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INTRODUCTION ties for O, evolution reaction. Electrocatalytic properties of such

Oxygen evolution reaction (OER) taking place on the sur-
faces of Ru0,,Ir0,, oxides of iron subfamily metals and other
oxides is the object of continuous investigations due to its
importance in such areas as seawater electrolysis and energy
conversion technologies [1-8]. Researches are being carried
out in order to achieve the conditions that would make the
process of O, evolution technological and as facile as pos-
sible. As regards seawater electrolysis, the main challenge is
to ensure the purity of oxygen gas preventing the possible
contamination with Cl,. Izumiya et al. have reported [9] that
in the case of Ti / IrO,/ MnO_electrode in a slightly alkaline
medium, O, yield can be increased from ~70% to ~90% by
introducing Mo oxides into the oxide layer. Among the best
known catalysts for OER are ruthenium and iridium dioxides
(Ru0, and Ir0,) and Co and Ni oxides [2]. Mixtures of Ni and
Co oxides of NiCo,0, or CoNi O, type are used in alkaline
media [3-6], but they are weaker depolarizers of OER as
compared to RuO,. On the other hand, RuO, is more expen-
sive and not sufficiently stable in alkaline and acidic media
due to the possible oxidation to soluble Ru(VI), Ru(VII) or
volatile Ru(VIII) compounds.

In the present work we have attempted to form a layer of
composite RuO, and NiO on nickel and titanium substrates with
the purpose to evaluate its electrochemical and catalytic proper-
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mixed oxide in H, evolution reaction as well as the possibilities
of its application for electrochemical supercapacitors have been
investigated in [10-12].

EXPERIMENTAL

Synthesis of mixed oxide layer
The layer of the composite Ru and Ni oxides on titanium sub-
strate was formed as follows: the Ti electrode was etched for 2
min in hot (80 °C) diluted H,SO, (1 : 1), washed with water and
blotted with filter paper. Then a layer of a solution containing
RuOHCI,, NiCl,-6H,0, HCI, isopropanol and water (pH ~ 0) was
painted onto the Ti electrode and dried for several minutes at
65-80 °C. The molar ratio of Ru and Ni in the solution was 1 : 1.
Such painting and drying procedure was performed for 5 times
and then the electrode was heated additionally for 1 h at 400 °C
in air. Approximate thickness of RuO, - NiO layer was ~0.5 pm.

The layer of the composite Ru and Ni oxides on nickel
substrate was formed as follows: the nickel electrode was de-
greased with a fine-grained pulp of MgO + Ca(OH),, polished
with water-proof emery paper, washed and blotted with filter
paper. Immediately after this a layer of the solution contain-
ing RuOHCL,, HCI, isopropanol and water (pH ~ 0) was painted
onto the nickel surface, dried at ~80 °C and heated for 5 min at
400 °C. Such procedure was performed for 3 times.

Chemicals of analytical grade and triply distilled water were
used to prepare the solutions.
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Electrochemical measurements

The voltammetric measurements were performed using a
PI-50-1.1 potentiostat with a PR-8 programming device
(Russia) connected to a personal computer. A conventional
~25 cm® glass cell with separate working, counter and refer-
ence electrode compartments was used. A pure Pt (99.99%)
plate served as the counter electrode. Hydrogen electrode in a
working solution (RHE) was used as the reference electrode.
The potential values in the text are referred to RHE scale. The
relationship between the two scales is expressed in the follow-
ing way: E . = E_ . —0.059 pH. All the current density values
given in the text refer to the apparent area of the working elec-
trode, i. e. 1.0 cm?. All the experiments were carried out at room
temperature (20 °C).

XPS and SEM measurements

The composition of the composite oxide coatings was ana-
lyzed by X-ray photoelectron spectroscopy. The spectra
were recorded with a spectrometer “ESCALAB MKII”
(VG Scientific, Great Britain) using X-radiation of MgK
(1253.6 eV, pass energy of 20 eV). The spectrometer had a
base pressure of 5107 Torr in the analyzer chamber and
2 -107® Torr in the sample preparation chamber, where Ar*
ion bombardment was performed. For sputter etching, the
argon gas pressure was maintained at 6 - 10~ Torr and the
ion gun was operated at 2 kV. The approximate rate of the
oxide phase etching was 0.1-0.2 nm min™' pA™".

Quantative elemental analysis was performed by estimating
the peak areas and taking into account the empirical sensitivi-
ty factors for each element [13], and then the spectra recorded
were compared with the standard spectra [14, 15]. The binding
energies were calibrated with respect to the C 1s electron peak
at 284.6 eV due to the residual pump oil on the sample sur-
face. Not less than 5 spectra were recorded for every element.
The maximum accuracy of the method was 0.1%. Standard and
experimental binding energy values for nickel and ruthenium
compounds are given in Table 1 [14, 15]. A standard program
was used for data processing (XPS spectra were treated with
a Shirley-type background subtraction and fitted with mixed
Gaussian-Lorentzian functions).

Surface morphology of the composite Ru and Ni oxide
electrodes was studied using a scanning electron microscope
EVO 50 EP (Carl Zeiss SMT AG, Germany) with energy disper-
sion and wave dispersion X-ray spectrometers (Oxford, UK).

Table. Standard binding energies of nickel and ruthenium compounds

Intensity / a.u.

Intensity / a.u.

Intensity / a.u.

537 533 529 525 535 532 529 526
Binding energy / eV

Binding energy / eV

Fig. 1. XPS spectra of mixed Ru0, - NiO layer on Ti substrate: a — as deposited; b — after
argon etching
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Fig. 2. Scanning electron micrograph of the surface of mixed Ru0, - NiO layer on Ti
substrate
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Compound Binding energy, eV
Ni 2p*2 | 01s Ru3d
Standard Exp. Standard Exp. Standard Exp.
Ni 852.5+0.1 852.6
Ni(OH), 856.0 0.1 855.8 530.8-531.7 532.0
. 29.
NiO 853.3-854.4 854.1 529.3-530.7 232;
Ru 280.0 0.1 279.9
RuO, 529.4 529.3 280.9+0.1 ;2(1)2
RuO 530.7 530.7 2825 2825
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Fig. 5. Cydic voltammograms of Ti/Ru0,-Ni0 electrode in: 7-1MKOH,
2-4-05M KZSO4 +0.01 MKOH (4 — in stirred solution); v=50mV s, 20 °C

RESULTS AND DISCUSSION

XPS spectra characterizing the surface state of the composite
oxide layer on Ti substrate as-deposited and after argon etch-
ing (20 pA, 30 s), are presented in Figs. 1a and 1b, respectively.
The analysis of the spectra as well as standard and experimental
binding energy values given in Table 1 shows that the main com-
ponents of the as-deposited oxide layer are RuO,, RuO,, Ni(OH),,
NiO and NiCl, (Fig.1a). No RuO, was found on the electrode
surface after the removal of a thin surface layer (~2 nm) by
means of argon etching (Fig. 1 b), whereas some of the metallic
Ru and Ni was detected.

Fig. 2 shows a SEM image of RuO, - NiO coating on the tita-
nium substrate. The micrograph reveals a cracked-mood-look-
ing appearance of the electrode surface, which is typical of ther-
mally formed RuO, oxide layers on titanium substrate 7, 16].

T
| Ti/RuO, - NiO: n
1-0.5MH,SO, L2 3 4
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3-0.5MK,SO, +
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Fig. 4. Cydlic voltammograms of Ti/Ru0,-Ni0 electrode in: 7-0.5M H,S0,,
2~ literature data for Ti/Ru0, - Ti0, in 0.5MNa,50,, pH=2, 60 C[7], 3 - 0.5M

K50, +0.01 MH250, 4~0.5 MK S0, (pH=5.5); v= 50 mV 57, 20 °C

Fig. 3 illustrates the voltammetric behavior of the com-
posite RuO, - NiO layer on nickel in the solutions of 0.5 M
H,SO, and 1 M KOH. A comparison of curves 1 and 2 with
the voltammetric response of pure nickel electrode (curve 3)
shows that the addition of RuO, to the surface oxide layer
on the nickel electrode significantly depolarizes the oxygen
evolution process. The positive effect of RuO, is especially
pronounced at high anodic current densities. Since nickel is
not sufficiently chemically inert, the layer of the composite
oxides was formed on titanium substrate, which does not suf-
fer from this disadvantage. A comparison of curve 1 in Fig. 4
with literature data for Ti/ RuO, - TiO, electrode [7] (Fig. 4,
curve 2) shows that in the case of the strongly acidic solu-
tion (0.5 M H,SO,), the influence of NiO on the rate of OER is
insignificant — up to ~50 mA cm™, whereas at higher anodic
current densities it becomes evident as the process is depolar-
ized by ~50 mV. The average value of the slope dE/dlgi for
curve 1 (Fig.4) is close to ~60 mV. Similar values of dE / dlgi
have been reported in literature [7] for the range of low anodic
current densities, i.e. 20-30 mA cm™, whereas at higher va-
lues of i, dE / dlgi increases considerably. In slightly acidic and
neutral media (Fig. 4, curves 3 and 4), the oxygen evolution on
the Ti/RuO,NiO electrode becomes significantly hindered.
The beginning of the process shifts from 1.4 V to ~1.8 V (Fig. 4,
curve 3) and even to ~2.0 V (Fig. 4, curve 4) in a slightly acidic
and neutral solution of K SO, respectively. The oxygen evolution
process in the case of the positive going part of the cycle is rela-
tively easier, i. e. takes place at lower potentials than in the case
of negative going part. This is related to the oxidation of NiO to
NiO, [17] and the passivation of the electrode surface, as dis-
cussed in [18]. NiO,, presumably, suppresses the electrocatalytic
effect of RuO,, so the use of the Ti / RuO, - NiO anode for OER in
slightly acidic and neutral media makes no sense. In the case of
the strongly acidic medium, NiO, is not stable on the electrode
surface [17]. As it has been mentioned above, the presence of
NiO in the surface oxide layer depolarizes the process of oxygen



4 Kestutis Juodkazis, Jurga Juodkazyté, Rasa Vilkauskaité, Benjaminas Sebeka, Vitalija Jasulaitiené

evolution; however, NiO should not be sufficiently stable under
such conditions.

In a strongly alkaline medium, the layer of the composite
RuO, - NiO on Ti substrate is very efficient from the catalytic
point of view (Fig. 5, curve 1). OER takes place at 1.5-1.7 V. The
average slope dE / dlgi makes ~80 mV up to i ~ 100 mA cm™.
OH~ ions should be involved in this process, since OER becomes
significantly hindered as the concentration of OH™ decreases
down to pH 11-12. In slightly alkaline media, the branch of the
voltammogram representing OER shifts by ~600 mV towards
more positive E values (Fig. 5, curve 2). This should be related
to the passivation of the electrode surface like in the case of the
acidic medium (Fig. 4), and also to the change in the mechanism
of the oxygen evolution reaction.

Curves 3 and 4 in Fig. 5 represent a more detailed view of the
processes taking place on the Ti/ RuO,-NiO electrode surface in
the range of lower current densities. One can see that the trans-
passivation process begins at ~1.3 V. According to literature [19],
the anodic current wave seen in voltammograms 3 and 4 within
E range from ~1.3 V to ~1.6 V should be related to the oxidation
of NiO and Ni(OH), to NiOOH. The branch of voltammograms
3 and 4 beginning at E = 1.6 V is related to the catalytic oxida-
tion of O* ions, which could conceivably be represented by the
sequence of the following reactions involving the participation
of RuO, and NiO recently proposed in [18, 20]:

NiOOH + OH™ <> NiO(OH), + H* + ¢ (1)
NiO(OH), + 20H" —> NiOO, + 2H,0 + 2¢" )
NiOO, + OH™ — NiOOH + O, + e (3)
and

RuO, + OH™ <> RuO," - (OH") , + € (4)
RuO," (OH") , + OH" — RuO, + H,O + e (5)
RuO, +20H"— RuO, + O, + H,0 + 2¢ (6)

The summary reaction for both cases is:
40H — 0, +2H 0 + 4e (7)

NiOO, in egs.(2) and (3) represents Ni(IV) peroxide,
and RuO, is Ru(IV) peroxide or Ru(VI) oxide, which form
as intermediates in OER [21]. RuO,* represents a hole in
the RuO, valence band [20, 22]. When the concentration of
OH ions in the solution is sufficiently high, the oxygen evo-
lution process, according to summary reaction (7), begins at
E = 1.5V. The above assumption regarding the formation of
metal peroxides, which can also be treated as the chemisorp-
tion of 0> ions on the electrode surface, makes it possible to
explain the underpotential occurrence of OER with respect
to Ejy o 0 = 1.7 V.In the case of the slightly alkaline solu-
tion, the limitation in the rate of the anodic process occurs at
E > 1.7 V,as can be seen from curves 3 and 4 (Fig. 5). Stirring
of the solution has some influence on the rate of the process
within 1.7-1.9 V (Fig. 5, curve 4). This influence is too weak,

however, to presume that the rate of the process is limited
by the diffusion of OH™ ions. The limitation of the anodic
process rate, like in the case of the neutral medium (Fig. 4,
curve 4), should be attributed to the formation of a passivat-
ing layer of anhydrous NiO, as a result of further oxidation
of NiOOH. At E > 2.0V, the oxygen evolution reaction on the
surface of NiO, should proceed irreversibly involving the
participation of H O molecules mainly as suggested in [18]:

NiO, + H,0 — [NiO,] + 2H* + 2¢ (8)
[NiO,] + H,0 — NiO, + H,0, 9)
H,0,— 0, +2H" +2¢ (10)
summary equation 2H0 — 0, +4H" + 4e", (11)

where [NiO,] is the unstable intermediate in OER. One can see
that in the slightly alkaline solution (Fig. 5, curves 2-4), simi-
larly to the slightly acidic and neutral ones (Fig. 4, curves 3, 4),
there is no influence of the RuO, component on the rate of the
process, since OER on the RuO, surface in both acidic and alka-
line media begins at E~ 1.4V [21]. As can be judged from the
cathodic part of cycles 3 and 4 (Fig. 5), the reduction of NiO, to
NiOOH and NiOOH to NiO mainly takes place within E range
from ~1.8 V to ~1.4V [19] (Fig. 5, curves 3,4). The rectangular
shape of the voltammograms at E < 1.4V demonstrates, most
likely, the presence of RuO, on the electrode surface [21].

It is interesting to note that the addition of 0.5M NaCl to
1 MKOH has almost no effect on the O, evolution process on
Ti/RuO, - NiO anode, as can be seen from the comparison of
curve 1 in Figs.5 and 6 a. The slope dE / dlgi makes ~80 mV up to

60 I
a | |
Ti/RuO, - NiO:
409 | _05MNaCl+
+1M KOH
2-05MNaCl+ 3%
+0.01 M KOH I

204 3 - literature data

0.8 I 1.2 I 1.6 I 2.0
E, V (RHE)

Fig. 6. Cyclicvoltammograms of Ti / RuO, - NiOelectrodein: 7 — 0.5 M NaCl + 1 M KOH,
2-05MNaCl+0.01M KOH, 3 -literature data for Ti/Ru0,-Ti0, electrode in
~5MNadl, 60 °C[7];v=50mVs,20°C



Oxygen evolution on composite ruthenium and nickel oxides electrode 5

i ~ 100 mA cmin both of the cases. The evolution of Cl, under such
conditions is possible at E ~ 2.16 V in RHE scale (E, , , +0.059 pH)
[23]. The gap between 1.6 V and 2.16 V is sufficiently large to have
a pure O, gas evolving in chloride containing electrolyte [24-26].
In the case of the slightly alkaline solution (pH = 12), revers-
ible chlorine evolution process is observed at E~2.04 V (Fig. 6a,
group of curves2), which is consistent with thermodynamics.
The slope dE / dlgi makes up ~60 mV. The analysis of the voltam-
mograms shown in Fig.6 suggests that Cl, evolution process in
the latter case (Fig. 6a, curve 2) proceeds reversibly as can be seen
from the cathodic part of the cycles. As discussed above (Fig. 5), the
process should take place on the surface blocked with NiO, oxide.
In order to compare the Cl, evolution processes on Ti/RuO, - NiO
and Ti/RuO, - TiO, anodes, literature data for Ti/RuO, - TiO, in
~5M NaCl, pH= 2.60 °C [7] are presented in Fig. 6 a as curve 3.One
can see that the Cl, evolution on the surface of RuO, - TiO, oxide in
the slightly acidic medium (pH = 2) takes place at E~ 1.5V (RHE),
which is also consistent with thermodynamics. The slope dE / dlgi
makes 35-40 mV;, which is close to the value characteristic of the
reversible 2 electron transfer process, i.e. 30 mV. The difference be-
tween dE / dlgi values reported in literature [7] (Fig.6 a, curve 3)
and obtained by us (Fig. 6 a, curve 2) can be understood presuming
that the chlorine evolution takes place on different surface oxides,
i.e. mainly on RuO, and NiO,, respectively. One can see that in the
range of low current densities, there is no distinct indication of the
oxygen evolution process at 1.4-1.5V in the voltammogram pre-
sented in Fig. 6 b. Thus, it can be presumed that in the slightly al-
kaline medium containing 0.5 M NaCl, mainly CI" ions adsorb on
the electrode surface, preventing the adsorption of OH™ ions. When
the concentration of hydroxide ions is high enough, only then the
adsorption of OH™ becomes prevailing and the reactions described
by egs. (1)—(7) can take place.

So, on the basis of the electrochemical study it can be sug-
gested that the titanium electrode with a composite RuO, - NiO
layer can be used to obtain pure oxygen from sea water alkalized
to pH > 14. Further research is necessary in order to evaluate the
technological effectiveness of Ti / RuO, - NiO electrode and pos-
sible losses of RuO, in the course of electrolysis. The use of such
electrode for obtaining Cl, in slightly alkaline media is inexpedi-
ent because of high anodic polarization (>2.0 V) necessary for
this process. Besides, it should be noted that chlorine gas may
contain some oxygen because OER is also possible under such
conditions. Ti/ RuO, - TiO, electrode in the slightly acidic me-
dium can be successfully used for this purpose [7, 27] (Fig.6,
curve 3).

CONCLUSIONS

It has been found that the compound of RuO, and NiO oxides
thermally deposited on the titanium electrode has a synergetic
catalytic effect for the evolution process of O, in both strongly
acidic and strongly alkaline media.

It has been suggested that Ti/RuO, - NiO electrode can be
used for obtaining pure oxygen by electrolyzing sea water alka-
lized to pH > 14.
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DEGUONIES SKYRIMASIS ANT MISRAUS RUTENIO IR
NIKELIO OKSIDU ELEKTRODO

Santrauka

Darbe tirta miSraus RuO, ir NiO oksidy sluoksnio, suformuoto ant
nikelio arba titano pavirSiaus, elektrocheminé elgsena ragsciuose,
neutraliuose bei $arminiuose tirpaluose su chlorido jonais arba be
ju. Elektrocheminiams tyrimams naudota cikliné voltamperometrija.
Oksidinio sluoksnio sudétis bei jo pavir$iaus morfologija tirta rentgeno
fotoelektroninés spektroskopijos bei skleidziamosios elektroninés mi-
kroskopijos metodais. Nustatyta, kad mi$rus rutenio ir nikelio oksidy
sluoksnis, termiskai suformuotas ant titano pagrindo, depoliarizuoja
deguonies skyrimosi procesa tiek labai ragscioje, tiek labai Sarmingje
terpéje. Parodyta, kad Ti/ RuO, - NiO elektrodas gali bati panaudotas
grynam deguoniui gauti i§ jaros vandens, pagarminto iki pH > 14.



