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Abstract In this work we study the effect of surface
structure on the charge storage capacity of carbon black
electrodes with various changes in surface chemistry,
morphology, and doping species. Cyclic voltammetry
and chronopotentiometry studies, performed under al-
kaline conditions with carbon paste electrodes, indicate
the importance of surface structure and grain size on the
faradic and capacitive charge contributions of these
materials. Among the various carbon blacks studied, the
lithiated material shows superior charge storage capac-
ity, suggesting the importance of alkaline metals and
oxygenated groups on the carbon surface. For the gra-
phitic carbon, the appearance of a reversible redox
process with cycling resembles the electrochemical
behavior reported for hydrogen storage in carbon
nanotubes.

Keywords Electrochemical capacitor - Carbon black -
Carbon paste

Introduction

The development of new materials for use as electro-
chemical capacitors is of great scientific and technolog-
ical interest [1, 2]. The aim is to develop new types of
accumulators with specific power larger than 10 kW/kg
and enhanced durability (superior to 10° cycles). The
principal advantage of the new storage devices is their
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capacity for dynamic propagation of charge, which can
be used in many hybrid power sources, electrical vehi-
cles, etc. Currently, electrochemical accumulators do not
satisfy the demands of power and durability, owing to
the inherent limitations of the physicochemical pro-
cesses. This is that electrochemical reactions are needed
for charges to be stored or released, implying electron
charge transfer through the electrode interface and
changes in the oxidation state of the constituent mate-
rials. In contrast to electrochemical accumulators, in
electrochemical capacitors, charge storage occurs mainly
in the double layer, through electrostatic forces and
without the need for phase transformations in the elec-
trode material. When both processes take place (i.e.,
electrostatic storage accompanied and enhanced by
faradic processes) the device is a pseudocapacitor.
Various materials have been characterized as elect-
rochemical capacitors [3, 4, 5, 6, 7, 8, 9], in aqueous an
non-aqueous electrolytes [10, 11, 12, 13], and the limi-
tations of large resistivity in non-aqueous media, or the
limited potential window and corrosion problems of
aqueous electrolytes, have been thoroughly highlighted.
New allotropic forms of carbon (Cgy and nanotubes)
have been proposed as an alternative for materials that
corrode in aqueous media [14, 15, 16]. Unfortunately,
the high cost of fullerenes does not allow their applica-
tion as large-area electrochemical capacitors. Conse-
quently, most of the development on new materials for
electrochemical capacitors is based on carbon [8, 17, 18,
19, 20, 21, 22]. The strong dependency of the physico-
chemical properties of these materials with their route of
synthesis, and the effect of surface structure on the ir-
reversible/reversible capacity of various graphitic carbon
electrodes, maintains interest in the performance of
modified carbons. As an example, irreversible capacity
has been associated with film formation and found to be
proportional to the surface area in low structured car-
bon [23]. In carbons with high structure and low surface
area, this proportionality does not hold. In these mate-
rials the different reactivity of basal and edge planes plus
the high anisotropy of graphitic carbon (when compared
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to polycrystalline carbon) have been suggested to play a
dominant role. In other words, irreversible capacity
could come from the exfoliation process, which does not
depend on surface area and is rarer in randomly oriented
crystalline domains than in uniformly aligned ones. In
the latter, a microfracture can propagate easily
throughout the solid [23].

In this work, various types of carbon black were
analyzed by cyclic voltammetry and chronopotentiom-
etry techniques in alkaline media (6 M KOH). The sta-
bility of the materials to positive and negative current
pulses of various magnitude, the evaluation of charge
storage and release, and the capacitive or pseudoca-
pacitive behavior of the current-potential curves will be
correlated with the surface structure, surface area, par-
ticle size and composition of the various materials.
Other possible applications of the carbon blacks will be
discussed.

Experimental

Electrochemical measurements were carried out with Basic Autolab
W/PGSTAT30&FRA equipment, in a conventional three-electrode
cell consisting of a working carbon paste electrode, a graphite
counter electrode, and a Hg/HgO/1 M KOH reference electrode
(+0.2 V vs. NHE). The aqueous electrolyte was 6 M KOH and
both reference and counter electrodes were kept in separate com-
partments. Carbon blacks supplied by Columbian Chemical Co.
from three different experimental trials were characterized: C-SMT,
C-LIMT, and C-MAZ21. Table 1 presents some of the characteris-
tics of these carbon blacks. The major difference between the
C-SMT and the C-LIMT is that the latter has been doped with
lithium and has a very low sulfur content. Carbon paste electrodes
were prepared by mixing carbon black (CB) and silicon oil (S) with
a weight ratio of CB:S=80:20, except for the material labeled
C-MA21 where an inverted weight ratio of 20:80 was required
owing to its significantly higher surface area and structure. How-
ever, the viscosity (consistency) of the paste was equivalent in all
electrodes. A CB:S=20:80 ratio could not be used in C-SMT and
C-LIMT because the paste became too liquid and did not hold to
any surface.

Once the consistency of the paste was right, it was supported in
a 0.4-mm thickness Teflon ring (0.96 cm?) with stainless steel as the
back contact. All the experiments took place under stationary
conditions, with nitrogen being bubbled through the electrolyte
prior to (30 min) and between all measurements. Moreover, the
nitrogen was kept flowing over the solution during the measure-
ments. In each case, and particularly for C-MA21 where the low
CB/S ratio could compromise the percolation mechanism required
for electronic conduction, the bulk resistivity of the paste was
monitored qualitatively against the ferro/ferricyanide reaction. To
do this, cyclic voltammograms for 0.01 M ferro/ferricyanide/1 M
KCl were obtained in the potential range of =1 V vs. the saturated
calomel electrode. Regardless of different CB/S ratios, all carbon
paste electrodes reproduce reasonable well the typical electro-

chemical response of this redox couple (i.e., the area under the
peaks is similar and symmetric, while the observed peak currents
deviate by a maximum of 20 mV). Additionally, to ensure similar
interfacial conditions and good reproducibility, each experiment
was run with a renewed surface.

Cyclic voltammetry studies in alkaline media were performed in
the potential range of 0.4 to —1.6 V vs. Hg/HgO/1 M KOH. The
sweep was initiated at the rest potential (V) in the negative direc-
tion and with a scan rate of 10 mV/s. For some experiments the
material was polarized at —1.6 V vs. Hg/HgO/1 M KOH for a
specific time, followed by a linear potential scan in the positive
direction. A constant double current pulse (&) was used for the
chronopotentiometry studies, and their magnitude depended on the
type of carbon black.

Results and discussion

Figure 1 shows the cyclic voltammogram of the 10th
(last) cycle for the various carbon blacks. The current
associated with C-SMT and C-LIMT is very similar,
typical of an electrochemical pseudocapacitor, with
dominant electrostatic charging and minor contribu-
tions due to faradic processes. In contrast, the capacitive
charge of C-MA2l is minimal and there is a strong
contribution of a fast electrochemical reaction at —1.1 V
vs. Hg/HgO. In general, the electrochemical behavior of
C-MAZ21 is different to the other carbon blacks. For
example, it has a low current response in the potential
interval analyzed, and superior overpotential for water
electrolysis. The studies done on ferro/ferricyanide,
where all the electrodes gave similar responses, suggest
that the inverted CB/S ratio of C-MAZ21 is not the rea-
son for its different electrochemical behavior.

The charge/discharge response of the various carbon
blacks as a function of the number of cycles is given in
Fig. 2 under variable and constant currents. The po-
tential-time curves of the chronopotentiometry studies
were converted into potential-charge diagrams, and
normalized according to the weight of carbon. In Fig. 2a
the perturbation consisted of 100 s cathodic pulses
starting at —3x107° A (first cycle) and ending at —7x10°
A (fifth cycle). The 200 s anodic pulse was 2x10°> A in
each cycle. Chronopotentiometry curves with pulses of
+£6x10° A for C-LIMT and +1.5x10* A for C-MA21
are shown in Fig. 2b and c, respectively. In these figures
the width of the pulse was different in the cathodic
(direct) and anodic (inverse) directions. Figure 2b is the
result of 50 s/100 s direct/inverse pulses, while Fig. 2¢
corresponds to 100 s/200 s direct/inverse pulses.
Curves obtained for C-SMT are not shown since they
are similar to the ones presented for C-LIMT.

Table 1 Morphology parameters and chemical composition of carbon blacks

Sample Mean particle size (nm) ~ BET surface area (m?/g) DBPA® (mL/100 g) Sulfur (%) Lithium (ppm)
C-SMT 390 6.6 42 0.35 <1

C-LIMT 390 5.5 42 0.02 700

C-MA21 25 80 170 0.01 -

“Dibutyl phthalate absorption
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Fig. 1 Cyclic voltammograms (10th cycle) in 6 M KOH for carbon
paste electrodes based on different carbon blacks. The potential
swept (10 mV/s) starts at the rest potential in the negative direction.
The electrode geometric area was 0.96 cm? and the paste had a
carbon content of 0.1122 g

Chronopotentiometry studies at = 1.5x10* A could not
be sustained for a long time (more than five cycles) for
both C-SMT and C-LIMT because the evolution of
hydrogen compromised the integrity of the paste.
Under a variable cathodic current (Fig. 2a) there is
a shift of C-LIMT to more negative potentials as the
intensity of the cathodic pulse increases. Moreover, the
complexity of the curves also increases with current in-
tensity. The various inflexions on the potential-capacity
curves correspond to transitions from one electrochem-
ical reaction to another. Therefore, as the cathodic
current increases, two electrochemical reactions appear
at 0.4 V and -1 V vs. Hg/HgO. The last event is ex-
pected to be related to hydrogen adsorption and inter-
calation. Additionally, when C-LIMT is subjected to
equal perturbation currents of 60 pA, the process at
—0.4 V vs. Hg/HgO takes over the hydrogen adsorption/
intercalation reaction (Fig. 2b). For C-MAZ21, several
electrochemical processes are observed in the potential-
capacity curves owing to the higher current intensity of
the pulses. In contrast to C-LIMT, in this carbon black
the electrochemical reaction at -1V vs. Hg/HgO
becomes dominant as the number of cycles increases.
The materials compared in Fig. 2, C-LIMT and
C-MAZ21, have surface areas of 5.5 m?/g and 80 m?/g,
respectively. More important, the particle size of
C-MAZ21 is substantially smaller than the other carbons

>

Fig. 2 Chronopotentiometry curves in 6 M KOH for: a C-LIMT
under a variable cathodic pulse (30-70 pA/100 s) and constant
anodic pulse (20 pA/200 s); b C-LIMT under a constant double
current pulse of £60 pA or +2.7x10* A/g (cathodic pulse/50 s,
anodic pulse/100 s); ¢ CMA21 under a constant double current
pulse of +150 pA or +1.3x10° A/g (cathodic pulse/100 s, anodic
pulse/200 s)
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studied, as evidenced in Table 1. In addition, C-MA21
has been submitted to a thermal treatment of 2200 °C in
an inert atmosphere and Fig. 3 clearly demonstrates that
a partial graphitization process has occurred for this
carbon black. That is, long parallel layering is observed
for the C-MAZ21 versus the typical disoriented turbo-
static layer morphology of C-SMT and C-LIMT, also
shown in Fig. 3. The abundance of oxygen-containing
groups in the carbon surface is much more important for
C-LIMT and C-MST than for C-MAZ21, since the latter
loses almost all oxygen functionality due to the partial
graphitization process of the thermal treatment.

The correlation between different morphologies and
cathodic behavior of the various carbon blacks is clearer
in the density of states (DoS) representation. Figure 4
shows the curve of dQ/dV vs. V, where Q represents the

Fig. 3 TEM micrographs of a C-LIMT and b C-MA21. Lamella
arrangement can be seen near the surface for C-MA21

>

Fig. 4 Density of states for electroactive species as a function of
the equilibrium potential: a C-LIMT under a variable perturbation
current; b C-LIMT under a constant perturbation current; ¢ C-
MAZ21 under constant perturbation current. Details in legend to
Fig. 2
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charge per unit mass. As expected, the representation
corresponding to the variable current pulse (Fig. 4a)
shows the two electrochemical processes that were evi-
dent in the curves of C-LIMT after the first cycle.
Without considering the first pulse, the potential spread
of the peaks is relatively small during cycling. On the
other hand, under a constant perturbation of 60 pA the
DoS representation of this carbon black (Fig. 4b) indi-
cates that cycling facilitates both cathodic processes
since the peaks move to less negative potentials as the
number of cycles increases, and the charge imposed
accumulates in the event occurring at —0.4/~0.3 V vs.
Hg/HgO. In high contrast to C-LIMT and C-SMT,
Fig. 4c shows the larger complexity of the C-MA21
carbon black curves obtained under a stronger pertur-
bation pulse (150 pA). A minimum of four processes
take place in C-MA21 and their magnitude decreases
with the number of cycles (zones I, II, IIT and IV, with
approximate values of —1.3, —1.18, —1.0 and —0.78 V vs.
Hg/HgO, respectively). In addition, another process
appears during cycling (zone V at —0.95 V vs. Hg/HgO).
There appears to be a correspondence of process V with
the anodic peak at —1.1 V vs. Hg/HgO observed in the
cyclic voltammogram of this material. The rich electro-
chemical behavior of C-MA21 cannot be explained in
terms of its poor surface chemistry and reflects the large
anisotropy expected for a graphitic carbon. That is,
adsorption/intercalation of hydrogen and/or other
electroactive species can be occurring in basal or edge
surfaces with different degrees of curvature. The nature
of zone V and the anodic peak at —1.1 V vs. Hg/HgO are
not clear. The fact that these events appear during
cycling could hint that they may be related to exfoliation
or corrosion of graphene layers and/or that the elect-
rochemical active species is in the bulk of the solution,
since the redox processes of surface groups are expected
to disappear with cycling. More studies will be directed
to identify the nature of this electrochemical reaction,
whose large reversibility resembles the behavior found in
the electrochemical storage of hydrogen in carbon
nanotubes [24, 25].

The highly disordered and low structured nature of
C-LIMT helps with the fast stabilization of the capaci-
tive current of this material. Regardless of its low surface
area, C-LIMT has a higher DoS (larger capacity) than
the graphitic carbon black (area under the peaks that
grow or remain constant with number of cycles), but it is
limited by its smaller potential window. On the other
hand, most of the surface area of C-MAZ2I is not elec-
trochemically active, but this material has a larger
overpotential for water electrolysis. Still, the nature of
the process at —1.1/-0.95 V vs. Hg/HgO must be clearly
resolved.

Table 2 gives the response of the various materials
after they were polarized at —1.6 V vs. Hg/HgO. The
potential window of —1.6 to 0.4 V is insufficient to
recover all the charge applied to C-MAZ21, but it is too
large for C-SMT since, at —1.6 V vs. Hg/HgO, irrevers-
ible hydrogen evolution occurs in this carbon black.
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Table 2 Relation of charge applied/recovered from carbon blacks
submitted to cathodic polarization (—1.6 V vs. Hg/HgO) during
various times followed by an anodic potential sweep at 10 mV/s

1) Qi (mC/mY)* Oy (mC/m?) 0405 (%)
C-MA21 90 0.80 0.012 1.5
300 1.38 0.001 0.1
1200 1.17 0.059 5.0
C-LIMT 90 11.76 3.97 337
300 55.48 23.48 423
600 69.52 5245 75.4
1200 56.68 41.80 73.7
C-SMT 90 11.27 0.41 3.6
300 44.25 1.47 33
600  435.83 18.77 43
1200 1802.14 56.33 3.1

40;: charge accumulated during the initial polarization. Q,: charge
integrated during the anodic potential sweep

However, this potential window (—1.6 to 0.4 V) seems to
be just right for C-LIMT, which recovers almost 70% of
the charge at the largest polarization time. The different
behavior of C-SMT and C-LIMT is more related to the
different chemical compositions of these carbon blacks
than to their different morphologies. The presence of
lithium in C-LIMT seems to provide stronger adsorp-
tion sites relative to the undoped C-SMT carbon black,
increasing the overpotential for hydrogen evolution.

Conclusions

In this work we report the electrochemical behavior of
carbon blacks with different surface structures, surface
chemistries and morphologies. The influence of these
variables on the chronopotentiometry curves was dis-
cussed. The disordered nature and lower structure of C-
LIMT helps to increase the magnitude and kinetics of
the electrostatic adsorption/desorption processes, even
though no reversible faradic processes were observed in
this carbon black. On the other hand, the large over-
potential of the graphitic carbon C-MA?21 is manifested
in the experimental results, and may be attributed to the
large anisotropy of its reactive sites. In this carbon, the
fast redox process at around —1 V vs. Hg/HgO resembles
the electrochemical hydrogen storage behavior observed
in carbon nanotubes.
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