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ABSTRACT

The potentiodynamic response of ruthenized platinum electrodes in 0.5 M and 12 M H,S80, at 25°C is
investigated. The E /I profiles depend on the electrode history and involve sintering-type effects. In 12 M
H, S0, they can be analysed in more detail because the separation of the H-adatom and O-electroadsorp-
tion potential ranges is greater than in 0.5 M H,SO,. Thus, four different stages related to the oxide layer
are distinguished. The interpretation of the corresponding overall processes 1s given in terms of the
equilibrium potentials of the Ru/H,0 system and the reversibility characteristics of the different stages
derived from the various potential/time perturbation programs are discussed through reaction patterns
previously considered for these reactions on other noble metals.

INTRODUCTION

The electrocatalytic properties of ruthenium are well recognized through its
applications in different technical electrochemical processes [1-5]. The electrochemi-
cal characteristics of ruthenium in acid electrolytes are more complex than those of
the platinum group metals [6—11]. Thus, the processes in the H-region include H
deposition and sorption into Ru, H-adsorption onto its surface and H diffusion into
Ru [12]. The processes in the O-region are remarkably dependent on the potential
perturbation conditions. Thus, a fresh Ru electrode which is potential cycled
between 0.05V and ca. 1.2V (RHE) exhibits a current/potential profile that
corresponds to irreversible O-monolayer formation and reduction. After about
20-30 cycles, the I/E profile in this case is changed with a redistribution of the
O-monolayer formation and reduction charge with respect to potential, although the
modification of the real electrode area remains unchanged to within 5%. On the
other hand, when the potential cycling covers from ca. 0.05V to 1.4V (RHE) a
thickened oxide film is produced. The latter shows a remarkably reversible
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potentiodynamic profile that is due to solid-state redox reactions in the film [13,14].
This active-type ruthenium oxide electrode, and thermally formed RuO, electrodes,
are of interest as electrocatalytic modes in technical processes although RuO,
formed at > 1.0 V appears less stable electrochemically than RuQ, formed thermally
[15]. On the other hand, the dissolution rate of ruthenium in sulphuric acid
electrolytes during cycling to 1.54 V is much greater than that previously reported
for other noble metals [10].

This paper reports the potentiodynamic behaviour of different oxygen-containing
films electrochemically formed on ruthenium, particularly in sulphuric acid solutions
of relatively high concentrations, and attempts to correlate potential regions of the
reversible cyclic voltammetry profiles to thermodynamic predictions of the Ru/H,0
interface.

EXPERIMENTAL

Ruthenium working electrodes were prepared by electroplating the metal on a 1
mm diameter platinum wire (0.25 cm’ apparent area) using a 1 M NH ClI containing
1% RuCl, - 3 H,O, for 15 min. at 25°C, the initial current at —0.4 V (vs. SCE) being
5 mA. Each electrode was rinsed with distilled water and kept in 0.5 M H,SO,
before use. The potential of the working electrode was measured against a reversible
hydrogen electrode, and the latter was connected through a Luggin—Haber capillary
tip. The counterelectrode was made either of a large area platinum sheet or of a
glassy carbon rod. The three-electrode arrangement was mounted in a conventional
Pyrex glass electrolysis cell. The electrolytes were either 0.5 M H,SO, or 12 M
H,SO,, which were prepared from 98% AR sulphuric acid in triply distilled water.
The working electrode was perturbed with various potential /time programs involv-
ing either simple or combined perturbation functions and covering a suitable range
of the different perturbation parameters. Runs were made at 25°C under a purified
nitrogen atmosphere.

The problem of defining real areas of electrodes in the case of Ru through the H
adatom electro-oxidation/electroreduction charges has been considered previously
by various authors, as well as the time dependence of the electrode areas upon
anodic/ cathodic cycling [7,10,20]. Therefore, in order to rationalize the data for
possible comparison with other reported results, current densities and charge densi-
ties are given per geometric cm? of substrate electrode.

RESULTS

The potentiodynamic response of freshly electrodeposited Ru changes, during the
repetitive triangular potential cycling (RTPC), from a display which implies large
anodic (Q,) and cathodic (Q,) charges associated with net irreversible processes, to
a decrease of both Q, and @, the corresponding reactions approaching a better
definition of the different surface processes [13]. It appears as if the electrodeposited
metal re-accomodates in a way which suggests a probable electrochemical sintering
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Fig. 1. Potentiodynamic I/E profile. Ruthenized Pt, 0.25 cm® apparent area; 0.1 V/s; 12.M H,S0,;
25°C, The anodic charge vs. potential obtained by integrating the potentiodynamic I /E profile is included
in the figure.

[16,17]. Once the stabilized situation is achieved, no change in the shape of the
voltammogram is observed at any amplitude of the RTPC, although a small decrease
in charge continues for a longer time. These results suggest that electrodeposited Ru
electrodes are able to attain either a remarkable, inactive or a net active electrochem-
ical behaviour, depending on their history. These characteristics are also observed to
some extent for Pd and Rh electrodes in acid electrolytes [18,19].

The following results are obtained on Ru electrodes which exhibit the characteris-
tics of active electrodes in the potential range of the oxygen-containing layer
formation. This does not preclude that a residual sintering effect is still present, but
this effect can be disregarded by properly defining the reference charge for compari-
son.

The best resolution of the potentiodynamic E/ I displays was obtained in 12 M
H,SO, solution. The conventional stabilized E/I display resulting after a RTPC
between E, .= 0.05 Vand E,, = 1.4 V, at 0.1 V/s (Fig. 1) shows, at potentials lower
than 0.3 V, clear current contributions related to the electroformation and electrodis-
solution of hydrogen and, in the 0.9 V to 1.4 V range, a limiting current due to the
formation of oxygen containing species and the corresponding electroreduction
current peak at ca. 0.5 V.

The anodic charge (Q,) related to the electro-formation of oxygen-containing
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Fig. 2. Potentiodynamic / /E profiles with a constant E, ; value and different £ ,. Ruthenized Pt, 0.25 cm?
apparent area; 0.1 V/s; 12 M H,S80,; 25°C.

species increases with the applied potential (E,,). In 0.5 MH,S0,, the Q, vs. E,,
relationship exhibits three linear portions in good agreement with the results
previously published by Conway and co-workers {6}, but in 12 M H,S0, the same
type of plot shows four different linear regions, which cover the following potential
ranges: 0.54-0.62 V (I), 0.62-0.85V (I1I), 0.85-12V (III) and 1.2-14V (IV),
respectively. This difference between 0.5 M H,SO, and 12 M H,SO, may be related
to the greater separation between the potential range of the H-adatoms and that
corresponding to the initiation of the oxygen electroadsorption as the electrolyte
concentration increases. The latter situation is well established for Pt electrodes in
contact with H,SO, solutions of different concentrations.

The E/I profiles run from E  =0.05V and E,, gradually decreased (Fig. 2)
show that the O-electro-desorption occurs at more positive potentials as E, is
stepwise decreased. Each E/I profile was run after holding the electrode at 0.05 V
for 1 min to standarize the removal of oxide species formed in the previous positive
scan and to start each E /I trace from reproducible initial conditions. This indicates
that the early stage associated with the O-electroadsorption approaches the char-
acteristics of a reversible reaction. Potential holding times in the 1-5 min range gave
the same results. On the other hand, when E,, is kept at a constant value
(E,,=1.10V) and E,_ is progressively decreasing (Fig. 3), both the anodic (Q,)
and the cathodic (Q,) charges increase and a new cathodic peak appears at
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Fig. 3. Potentiodynamic I /E profiles with a constant E; , value and gradually decreasing E, . Ruthenized
Pt, 0.25 cm? apparent area; 0.1 V/s; 12 M H,S0,; 25°C.

potentials lower than the peak potential (E, ,) related to the electroreduction of the
oxygen-containing species in the RTPC E /I displays at 0.1 V/s. Likewise, when E_

is lower than E, ,, the E/I profile again approaches the conventional stabilized E/1
display.
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Fig. 4. Potentiodynamic I/E profiles including a potential holding at E, = 0.75 V during different .
Ruthenized Pt, 0.25 cm? apparent area; 0.1 V/s; 12 M H,S0,; 25°C.
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Fig. 5. (®) Plot of AE, , vs. In 7. Data corresponding to four different values of 7. Ruthenized Pt, 0.25 cm?
apparent area; 0.1 V/s 12 M H,S0,; 25°C. (O) Plot of Q, vs. In . Data corresponding to E, =1.15V
and £, =158 V.

The E/I electroreduction profiles run after holding the potential at E,, = E_
during the time 7, show a progressive increase of charge with 7. When £, =075V
(Fig. 4) the electroreduction response is similar to that observed in the stabilized
E /I profile. This suggests that, in principle, there is only an accumulation of
products at E_ during the time 7, since no distinction can be made either between
different structures or stability change of the oxygen-containing species through the
shift of the corresponding electroreduction potential (AE,, = EJ — E, ), where
E; . is the potential of the electroreduction current peak of the aged species [21]. The
latter effect is, however, observed when E, = 1.15 V, 1.45 V and 1.58 V (Fig. 5). In
these cases, the electroreduction peak shifts towards more negative potentials,
linearly with In 7. This can be interpreted as the formation of an O-containing
species which is more stable than that corresponding to the conventional E /I profile
run under a RTPC. The magnitude of AE, , depends on E| ,. The increase of both
Q,and AE,  with 7, when E_ > 0.75 V, indicates an increasing irreversibility of the
overall electroreduction process (Fig. 5). When E, =158 V, the AE,, vs. In 7 and
the Q. vs. In 7 relationships also show a good correspondence.

Potentiodynamic ageing

The E /I profile that results after applying the potentiodynamic ageing perturba-
tion program [22] depends on the frequency, number of cycles and switching
potentials of the intermediate repetitive triangular potential sweep (IRTPS) as it
occurred with the Pt group metals. When the IRTPS is applied at 1 V/s for 1 min
with the amplitude (A) between E, ,=1.58 V and E_ is fixed in the 0.3 V<A<
1.3 V, the electroreduction profile recorded afterwards, shows a net shift of the peak
potential towards lower values. This shift can be attributed to the ageing of the
O-containing species. However, in the case of Ru in comparison with Pt, no
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Fig. 6. I/I? vs. A and AE, . vs. A plots for a E,, =1.58 V. Ruthemzed Pt, 0.25 cm? apparent area; 0.1
V/s; 12 M H,S0,; 25°C.

perturbation conditions for the splitting of the electroreduction profile could be
achieved. This fact seems to indicate that there is no E_, value where the Ru surface
is actually able to provide a partially oxygen-free surface. On the other hand, as 4
increases, the average potential of the IRTPS becomes lower, a fact which should
correspond to a decrease in the accumulation of charge during the IRTPS. However,
the plot of the I?/I? ratio against 4 (Fig. 6) (E,, = 1.58 V) involves three regions;
I and I? are, respectively, the current peak with and without accumulation of
charge. The I2/I? ratio obtained after holding for 1 min at E,, is taken for
comparison, since it corresponds to A = 0. The first region covers from 4 =0.0V to
A =0.6V. In this range the 12/12? ratio is independent of 4 and it coincides with
that resulting after applying the potentiostatic ageing program at 1.58 V. This means
that during the IRTPS no apparent changes of the oxidized Ru electrode occur.

In the second region, which extends between 0.6 V and 1.1 V, the charge increases
with 4 and it becomes greater than that found after holding the potential at E,_. The
IRTPS in the second region favours the production of other O-containing species
which are apparently absent at higher potentials. Besides, the accumulation of
charge depends on the frequency of the IRTPS and on the amount of oxygen-con-
taining film forming species on the electrode.

Region III covers from 1.1 V to 1.3 V. In this region, the accumulation of charge
decreases with 4, and for 4 greater than 1.2 V, it attains values even smaller than
those recorded under a conventional RTPS. This corresponds to the shift of the



200

average potential of the IRTPS with 4, as already pointed out.

It should be noticed that there is a reasonable correspondence between the E | vs.
A4 and the 12/1? vs. A plots, which indicates that the location of the electroreduction
current peak is mainly determined by the magnitude of the charge accumulated at
the electrode/solution interface during the IRTPS. Consequently, both the structure
and the electrochemical response of the oxygen-containing layer depend on the layer
thickness. The thickest layer is obtained when 4 =1.05 (E,, = 1.58 V), namely,
when E/_ involves the removal and rebuilding of 15-25% oxide charge. It is likely
that the main component of the thick layer in this case is a hydrated RuO,.

The above description is also fulfilled when E, , = 1.25 V, but then the accumula-
tion of charge is lower than when E, , = 1.58 V and the greatest irreversibility of the
electroreduction process is observed for A4 values greater than those corresponding to
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Fig 7. Potentiodynamic I/E profiles obtained after the potentiodynamic ageing at 0.1 V/s between

=120V and E/ =048V for 8, 16 and 35 IRTPC. The dotted profile corresponds to 35 IRTPC at
10 V/s In both cases reference 1/E profile before the IRTPC was recorded at 0.1 V/s ( ).
Ruthenized, Pt, 0.25 cm? area; 12 M H,S0,; 25°C.
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the largest accumulation of charge. After applying the potentiodynamic ageing
perturbation program the conventional E /I profile can be recovered only after a few
RTPS. The recovery time depends on the perturbation parameters of both the
IRTPS and the subsequent RTPS. To avoid any error due to a possible residual
sintering of the electrode in the comparison of charges obtained under different
ageing conditions, the reference charge is taken as that of the conventional RTPS
Justly preceding the corresponding ageing program.

Under a constant E,, and comparable conditions, tha magnitude of 4 plays a
double influence on the electroreduction profile run subsequently to the IRTPS,
namely the total electroreduction charge, O, and on the position and shape of the
corresponding current peak.

The influence of the potential sweep during the IRTPS gives additional informa-
tion about the complexity of the electrochemical process. For this purpose E, , is
fixed at 1.25 V and E__ is adjusted to remove and rebuild during the IRTPS 60% of
the oxygen-containing layer originally electroformed. Two different runs were made.
The potential sweep at the IRTPS was chosen as 0.1 V/s and 10 V /s, respectively.
At 0.1 V/s the IRTPS was applied for 8, 16 and 35 cycles, and at 10 V/s for 35
cycles. The corresponding electroreduction profiles after the IRTPS (Fig. 7) for the
same number of IRTPS show a remarkable difference, namely, at 0.1 V /s, a wide
electroreduction peak is recorded, while at 10 V/s it becomes steeper. This result
reveals that the oxide layer is formed by different species whose distribution depends
strongly on v. At low v, there is an apparently wide distribution of O-containing
species, which, depite the low v value, have their re-accomodation process remarka-
bly inhibited, probably by the interference, in this case, of the anion adsorption.

Triangular modulated voltammetry (TMV)

The TM potentiodynamic profile run in the positive potential direction (Fig. 8)
shows a complex response throughout the potential range where the O-containing
species, either electro-adsorbed or oxide forming, is formed. The complex response
involves at least one reversible and one irreversible component. The current peaks
related to the contours of the reversible component are located at 0.56 V, a potential
falling within the potential range where species such as Ru®*, and surface Ru(OH)
can be formed. On the other hand, the contribution of the irreversible component is
more remarkable, as the base potential sweep extends to a potential more positive
than 0.56 V. Similarly, the profile resulting when the base potential sweep moves
towards the negative potential region, also involves the contribution of a reversible
process, which is characterized by the current peaks appearing at 0.80 V, and an
irreversible process. The latter is observed in the potential range just preceding the
electroformation of H-adatoms. These experiments clearly demonstrate the par-
ticipation of two distinct reversible redox couples in the overall process, related to
the electroformation of different oxygen-containing species on Ru in the acid
electrolyte. In both cases, each reversible process is followed by a net irreversible
electrochemical reaction.
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Fig. 8. Triangularly modulated potentiodynamic I/E displays. Guide sweep rate 0.5 V/s; modulating
potential sweep rate 5 V/s; modulation amplitude 0.2 V. The upper picture corresponds to the positive
going potential scan and the lower picture to the reverse potential scan. Ruthenized Pt, 0.25 cm? area;
12 M H,80,; 25°C.

DISCUSSION

The potentiodynamic response of Ru in acid electrolytes reveals that the overall
reaction involves several successive stages and it exhibits potential regions where the
electroformation and the electroreduction of the anodic oxygen-containing layer
behave either as reversible or as irreversible reactions, depending on the electrode
history and perturbation conditions [13,20]. The anodic reaction is initiated when the
potential applied to the electrode exceeds 0.4 V (Fig. 1). This potential is close to the
equilibrium potential of the reaction:

Ru=Ru?*+2e” (1)
E°/(V)=0.455. In this respect, the equilibrium electrodissolution potential of Ru is,
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comparatively, much lower than that of other metals of the Pt group [23]. Hence, it
is reasonable that in the case of ruthenium, reaction (1) appears as a relatively fast
initial step at low applied potentials, coupled to the corresponding hydrolysis
equilibria:

Ru**+ H,0=RuOH*"+ H" (1a)
2 RuOH" = Ru?*+ Ru(OH), (1b)

Nevertheless, the metal electrodissolution and surface oxide formation can also be
interpreted thoughout a series of steps, as are those already postulated for the
electrodissolution and passive layer formation on the transition metals. Thus, the
following reactions should be taken into account:

Ru+H,0=Ru(OH)+H "+ e~ (2a)
Ru(OH) = Ru(OH) "+ ¢~ (2b)
2 Ru(OH) " = Ru(OH), + Ru?* (2¢)
Ru(OH), = RuO - H,O (2d)

Both reaction sequences explain the initial stages of the O-electro-adsorption and
oxide formation on ruthenium, as well as the relatively great dissolution rate of the
metal during cycling [10]. Taking into account these reactions and the charge
involved in the 0.4 V to 0.6 V range (Fig. 1), one concludes that the first stage of the
electrooxidation process yields the equivalent of a monolayer which is probably a
mixture of oxygen-containing species such as Ru,0, Ru(OH) or RuO - H,0. The
corresponding electrochemical reactions behave as reversible surface voltammetric
processes (Fig. 8). In this case the composition of the surface layer should depend
strongly on the dehydrating characteristics and composition of the electrolyte.
Otherwise, the specific adsorption of the HSO, ion on the ruthenized electrode
inhibits the initiation of the surface oxidation process as it occurs, for instance, in
the case of Pt in aqueous H,SO, electrolytes [24,25]. In principle, the effect
produced by the increase of H,SO, concentration in the potentiodynamic response
of the surface oxide process is similar to that of a decreasing temperature.

Once the initial layer has been electroformed, the following stage can be inter-
preted as the electrooxidation of Ru(Il) into Ru(III) species at the electrode surface,
since the E° value related to the electroformation of Ru,0, from Ru, according to
the reaction:

2Ru+3H,0=Ru,0,+6 H" +6¢"

is E%/(V)=0.738. The formation of Ru,0, can be associated mainly with the
following overall reactions:

Ru(OH), + H,0 = Ru(OH); + H*+ ¢~ (3a)
2 Ru(OH); = Ru,0; - 3 H,0 (3b)

According to these reactions the number of electrons per Ru atom should be in
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the range 1.5 to 3 times that involved throughout the first stage. This agrees with the
results shown in Fig. 1. The fact that the actual figure derived from Fig. 1 lies
between the above-mentioned limiting values, can be explained in terms of the
formation of non-stoichiometry ruthenium-oxygen surface species on the electrode,
as previously pointed out by various authors [10]. Then, as a consequence of
reactions (1-3), the probable limiting sandwich-type structure of the interface at this
stage can be represented as Ru/RuO - H,0/Ru,0; - 3 H,0. This implies that the
growth in thickness of the oxide layer fits a Q, vs. In 7 linear relationship. This law
has been already reported for different film growth processes [26], including oxide
formation on ruthenium in acid electrolytes [6,27]. However, the fact that the
increase in Q, is accompanied by a progressive shift of E |, supports the idea that
the average composition of the film is thickness-dependent, a fact which can be
explained in terms of a complex sandwich-type structure of the interface involving at
least three different regions: the metal /inner oxide film, the inner film/outer film
and the outer film/electrolyte regions. The black appearance of the electrode
surface, resulting at 0.8 V, is reported the same for such compounds as Ru(OH); or
Ru,0,-3 H,0.

Likewise, within the potential range where an intermediate oxidation state such as
Ru(Il) is formed, disproportionation reactions become possible [28]. This can be
represented by the following reaction:

3 Ru(IT) = 2 Ru(IIT) + Ru(0) 4)

This type of reaction, already postulated for Rh electrodes in acid electrolytes
[29], may explain the difference between the anodic and the cathodic charge balance
which results from potentiodynamic sweeps at different potential sweep rates.

The region between 0.8 V and 1.2 V corresponds to the one where RuO, is stable.
RuO,- based film anodes prepared by thermal decomposition of RuCl, - » H,O on
inert substrate are especially employed in chlor—alkali cells [30,31]. The following
equilibria are related to the formation of RuO,:

Ru’*+2H,0=Ru0,+4H*+2 ¢ E°=1.120V (5a)
Ru,0; + H,O=2RuO,+2H*+2e" E°=0937V (5b)
These reactions suggest that in the 0.8 V to 1.2 V range the RuO, layer may be
formed in two different ways, namely from the electrodissolution of Ru throughout
the Ru®* species and from the electrooxidation of the Ru,0j, layer. The structure of
RuQ, at the interface probably corresponds to a hydrated form such as RuO, -2
H,O or Ru(OH),. Finally, in acid solutions at potentials greater than 1.3 V, the
following reaction is feasible:
Ru0,+2H,0=RuQ,+4H" "+ 4e" (6)

E°=1.387 V. The possible RuQ, species corresponds to a peroxidic structure, as are
those already described for metals such as Au, Rh and Pd [32-34). In the acid
electrolytes RuO, decomposes according to the following chemical reaction [35]:

RuO, + H,0 = Ru0, - H,0 + O, (7
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The preceding discussion on the formation of different oxide species with a
varying degree of hydration is based mainly on the coincidence between the
thermodynamic predictions for the reactions involving bulk species and the fast
kinetic response of the electrochemical system found, at least, in two wide potential
ranges in TMV, namely between 0.45 V and 0.65 V along the positive-going sweep,
and between 0.70 V and 0.90 V along the negative-going potential sweep. The rapid
kinetic response of the system can be attributed to processes involving fast electron
and proton transfers, with the simultaneous changes in the valence state of the metal
atoms, that occur simultaneously through a series of reversible steps, as has been
observed for other oxo-hydroxide metal electrodes such as iridium in acid solution
[36—38]. In this respect the general mechanism of the reversible steps are explained
through the reaction suggested earlier by Michell, Rand and Woods [10].

RuO, (H,0), =RuO, 5, (H,0),_5,+26 H* + 28 ¢~ (8)

This means the establishment of an oxide film in which rapid redox processes take
place [6]. At the oxide-covered electrode the rate of charge transfer is determined by
redox processes that occur mainly at the internal portion of the film [26], according
to the general reaction pathway recently proposed by Gottesfeld and Srinivasan [39].

On the other hand, as the initial stage of the reaction is assigned to the ionization
of the metal, it is reasonable that aging effects under constant charge conditions are
absent, and instead there is a shift of the electroreduction process towards a lower
potential as the average film thickness increases. Therefore, it is quite likely that the
average composition of the anodically formed layer depends on the time required to
form it, and, in general, on the history of the anodic film. This is related to the fact
that the maximal charge associated with the anodic film is achieved when the IRTPS
under the potentiodynamic aging perturbation program involves a E/ value in the
potential ranges of regions II and III (Fig. 1). i.e. when processes (3) and (5)
participate in the removal and rebuilding of the anodic film. Conversely, when the
IRTPS amplitude involves an E__ value in the potential range of either region I or
IV, no oxide accumulation is achieved, because of reactions (1), (6) and (7).

Additional information about the kinetics and mechanism of these processes
comes from the influence of the H,SO, concentration on the charge distribution in
the E /I displays. From these results the influence of HSO, ion becomes evident in
two aspects: firstly, by producing a partial blockage of the electrode which inhibits
the initiation of the electrooxidation process, and secondly, by making the shape of
the corresponding electroreduction profile more extended along the potential axis.
This flattening indicates that the successive oxidation stages of the initial oxide film
are to some extent impeded, probably because the greater the H,SO, concentration,
the lower the activity of water at the interface. Consequently, the relative concentra-
tion of oxide species which can be reversibly electroreduced is increased and there is
a larger electroreduction current contribution at potentials that are closer to E_ .
The inhibiting influence of HSO, is also shown by the greater overpotential
required to form the initial (OH) layer on Ru, similarly to results already reported
for other metals [24,40].
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