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acid system.
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A comparative study of the electrochemical behavior of ruthenium in the electrolytic system 10° M RuCl;/
1 M HCIO, at pH=1 was carried out using carbon paste electrodes prepared with carbon black
(nanostructurated). Measurements of absorbance in the region of visible spectrum showed that the

electroactive species is an oxy aquocomplex [Ru0(H20)4]2*. Studies of cyclic voltammetry of reversed

potentials (E;) allowed for the description of the oxidation processes involved. The oxidation process
explained the electrochemical formation of a ruthenium oxide (RuO, which appeared with a defined
potential value. This permitted its electrochemical growth on the paste electrodes. Capacitive behavior of
this oxide in the system 1 M HCIO, was also characterized and its specific capacitance (F/g) was evaluated
applying a current pulse. The obtained specific capacitance is of 120 Fg''.

1. Introduction : Due to its electrocatalytical properties,
metallic ruthenium and some of its compounds are used as
materials for electrodes in development and design of
generation and energy storage devices (fuel cells and
electrochemical capacitors) [1-3]. Recently, electrode
materials with small quantities of metallic particles or
particles of oxides of this metal have been prepared,
supported by different matrices (such as carbon). They are
an interesting alternative that benefits different
electrocatalytic processes [4-6], where even in small
quantities, ruthenium shows its electrocatalytic capacity, a
characteristic associated with successive interfacial
processes of charge transference, where the metal
participates directly. This fact deserves special attention,
since it is known that ruthenium is a very active metal,
presenting eight oxidation states and with each of them
stable aqueous electrolyte and organic compounds have
been reported [5-9]. Specifically, the use of ruthenium in
electrocatalytic processes or for charge storage require great
stability of the electrode material associated with the real
identity of the ruthenium electroactive species incorporated
into the matrix. Although studies of chemical
characterization of these species have been reported, little is
known about ruthenium electrochemical activity. Due to the
great interest on ruthenium supported on carbon materials
and considering the limited electrochemical studies
reported, this work presents an electrochemical study of
ruthenium on carbon paste electrodes (CPE) prepared with
different materials of nanostructurated carbon black, using
an electrolytic bath of 10”°M RuCly/1M HCIO;, at pH=1. It
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is important to mention that several characterizations and
evaluation studies on carbon electrodes (paste or vitreous
carbon), with or without electrochemically grown metallic
particles, for use in electrocatalytic  processes,
electrochemical storage of hydrogen or as electrochemical
capacitors have been reported in our work group [10-13].
Besides its low cost and easy preparation, CPEs present
great versatility of application because they are malleable
and it is possible to adapt them to any physical current
collector configuration; a fact that allows us to propose
them as the electrode material for this study.

2. Experimental : Electrochemical measurements were
carried out with a GAMRY / PC14 / 300 Potentiostat /
Galvanostat / 2RA750 equipment, in a conventional three
electrode cell. A graphite bar was the counter electrode, and
a saturated calomel electrode was used as reference
electrode (+0.215 V vs. NHE). These electrodes were kept
in separate compartments, and a carbon paste electrode was
the working electrode. The paste was prepared with silicon
oil (Aldrich) and nanostructurated carbon (Columbian
Chemicals, Co.). The sample corresponded to two types of
carbon (nCB|, nCB,): 16, 8 nm mean particle size, 246, 545
m?/g BET-surface areas. Carbon paste electrodes were
prepared with a relation in weight of carbon material and
silicon oil of 32:68% (nCB;): and 47:53% (nCB,). The
paste (0.15g was always used for all electrodes) was
supported in a 0.2-mm thickness Teflon ring (0.62 cm?)
with stainless steel as the back contact. The electrolytic
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system was 10> M RuCly/1M HCIO, to pH=1. All solutions
were prepared with deionized water (ultra-pure Milli-Q),
previously bubbled with N, for 30 min. Cyclic voltammetry
was used to describe the potential range of work. The initial
rest potential (E;_)) was increased in a positive direction up
to various potentials limits (E;), where the sweep direction
was reversed. Ruthenium oxide was formed on the carbon
paste electrodes in 10°M RuCly/IM HCIO, at pH=1, by 25
cycles of potential sweeping at a rate of 20 mV/s, in a
potential range from 0.55 to 1.3 V vs. SCE. The capacitance
behavior was evaluated in IM HCIO,, using cyclic
voltammetry and current constant pulses.

3. Results and Discussion : It has been reported that
aqueous solutions of ruthenium salts present certain
instability due to the chemical activity of the metal, which
shows different oxidation states. Electrolytic baths of
ruthenium require a period of time to stabilize the
compound in the more stable oxidation state, under the
established experimental conditions. A method commonly
used and reported to identify the species of ruthenium is to
measure the absorbance in the UV-Visible spectrum;
several species have been identified and reported by this
method [14-16]. In order to establish the electroactive
species present in the electrolytic system 10°M RuCly/1M
HCI1O, at pH=1, absorbance measures were performed in
the visible region of the spectrum immediately after
preparing the electrolytic bath and during a certain period of
time, until no more changes in the measurement were
observed. Figure 1 shows the absorption spectra in the
electrolytic system 10°M RuCly/IM HCIO, at pH=l,
obtained during the first two days, as well as the absorbance
spectrum of water and that of the supported electrolyte, 1M
HCIO, (both marked in the figure), for comparison. The
spectrum obtained starting the third day is also showed
(Figure 1b).

The response between the first two days was different, as
can be observed in figure 1 (Figure la). Starting the third
day and on, until the last day, the response became stable
and presented two maximums: I (310 nm) and II (490 nm).
This indicated that the dissolution had become stabilized
and therefore the more stable chemical species had been
formed (Figure 1b). Several spectrophotometryc studies of
ruthenium compounds, with similar spectra to that, showed
in the figure 1b have been reported in literature. This

response corresponds to [RuO(H20)4]2+. Reactions 1 and 2
have been proposed using ruthenium salt [14-18]. The

presence of species Ru(IV) in perchloric acid has been
acknowledged in other studies carried out by several

[16,19,20]; therefore, [RuO(HZO)4]2+ was

considered the electroactive species in the system 1M
HCIO;,.

authors

RuCl, ¢ 2H,0+2H"* — [Ru(OH), " +3CI" +2H, (1)

[Ru(OH),T* + 3H,0 ? [RuO(H,0),]* 2
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Figure 1. Absorption spectra of the system 10”M RuCly/IM
HCIO, at pH=1, obtained during thirteen days and
comparison absorbance spectra of water and the support
electrolyte 1M HCIlOy, on the first and second days (a), and
final response (b).

3.1. Study of the oxidation processes :

Figure 2 shows the voltammetry response obtained on the
electrodes (a) nCB, and (b) nCB,, at a scan rate of 20 mV/s
in the system 10°M RuCly1M HCIO, at pH=1, when
different reversed potentials values (E;) were applied. The
scan started in a positive direction with respect to the
system potential at rest (Ei—o). When considering the interval
09<E,<1.1V (in both figures), a formation of an
oxidation process O' (E = 0.95V) was observed, and when
the sweep direction was reversed, a reduction process R' (E
= 0.83V) appeared. Then, it is worth mentioning that when
the sweep was performed (in any of the two studied
directions), one of the two processes O' or R' appeared at
very similar potential values (these responses are not
presented). Nevertheless, independently of the initial sweep
direction, either O' or R' were present, a reason to say that
the electrolytic bath contains the pair redox: Ruthenium
(IV)/(II) as the initial chemical species of the system 10°M
RuCly/1M HCIO, at pH=1.

On the other hand, figure 3 shows the comparison between
voltammetry responses of electrodes nCB; and nCB,,
corresponding to intervals 0.95 <E; <1.1V (a) and 1.2<E,
<1.3V (b).
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Figure 2. Voltammetry response obtained on electrode nCB,
in the system 10°M RuCly/IM HCIO, at pH=1, at scan rate
of 20 mV/s, with increases of 50 mV. The potential
sweeping started in a positive direction with respect to the
potential of null current, and ended at different E;.

In figure 3a, processes O' and R', corresponding to
electrodes nCB; and nCB,, practically appearing at the same
potential (E = 0.95 and 0.83V respectively) can be
observed. In figure 3b, a sudden increase of current in the
limit of potential can be observed. This response was
characteristic of each electrode, being nCB, the one that
showed the greater magnitude of current. It is important to
mention that the process O'; (E = 1.25V) appeared only in
electrode nCBy; nevertheless, when the sweep direction was
reversed the reduction process R'y occurred (in both
electrodes). Even though in nCB, a well defined process of
good oxidation did not happen, the fact that R', appeared
indicates the possibility of some reduced species of
ruthenium present.

Considering the values of potential where oxide O
appeared (nCB)) in our study and comparing them with
reactions reported in literature, it is possible to say that O
can be associated to RuO,, which forms from the
electroactive species, as reactions (3) and (4) show [1,14,
21-25]:

[RuO(H,0),}" +20H < RuO,  2H,0 +3H,0 3)

RuO, ¢2H,0—4e¢ < RuO,+4H" )
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Figure 3. Comparison of the voltammetry response
corresponding to electrodes nCB; and nCB, obtained in the
system 10M RuCly/1M HCIO; at pH=1, at scan rate of 20
mV/s, in different intervals of potential.

It is important to mention that Kotz [22, 26] and Lam [27]
associate the formation of RuO, with a process of evolution
of O, on the electrode material prior or parallel to the
oxidization reaction of the electrolyte; a fact that is reflected
in the voltammetry response shown in figure 3, where at the
limit of potential (1.3 V) there is a sudden increase of
current associated to the evolution of O, in such a way that
in these electrodes the formation of RuQ, is possible. The
electrochemical formation of ruthenium oxide was carried
out by voltammetry, applying a potential sweeping during
25 successive cycles in the range 0.55 to 1.3 V vs. SCE, at
20 mV/s, in the system 10°M RuCly/IM HCIO, at pH=1.
Figure 4 shows the responses obtained when the previously
described conditions were applied.

It is important to notice in figure 4 that the current response
increases with the number of cycles in both electrodes. It
has been reported that oxide formation of ruthenium by
cyclic voltammetry, where metallic ruthenium is used as
electrode material, shows a progressive increase in its
response with cycling, which indicates a greater amount of
oxide generated in the electrode [5]. In figure 4a (electrode
nCB,), the R'; (E= 0.95V) process previously described,
which represents the reduction of ruthenium oxide formed
in the surface of the electrode keeps manifesting, whereas in
figure 4b (electrode nCB,) this process (R'}) disappears with
cycling. Generally, the response is very different from that
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shown in electrode nCB;. In electrode (nCB,), for instance,
a strong contribution of the oxidation process in the
electrolytic media is happening very close to the limit 1.3 V,
as shown in figure 4, where the current density suddenly
increases.
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Figure 4. Voltammetry response corresponding to
ruthenium oxide growth in electrodes nCB,; (a) and nCB,
(b), when applying 25 successive cycles at scan rate of 20
mV/s in the system 10°M RuCly/1M HCIO, at pH=1, at the
potential range 0.55 to 1.3 V, and emphasizing the last cycle
(black line).

Comparing both responses in figure 4 it can be seen that the
current magnitude presents the following tendency:
nCB;<nCB,; the amount of charge associated to the amount
of oxide mass is expected to follow the same tendency.

On the other hand, the amount of ruthenium oxide formed
on the electrodes was estimated using Faraday Law; that is,
by evaluating the area under the curve of the voltammetry
response corresponding to the formation of this oxide (25
successive cycles), to obtain charge (Q). In this way the
mass in the CPE's obtained from nanostructurated carbon,
associated with ruthenium was (nCB;mox) = 0.297 mg and
for the other electrode (nCB2mox) = 1.23 mg.

behavior of

3.2 Characterization of capacitive

ruthenium oxides :

Characterization of capacitive behavior of ruthenium
oxides/CPE was carried out by voltammetry technique, at a
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scan rate of 20 mV/s in the potential range -0.3 to 0.8V vs.
SCE in 1M HCIO,. Figure 5 shows the comparison of
voltammetry response corresponding to 25 successive
cycles of sweeping, for each one of the electrodes nCB, (a)
and nCB, (b), without (i) and with ruthenium oxide
previously grown in the range of 0.55 to 1.3 V (ii). Figure
5c shows the comparison of responses obtained in the last
cycle (cycle 25) corresponding to electrodes nCB, (ii) and
nCB, (iii) with ruthenium oxide, and without ruthenium
oxide (i).
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Figure 5. Comparison of voltammetry response

corresponding to 25 successive cycles obtained in
electrodes nCB; (a) and nCB, (b), without (i) and with
ruthenium oxide previously grown, in the range 0.55 to 1.3
V vs. SCE (ii). The response obtained in the last cycle
(cycle 25) in both electrodes is also shown (c).
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Figure 5a, and b show that the electrodes with ruthenium
oxide (ii) have a current density greater than the electrodes
without oxide (i). Generally, both electrodes present a lower
current in the first cycles of sweeping and later they become
stabilized at a certain cycle for each electrode. On the other
hand, it can be observed in figure Sc that for electrode nCB,
(ii) the response of capacitive behavior is present during the
25 successive cycles, while electrode nCB, (iii) shows a
very different response, that is, it loses the typical form of a
charge cumulative process. This result is quite interesting
since it has been reported that this accumulation is directly
proportional to the BET area; i.e., the greater the area, the
greater the charge storage. In this case, it does not happen in
that way and this electrode is discarded for charge storage.

With respect to the pseudocapacitive behavior of electrode
nCB,, two current shoulders can be seen between 0.3 and
0.35 V, a characteristic which has been reported widely as
the associated response with the charge/discharge
mechanism of ruthenium oxides and the interaction with the
H" of electrolytic media [1, 7, 28-31] which is represented
by the following reactions:

RuO, +2H" +4e” — RuO, (H,0) (5)

RuO, (H,0) & RuO,,; H,0,, , +26H" +25¢” (6)

(y=8)

Reaction (5) shows the interfacial transformation of
Ru(VIII) to Ru(IV) which is necessary to induce the
charge/discharge process. Later, in reaction (6) the
charge/discharge route appears as the well-known
proton/electron mechanism, where the electrolyte diffusion
of H* is indispensable. In order to show if a diffusive
process is present in the voltammetry response, a study at
different scan rates, from 20 to 300 mV/s was carried out.
Figure 6 shows the corresponding results to electrode nCB;,
where an increase of density in current can be observed as
the scan rate increases. Also, the response form does not
change, which indicates that the charge/discharge process
through the proton/electron mechanism (pseudocapacitive)
manifests in this material. Relation Ip vs. v is linear,
which indicates a diffusion process in which H" is involved.
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Figure 6. Voltammetry response corresponding to electrode
nCB, at different scan rates with ruthenium oxide.
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3.3 Evaluation of charge/discharge in CPE with
ruthenium oxide :

The charge/discharge process in the system 1M HCIO, was
evaluated applying a double current pulse during 100s by
50 consecutive cycles in the electrode nCB; with ruthenium
oxide grown electrochemically. The current magnitude was
selected considering the voltammetry response in figure 5,
which was I= + 5x10“A. Figure 7a shows the response
potential vs. time obtained during the current pulse applied
to nCB,. Figure 7b shows the specific capacitance based on
the number of cycles obtained in the system 1M HCIO,,
evaluated from the chronopotentiometry data.
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Figure 7. Response potential vs. time (a) corresponding to
the first cycles after applying a double current pulse =+
5x10™A to electrode nCB,. Specific capacitance, based on
the number of cycles, evaluated from the
chronopotentiometry data is also shown (b).

4. Conclusion : The study of the system: 10°M
RuCly/IM HCIO4 at pH=1 by UV-Visible allowed to

describe the oxy aquocomplex [RUO(H20)4]2+ as the

electroactive species in the system. Considering this
electroactive specie, the oxidization process described the
formation of one oxide RuO,, which forms from
RuO,*H,0, through the proposed mechanism. This oxide
was grown on carbon paste electrodes, and its capacitive
behavior and amount of charge stored were evaluated in the
IM HCIO, system. The results obtained here are quite
interesting because the hypothesis that to a greater BET
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area, greater charge storage was not fulfilled in our case; the
material with smaller BET area behaved better and the other
one lost all its capacitive behavior. On the other hand, the
obtained capacitance value is similar to the one reported in
literature. This fact allows proposing the acid system as an
alternative for the growth and formation of ruthenium
oxide.
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