thickness (105 pm).

According to CV data (expressed as C, vs. AE) in Fig. 2a,
AE as high as 3.8 V can be applied in a symmetrical system
with CAG electrodes and 1 M TEMABF, electrolyte in AN.
A fairly rectangular shape of CVs is maintained even at such
high AE with the start of some faradaic electrolyte solvent/
salt decomposition reaction or oxidation/reduction of sur-
face functionalities on the CAG surface near AE=3.8 V.
There is no distortion in the shape of CVs even at high cell
potential scan rate (100 mV s '), which indicates relatively
fast adsorption/desorption processes in this system, explain-
able by the fast diffusion of ions in the mesoporous CAG
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Fig. 2 CVs, presented as gravimetric capacitance vs. cell potential, for

a CAG- and b C(Mo,C)-based SC test cells at different cell potential
scan rates v, given in the figure
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structure. Taking into consideration the very narrow micro-
pores on the CAG electrode surface, (partial) solvation shell
removal has to occur for the diffusion of electrolyte ions into
these pores (TEMA" ions may be too large to diffuse in
micropores even with partial solvation shell) [1, 5, 6, 14,
15]. Thus, the slightly smaller C,, values obtained at lower
AE applied (AE<2 V) are probably explainable by ineffi-
cient solvation shell removal due to weaker electrostatic
attraction forces in this region and higher effective Debye
length values at lower electrode potentials [5, 14, 22].

The CVs for a test system with C(Mo,C) electrodes
(Fig. 2b) in 1 M TEMABF, + AN clectrolyte have nearly
rectangular shape up to AE=3.6 V. The calculated C,
values are more than two times higher compared to the
CAG-based system. This can be explained by the approx-
imately two times higher specific surface area of the
C(Mo,C) material (Table 1) and also by the prevalence of
somewhat larger micropores (Fig. 1a) that are more easily
accessible for the large TEMA" cations and also for BF,
anions. There is a small distortion in the shape of CVs at
v=100 mV s ' caused by slower diffusion processes [4, 5,
17] in the practically microporous carbon structure com-
pared to the partially mesoporous structure of CAG. The
calculated C, values for the C(Mo,C)- and CAG-based
systems were high (~70 Fem ) and moderate (~20 F
cm ), respectively.

Impedance spectroscopy data

The Nyquist plots (Z” vs. Z') were measured in a frequency
range from 1x 107 to 3x 10° Hz at different AE applied. The
Nyquist plots for both systems studied showed nearly ideal
capacitive behaviour in the low-frequency part (Fig. 3a, b),
where the rate-limiting step is adsorption on the micro-/mes-
oporous surface of electrodes [5, 6]. The plots obtained for
C(Mo,C)-based test cells were slightly more vertical (more
pronounced ideal capacitive behaviour) at low frequencies,
and there is a well-defined ‘porous electrode section’ in the
middle-frequency region with a —45° slope (Fig. 3b, inset),
where diffusion-like mass transfer process is the rate-limiting
step [5, 6, 14, 22]. For CAG-based system, the slope in
middle-frequency region is less than —45° (Fig. 3a, inset),
which means that mixed kinetic processes are taking place
(charge transfer on macroscopic electrode surface, diffu-
sion in porous structure and adsorption mainly on meso-
pores) [6]. The high-frequency equivalent series resistance
(Rg) values obtained for CAG-based system were slightly
smaller (~0.6 Q2cm?) compared to C(Mo,C)-based system
(~0.8 Q2cm?), demonstrating the better electrical conductivity
of CAG electrodes as well as higher electrolyte conductivity
in mesopores of CAG structure.

The phase angle 6 vs. frequency f plots (Fig. 4) reach
—87° and —89° in the low-frequency region in systems with
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Fig. 3 Impedance spectra for a CAG- and b C(Mo,C)-based SC test
cells at different cell potentials AE applied, given in the figure

CAG and C(Mo-C) electrodes, respectively, indicating that
both systems studied have nearly ideally capacitive behav-
iour. However, the capacitive plateau is reached at higher
frequencies in the system with CAG electrode due to the
higher mesopore volume in comparison with C(Mo,C),
which means that CAG system has a shorter characteristic
time constant (discussed later in this paper). There is a small
decrease in the || values at higher AE applied (AE>3.4 V)
in the low-frequency region (/<3 mHz) indicating the be-
ginning of some slow faradaic reactions at the surfaces both
electrodes (electrolyte decomposition, oxidation/reduction
of surface functionalities and electrochemical reaction of
H,O and O, traces).

Time constants and energy/power density calculations

The characteristic charge/discharge time constants 7w, show-
ing how much time it takes to release half of the maximal
energy stored in the SC, were calculated from the frequen-
cies of maxima f;,., in imaginary part of impedance C” vs.
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Fig. 4 Phase angle vs. ac frequency plots at cell potentials AE of 0.5,
25and 3.4V

ac frequency plots [23, 24]. C” was calculated from Nyquist
plot data according to the following equation [25]:

C”((O) _ z ((D)

" wlz() G)

where w=27f.
Time constants were calculated using relation 4:

1
B 27[fmax -

The time constant values obtained for CAG-based system
(given in Fig. 5) were almost two times shorter, being as
short as 0.05 s, compared to the ones for C(Mo,C)-based
system. Time constant values somewhat increase with the
higher AE applied for both systems studied.

The maximal energy density £, (in watt-hours per kilo-
gram) and power density P, (in kilowatts per kilogram)
values [25-29] were calculated using relations 5 and 6:

(4)

R
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Fig. 5 Imaginary part of capacitance C" vs. ac frequency plots at cell
potentials AE of 0.0, 2.5 and 3.8 and 0.0, 2.5 and 3.6 for CAG- and
C(Mo,C)-based SC test cells, respectively. Characteristic time constants
TR, calculated for different cell potentials applied, are shown in the
figure

AE? Sy

Py = ———=
e 4Rg m

(6)
where Cj is low-frequency series capacitance (in farads per
square centimetre), S is the cross-section surface area of
electrodes (2 cm?), m is the mass of two electrodes (in
grams) and R is high-frequency series resistance (in ohms
times square centimetre), obtained from impedance data at
very high ac frequency (3.6 comes from conversion of time
and mass units). For a better comparison, the volumetric
energy and power densities (Emax,v and Ppax v) Were calcu-
lated as well. The calculated data for both systems studied
are given in Table 2. Higher energy density values (maxi-
mum of 63 Wh kg™ or 34 Wh dm > at AE=3.6 V) were
obtained for the C(Mo,C)-based system as the equilibrium
capacitance was approximately two times higher. Due to the
smaller Rg values for the CAG-based system, very high
Poax values were calculated at AE=3.8 V (757 kW kg '
or 314 kW dm ). There is a small contribution of faradaic
current at the highest AE applied (3.6 and 3.8 V for C(Mo,C)-
and CAG-based systems, respectively) to the energy
density values calculated, which is why the values in
Table 2 are given also at lower AE, where there are no
faradaic processes.

Conclusions

Non-aqueous electrolyte-based supercapacitor test cells
were assembled and their electrochemical behaviour was
compared on the basis of the different carbon electrode
materials used. It was found that the CAG, synthesised by
pyrolysis of methylresorcinol and formaldehyde derived
organic aerogel, demonstrated nearly ideally capacitive be-
haviour at high AE applied (AE<3.8 V), and despite the
moderate capacitance values obtained (~55 Fg™') due to
high degree of mesoporosity in the material, very high
power density values (up to 757 kW kg ') and moderate
energy density values were calculated (up to 32 Wh kg ™).
The mainly microporous high surface area carbon powder
C(Mo,C), synthesised from molybdenum carbide by high
temperature chlorination method, exhibited nearly ideal po-
larizability at slightly lower cell potentials (AE<3.6 V), but

Table 2 Maximal energy and power density values for systems under

study
Carbon AEIN  Ena/ Emax.v/ Proax/ Prax v/
Whkg' Whdm™> kWkg' kW dm>
CAG 3.6 26 11 666 278
3.8 32 13 757 314
C(Mo,C) 3.4 54 30 305 167
3.6 63 34 322 176
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gravimetric capacitance values and also energy density val-
ues were much higher (~125 Fg™' and up to 63 Wh kg™ ',
respectively). The high-frequency series resistance values
were slightly higher for the C(Mo,C)-based system, and
in combination with the lower applicable cell potential,
the maximal power density values calculated (up to
322 kW kg ') were half the values for CAG-based super-
capacitor test cells.

In conclusion, the tested carbon materials are well suited
for the application in non-aqueous supercapacitors with high
specific performance. Long-lasting constant current charge/
discharge tests of the studied systems are under progress.
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