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Abstract The difficulties in the use of carbon paste
electrodes to quantify the electrochemical adsorption of
hydrogen in nanocarbon materials are described.
Chronoamperometry studies using a Ferro/Ferri redox
couple were performed to obtain the electrochemical
active area of paste electrodes prepared by dispersion of
differing samples of carbon blacks (CB) within silicon
oil. This electrochemical active area was combined with
the BET-surface area of the carbon blacks, to obtain the
mass of superficial carbon involved in the electrochem-
ical processes. To assure equal conditions for compari-
son, the electronic conductivity of the paste was
equivalent in all the samples. From our results it appears
that cyclic voltammetry, combined with carbon paste
electrodes and nitrogen adsorption isotherms, provides a
simple and less expensive route for the qualitative eval-
uation of the electrochemical hydrogen uptake of novel
carbon materials. Still, for quantitative measurements,
some issues remain unsolved in highly structured car-
bons, where the lack of penetration of the bulky Ferro/
Ferri redox couple in the micropores of the CB and the
occurrence of solid-state diffusion cause the underesti-
mation of the mass involved in hydrogen adsorption.

Keywords Carbon paste electrodes - Electrochemical
hydrogen storage - Nitrogen isotherms

Introduction

Carbon based composites continue to be one of the most
studied materials, due to the cost, availability and the
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broad spectra of physicochemical properties they can
convey [1]. Most recently, the need of hydrogen storage
in the development and broad use of fuel cells has re-
newed the interest in the material’s design based on
nanocarbon compounds [2-17]. The apparent high
pressure requirement (10-12 MPa) and the need of
alkaline metals in carbon materials to obtain 4-10 wt.%
hydrogen adsorption from the gas phase [16], make the
electrochemical hydrogen storage an attractive alterna-
tive [7-15, 17]. Furthermore, voltammetry has proved to
be a fast method for the evaluation of the hydrogen
storage ability of carbon materials [9-12, 18,19]. In
particular, important differences in the electrochemical
adsorption and evolution of hydrogen on modified car-
bon black (CB) paste electrodes were distinguished and
explained in terms of the different physicochemical
properties of the CB particles [18, 19].

In this work, we attempt the quantitative evalua-
tion, reported in wt%, of the electrochemical hydro-
gen uptake of carbon paste electrodes prepared by
dispersion of CBs within silicon oil (S). The use of oils
is a common practice in carbon paste electrodes,
where it is intended for the characterization and fast
regeneration of the electrode surface. Still, the mass of
carbon in the paste does not represent the electro-
chemical active mass of the electrode, due to the
hydrophobic nature of silicon oil that avoids pene-
tration of aqueous electrolytes. Therefore, we com-
bined the BET-surface area of various experimental
samples of CBs with the determination of the elec-
trochemical active surface and the electrochemical re-
sponse of paste electrodes in alkaline media. The
results obtained provide evidence of different storage
mechanisms in the carbon paste electrodes, leading to
the conclusion that the properties of the carbon sur-
face are critical for the validity of the methodology
proposed. For highly structured CBs with large DBPA
index, the diffusion of hydrogen and/or its solubility in
silicon oil causes an underestimation of the mass of
carbon involved in the electrochemical hydrogen up-
take.



Experimental

Carbon blacks powders with different surface area were
supplied by Columbian Chemical Company. The mor-
phology of these materials was obtained by high-reso-
lution electron microscopy using a Philips TECHNAI
F20 scanning transmission electron microscope. The
BET-surface area was obtained from Nitrogen isotherms
recorded at 77.3 °K in a TriStar (Micromeritics) appa-
ratus. Table 1 presents some of the characteristics of the
CBs tested, which were labeled: CDX, CDX-T, and
40220. CDX and 40220 are turbostratic CBs with
246 m* g~ ' and 595 m? g~' surface area, respectively.
The graphitized CB CDX-T (80 m? g~ ') corresponds to
CDX subjected to thermal treatments at 2,200 °C in
inert atmosphere.

Electrochemical measurements in 6 M KOH aqueous
electrolyte were carried out with a Basic Autolab W/
PGSTAT30&FRA system. A conventional tri-electrode
cell, consisting of a working carbon paste electrode,
graphite counter-electrode, and a Hg/HgO/1 M KOH
reference electrode (+0.2 V vs. NHE), was used in the
cyclic voltametry and Chronoamperometry experiments.
Both reference and counter electrodes were kept in
separate compartments. The paste electrodes were pre-
pared by mixing 0.112 g of CB with silicon oil in the
weight ratio of CB:S 35:65. The paste was supported in a
0.4 mm thickness Teflon ring (0.96 cm?) with stainless
steel as the back contact. All the experiments were
conducted under stationary conditions and nitrogen
flow to avoid oxygen diffusion and the acidification of
the bulk solution due to dissolved CO,. For quantitative
measurements, the bulk resistivity and the electrochem-
ical active area of the various paste electrodes were
determined with the Ferro/Ferri cyanide reaction.
Additionally, to assure similar interfacial conditions and
good reproducibility, each experiment was run in a re-
newal surface.

Results and discussion
Microstructure and BET-surface area

Examples of the structures of CBs particles used in this
study are presented in the electron micrographs of
Fig. 1. Figure 1a shows an electron micrograph of the
CDX (246 m? g~') CB evidencing some ordering in the
planes near the periphery of the particle. The incipient
ordering is enhanced by heat treatment at 2,200 °C, as

Table 1 Physico-chemical properties of the various carbon blacks
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shown in Fig. 1b, where the occurrence of discrete fac-
eting is also observed. The 60% reduction in the surface
area of CDX-T is consistent with its hermetic structure.
For CB 40220 (595 m? g ), the electron micrograph
evidences a superior density of growth centers and the
concentric growth of carbon layer planes around them.
These aggregates of carbon-anion like structures have
been used as precursors for the growth of multiwalled
carbon nanotubes due to the large number of pentagon
and heptagon defects in the graphene lattice, which is the
key for solid state diffusion [20]. These defects can also
be thought as reactive hydrogen adsorption/diffusion
sites and might explain the nonlinear correlation be-
tween BET surface areas and the electrochemical
hydrogen uptake discussed below.

Nitrogen-adsorption isotherms of the three samples
of CB are shown in Fig. 2. They resemble very closely
the N, adsorption isotherms reported for as grown and
oxidized single-walled carbon nanotubes [21]. In these
CBs samples, minimum differences are observed in the
values of adsorption energy (AG) summarized in Ta-
ble 1, although important differences are evident in the
volume adsorbed. The small difference in AG most likely
reflects differences in porous distribution, since CBs are
usually inert substrates for nitrogen gas adsorption. For
all the carbon specimens, the adsorbed volume increased
abruptly at small relative pressure due to the presence of
the large amounts of micropores. Since the nitrogen gas
molecule is sized 0.35 nm in diameter, the adsorbed
volume measured by nitrogen gas adsorption method
includes even micropores smaller than several nanome-
ters.

Electrochemical measurements for the evaluation of
the electrochemical active area of carbon paste elec-
trodes

Bulk resistivity

The bulk resistivity of the paste electrodes was moni-
tored against the Ferro/Ferri cyanide reaction. Here,
cyclic voltammetry studies were performed on an elec-
trolyte solution containing 0.01 M Ferro/Ferri cyanide
and 1 M KCI. Figure 3 shows the typical electrochemi-
cal response of this redox couple obtained with the
various carbon paste electrodes. The quasi-reversible
behavior of the curves indicates good electronic con-
ductivity in all the electrodes. The difference in peak
intensities reflects the difference in electrochemical active
area discussed below, while the dispersion on peak
potentials (below 80 mV) is in agreement with the dif-
ferences in surface functionality of the CBs.

Sample Particle size (nm) BET-area (m” g }) AGgsorption (kJ/mol) DBPA (ml/100 g) Annealing T (°C)
CDX 16 246 —16.1 170 -

CDX-T 28 80 —16.9 165 2,200

40220 8 595 -17.3 225 -
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Fig. 1 TEM micrographs of the powders studied: a turbostratic CB
(CDX) b graphitized CB (CDX-T) ¢ high structure carbon black
(CB-40220)

Electrochemical active area

The electrochemical active areas were evaluated by
Chronoamperometry studies in the potential interval of
0.150-0.450 V versus SCE. According to the Cottrell
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Fig. 2 Nitrogen adsorption isotherms obtained at 77 °K for CBs
40220 (solid line), CDX (line-circle), and CDX-T (dashed line). See
Table 1 for the physicochemical description of these samples

equation (1), the slope of the linear region of the current
(1) versus time (7)~"? plot provides the electrochemical
active area (A) if other parameters are known.

nFD"2CoA ()
n1/2t1/2
Here, n is the number of electrons exchange, F, the
Faraday constant taken as 96,500 C/mol, D, the diffu-
sion  coefficient of the Ferricyanide specie
(7.6x107° cm? s 1), and C,, the initial concentration of
the electroactive specie (10> molem ). Figure 4 shows
I versus 7~ '/ plots for the various paste electrodes. Each
curve goes through zero and represents the behavior
observed at the various potential pulses, assuring the
reliable determination of the electrochemical active areas
given in Table 2. From these results, it is clear that a
good correlation exists between the BET-surface area of
the CB component and the electrochemical active area
of the paste electrode. The BET-surface area of the
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Fig. 3 The quasi-reversible behavior of the 0.01 M Ferro/Ferri
cyanide redox pair in aqueous 1M KCI, assures the good
electronic conductivity of the CB-40220 (dash line), CDX (short
dash line), and CDX-T (solid line) carbon-paste electrodes
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Fig. 4 Chronoamperograms of carbon-paste electrodes shown as [
versus t~/% plots: 40220 (solid line), CDX (circles), and CDX-T
(dashed line). CDX (circles), CDX-T. Data obtained by the
potential step technique in a 0.01 M Ferro/Ferri cyanide/1 M
KCl solution

electrode, calculated from the mass of CB used in the
paste, is compared with the electrochemical value. This
comparison is shown in Table 2 and plotted in Fig. 5. In
the figure we have also added another sample of CB with
only 5 m? g~! BET-surface area. Clearly, the significant
difference in the values plotted indicates that only few
micrograms of carbon are involved in the electrochem-
ical reaction. It corresponds to the first superficial layers
of the paste. In a first approximation, this mass
(Csuperficial) can be calculated from the electrochemical
active area of the paste electrode divided by the BET-
surface area of the CB component. The major drawback
in this approximation is the fact that the ferrous/ferric
ions are so large in size that they cannot penetrate into
the pores with sizes of nanometers [22]. Therefore, for
CBs with a large fraction of micropores, the electro-
chemically active area determined in 0.01 M ferrous/
ferric cyanide solution will be much lower in value than
the one determined by the nitrogen gas adsorption
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Fig. 5 Correlation between the measured electrochemical active
area and the estimated BET-surface area of various CB-paste
electrodes
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Table 2 Determination of the amount of carbon black (CB) elec-
trochemically active in different paste electrodes

Sample BET area Electroactive CP race (L)
-Chaste (m?) area x 10* (m?)

CDX 28 0.73

CDX-T 9 1.57

40220 67 0.36

“From: (mass of CB) x (BET-areca CB)
®From: (electroactive area)/(BET-area CB)

method. For these CBs, the methodology proposed will
underestimate the mass of CBs involved in the electro-
chemical process.

Electrochemical hydrogen uptake mechanisms and
quantification

Mechanisms

The electrochemical hydrogen adsorption on carbon
materials relies on the dissociation of water at the working
electrode (C + H,O + e- —» C-H,q + OH™). The
hydrogen storage capacity of the electrode is obtained
through the inverse reaction (oxidation), which measures
the amount of adsorbed atomic hydrogen that intercalates
in the carbon material plus the amount that recombines
into molecular hydrogen and diffuses into the electrode.
The amount of cathodic charge that cannot be recovered
in the anodic process is what escapes as hydrogen gas
bubbles. These different stages depend not only on the
electrochemically active sites, but also on the porosity of
carbon, and can be followed by Cyclic Voltammetry
studies in alkaline media. We performed these experi-
ments in the potential range 0f 0.6 Vto —1.5 V versus Hg/
HgO/1 M KOH, initiating at rest potential (V) and going
in the negative direction at a scan rate of 50 mV/s. At this
rate, the adsorption equilibrium is difficult to establish in
porous materials due to the small effective diffusion
coefficient, giving a sluggish response upon potential
inversion. Still, inferior scan rates compromise the signal/
noise ratio, causing problems in the detection of small
faradic currents, which are then dominated by the elec-
trostatic charging of the double layer.

Figures 6, 7, and 8 report the voltammograms of the
various carbon paste electrodes during the first two cy-
cles. The electrochemical response of the electrode based
on CDX (Fig. 6) shows slow and irreversible processes
plus the activation of the surface with cycling. That is,
the reduction peaks C; and C, observed during the first
cycle (we use ‘C’ for cathodic events, and ‘A’ for anodic
events; with the sub-index indicating the order of
appearance) are better resolved and shift to less negative
potentials during the second cycle. More important, they
are accompanied by an intense cathodic peak (Cs) pre-
ceding hydrogen evolution. Moreover, magnification of
the anodic processes around —0.6 V versus Hg/HgO/
1 M KOH occurs during the second cycle, while the
electrode response (i.e. recording of positive current)
becomes faster upon inversion of the potential at —1.5 V



650

I{mA)

-2.91

_4-0 1 1 L 1
-1.6 -1.1 -0.7 -0.3 0.1 0.6

E (V vs. Hg/HgO)

Fig. 6 Cyclic voltammograms showing the first cycles for the
electrochemical hydrogen uptake of CDX paste electrodes
immersed in aqueous 6 M KOH. Scans initiating from rest
potential in the negative direction at 50 mV/s. Electrode geometric
area = 0.96 cm’

versus Hg/HgO/1 M KOH. It is also notorious the lack
of current in the potential interval of —0.4 V to 0.6 V
that rules out electrochemical oxidation as the origin of
C;. On the other hand, the decrease of C; and C, with
the number of cycles suggests the depletion of the
electroactive species in the carbon paste. The correlation
of C;/C, with the anodic peak (A;) has been validated in
other works and corresponds to the redox processes of
the carbon surface functional groups [7, 11]. For the
redox processes associated to hydrogen storage, it is
evident that only the cathodic peak C; is well defined,
while the anodic peak related to hydrogen desorption is
not observed at 50 mV/s.

The effect of annealing on the electrochemical re-
sponse of CDX-T is shown in Fig. 7. Note the change
in current scale evidencing the inferior electrochemical
responses of the processes C; and C, on graphitized
CB. They move to more negative potentials and are
less intense, in agreement with the reduction on surface
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Fig. 7 Cyclic voltammograms recorded at 50 mV/s for the electro-
chemical hydrogen uptake of CDX-T paste electrodes immersed in
aqueous 6 M KOH. Scan initiating from rest potential in the
negative direction. Electrode geometric area = 0.96 cm?

area and surface functionality (i.e., carbon—oxygen
complexes) after thermal treatment. Here again, acti-
vation of the carbon surface shifts C;/C, to more po-
sitive potentials and causes the appearance of Cj
during the second cycle. For this electrode, the effect of
graphitization is more evident in the anodic signals.
Unlike the CDX electrode, the electrode based on
CDX-T shows the presence of a narrow peak associ-
ated with the electrochemical desorption of hydrogen
(i.e., Hugs - € — HT). It seems that the hermetic
structure of this carbon helps toward a fast electro-
chemical response, with little interference of diffusive
processes. Some factors to consider are: (a) the elect-
roactive surface is mainly at the basal planes of
graphene layers, and (b) the loss of surface function-
ality contributes to a narrow distribution of reactive
sites, and therefore, to a sharp oxidation peak. The
clear increment in the size of the basal plane after
graphitization (Fig. 1) and the fact that the conductive
and capacitive properties of edge and basal planes are
different from each other [23, 24], led to the conclusion
that for thermally treated carbons, the properties of the
basal planes determine the hydrogen uptake mecha-
nism.

For CB 40220, Fig. 8 shows a different electrochem-
ical response when compared to CDX or CDX-T elec-
trodes. Intense capacitive currents mask the reduction
processes associated to native carbon—oxygen complexes
(see inset). The well-defined hydrogen adsorption peak
(C5) is not observed in this material. Moreover, the
anodic current in the potential interval of —1.4 V to
—0.7 V versus Hg/HgO/1 M KOH appears as a limiting
current, suggesting the substantial accumulation of
hydrogen in the paste. This electrode has an oxidation
process at ~0.5 V versus Hg/HgO/1 M KOH, which can
be associated with the adsorption of OH™ or the oxi-
dation of the carbon surface [7, 18, 19]. In general, the
electrochemical response of this material agrees with its
large surface area and the abundance of surface defects,
and the absence of the peak associated with the
adsorption of atomic hydrogen suggests the fast
recombination of these atoms into molecular hydrogen.

The data presented support different hydrogen stor-
age mechanisms in the carbon-paste electrodes. A dom-
inant role of basal planes in the graphitized CDX-T CB,
confines the adsorption/desorption of atomic hydrogen
at the outer surface (Hyqs - ¢~ — H; Cpasal planes)- 1N
the electrode based on turbostratic CDX CB, contribu-
tion from the CB inner surface is important, and
hydrogen desorption is affected by surface diffusion
processes (Hags - €~ — H™; Coun). For CB 40220, the
storage of molecular hydrogen inside the paste is evident,
and the anodic response is associated to the oxidation of
molecular hydrogen (H, 445 —2¢~ — 2H™; Chaste)-

Quantification of the electrochemical hydrogen uptake

The electrochemical hydrogen storage of the various
carbon paste electrodes is reported in Table 3 and
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Fig. 8 Cyclic voltammograms
showing the first cycles for the
electrochemical hydrogen
uptake of CB-40220 paste
electrodes immersed in aqueous
6 M KOH. Scans initiating
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plotted in Fig. 9 as a function of polarization time.
Polarization experiments were performed at —1.525 V
versus Hg/HgO. This potential is slightly superior to the
value of Epe (C3) in CDX and CDX-T, but corre-
sponds to incipient hydrogen evolution in CB 40220.
The extrapolation to zero polarization time is intended
to minimize the contribution of molecular hydrogen (i.e.
to obtain the amount of charge corresponding to ad-
sorbed atomic hydrogen). Table 3 reports the amount of
charge applied (or recovered) converted to wt.%
hydrogen adsorption by means of the mass of superficial
carbon reported in Table 2. As explained before, the
presence of micropores led to the underestimation of the
mass of carbon on the electrode surface; thus the values
of adsorption capacity per unit mass reported in Table 3
must be considered the upper limits for the real
adsorption capacity. For CDX and CDX-T the numbers
reported in Table 3 are reasonable and several orders of
magnitude higher than the values obtained using the
mass of CB in the paste. For the paste based on CB-
40220, even the calculated hydrogen capacity at zero

E (Vvs. HgHgO)

polarization time is several orders of magnitude above
the expected adsorption capacity of carbon materials
[13]. To date, the highest value of 1.5-2% was found for
activated carbon samples subjected to nitric acid treat-
ment, which renders 3.5 meq/g total surface function-
ality (mostly carbon—oxygen complexes). Therefore, it is
clear that in this electrode, the methodology proposed
has another source of error in addition to the abundance
of micropores: the abundance of structural defects
assisting solid state diffusion, which is consistent with
the high structure of CB-40220 (obtained from DBPA
values).

Conclusion

In this work, we use carbon paste electrodes to quantify
the electrochemical hydrogen uptake of various CBs,
using the specific surface area obtained from N,-iso-
therms and the electrochemical active surface obtained
from Chronoamperometry studies. Cyclic voltammetry

Table 3 Storage of Hydrogen in carbon blacks-paste electrodes as a function of polarization time at —1.52 V versus Hg/HgO. Electrodes

immersed in 6 M KOH

Sample Pol. time (S) Q;ol (mC) Qgcs (mC) Hdcs (Mg) Hdcs/csurf Y% Hdcs/Cpastc %
CDX 0 - 0.02 1.7E-04 0.02 1.5E-07
90 11.43 0.02 1.7E-04 0.02 1.5E-07
300 20.07 0.26 2.7E-03 0.37 2.4E-06
1,200 86.70 4.28 4.5E-02 6.10 4.0E-05
CDX-T 0 - 0.01 9.9E-05 0.01 8.8E-08
90 0.8 0.01 9.9E-05 0.01 8.8E-08
300 1.6 0.28 2.9E-03 0.18 2.6E-06
1,200 1.2 0.40 4.2E-03 0.26 3.7E-06
40220 0 - 2.5 2.6E-02 7 2.3E-07
90 48.7 4.0 4.2E-02 12 3.7E-05
300 111 14 1.5E-01 41 1.3E-04
1,200 312 41 4.3E-01 119 3.8E-04

Qpot: charge accumulated during the initial polarization period
Qges: charge integrated from the anodic potential scan at 10 mV/s
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Fig. 9 Electrochemical hydrogen uptake as a function of polariza-
tion time for carbon paste electrodes based on CDX (filled circle,
open circle), CDX-T (filled square,open square) and CB- 40420
(filled triangle, open triangle). Polarization experiments were
performed at —1.525 V versus Hg/HgO. Open symbols correspond
to the charge accumulated during the initial polarization, and solid
symbols to the charge integrated during the anodic potential sweep
at 10 mV/s

studies suggest various mechanisms and active sites for
electrochemical hydrogen storage, which seem to corre-
late not only with the surface area of CBs, but also with
their kind of structural defects. The good correlation
validates the use of carbon paste electrodes as a pow-
erful tool for the evaluation of novel carbon materials
with low microporosity. Still, for quantitative measure-
ments, some issues remain unsolved due to the superior
diffusion of hydrogen in carbon paste electrodes based
on highly structured CBs. In these materials, the
hydrophobic nature of silicon oil is not enough to con-
fine the electrochemical hydrogen uptake to the elec-
trode surface. The direct evaluation of the diffusion
coefficient and the electrochemical active area for the
hydrogen reaction in paste electrodes are currently un-
der progress in Electrochemical Impedance Spectros-
copy studies.
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