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Ceramic materials consisting of Magneli phases (titanium «suboxides» and having the
general formula TinO2n–1, where n=4–10), commercially recognized under the Ebonex
trade name, were used as substrates for designing of dimensionally stable anodes. The
non-continuous platinum transition layer (2 mg Pt per cm2) was formed before deposition
of the resulting coating by electrochemical-pyrolytic method. The chemical and phase
composition of the resulting layer and its physicochemical properties were investigated.
According to the data obtained, the main phase of the commercial Ebonex is Ti6O11. The
system begins to collect oxygen during the thermal treatment due to oxidation of the
suboxides with the air oxygen. Hollandite is one of the phases appeared already at 2300Ñ,
it splits into two phases, Ti5O9 and TiO2, during the treatment. The transformation of the
system continues with a subsequent increase in the temperature and a new phase of
titanium oxide appears at 3100C instead of Ti5O9. This phase was identified for the first
time. The amount of oxygen in the system increases at 4100C, which leads to the additional
appearance of TiO2 in the form of rutile. It has been shown that the service life of
dimensionally stable anodes is largely determined by the nature of the substrate and the
temperature of the formation of a transition layer. The maximum lifetime of the anodes
was observed for the substrates treated at 4100C. At the same time, the maximum service
life of the anode at 500 mA cm–2 was 325 hours with an active coating of PbÎ2–TiÎ2,
which exceeds the common PbO2 system by 16 times.
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Ebonex is a trade name of an electrically
conductive ceramic suboxide of titanium, having the
approximate composition Ti4O7 and conductivity
comparable to that of carbon [1]. Ebonex powder
can be sintered into a variety of shapes and porosities
[2]. Such materials are recognized to be of
considerable interest in their use as substrates for
creating of dimensionally stable anodes (DSA)
because of high electrical conductivity and satisfactory
mechanical properties [2,3]. However, Ebonex itself
has a number of disadvantages that make it
unnecessary to use it unalterably due to the propensity
for passivation by anodic polarization because of
increasing the amount of oxygen to the stoichiometric
value, which results in the formation of titanium(IV)
oxide over time. The latter is n-type semiconductor
with low carrier content. Hence, DSA with a substrate
of this type will fail not only due to mechanical
destruction of the catalyst active layer, but also

because of the significant increase in the anode
potential due to the passivation of the substrate. To
overcome these disadvantages, the creation of a
transition layer between Ebonex and an active
coating is required; for example, by the application
of a thin layer of platinum group metals that will be
used as donor carriers in the semiconductor and
prevent the passivation of the substrate [4–6]. In
this case, it is possible to use temperature and
treatment time in the oxygen-containing atmosphere
as additional parameters that influence the
composition and properties of the transition layer.
Material and methods
All chemicals were reagent grade. Monolithic
block of Ebonex (density of 8.5 g cm–3 and porosity
of 12–18 vol.%), supplied by Atraverda Ltd, was cut
with diamond-cutter in 10 mm10 mm square
samples. These samples were used as substrate in
this work. Ebonex was treated before platinum
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electrodeposition in the following way: (i) polishing
by moist abrasive paper and rinsing; (ii) chemical
etching in 0.5 M HCl+0.1 M CH3COOH+0.02 M
NaF solution at 500C for 60 min; and (iii) rinsing
and ultrasonically treating in water to remove remains
of etchant from the Ebonex pores. After that,
platinum was electrodeposited at 800C at a cathode
current density of 20 mA cm–2 from solution containing 0.05 M K2PtCl6+1.5 M NaNO2+100 g L–1;
10 M NH3 [7]. The coating thickness was about
1 m (~2 mg cm–2 Pt). Some initial and platinized
samples were thermally treated in the air using tube
furnace at 230, 310 or 410 0 C for 1 hour.
Electrochemical measurements were carried out in
1 M HClO4 solution with GAMRY Potentiostat/
Galvanostat/ZRA Reference 3000 in a standard
temperature-controlled three-electrode cell with Pt
auxiliary electrode. All potentials were recorded and
reported versus Ag/AgCl/KCl (sat.) reference
electrode. The temperature was 25±10Ñ.
Surface morphology was studied by scanning

electron microscopy (SEM) technique using a
REM-106I microscope. Phase analysis was
pe rformed usin g X-ray powder diffraction
(DRON-2.0 M with FeK-radiation, Bragg–Brentano
geometry, /2 -scanning, 10.0002125.000 range
with scanning step 0.0500 20 and 30 s exposure time).
The observed diffraction intensities were compared
with reference powder patterns of binary and known
ternary phases using PowderCell and STOE
WinXPOW program packages. The crystal structure
refinement was performed using the Rietveld method.
Calculations of the unit cell parameters and
the oret ical pat tern s we re performed using
WinPLOTR program packages.
Results and discussion
In the first place, we consider the influence of
the conditions of the formation of transition layers
on the surface morphology and their phase
composition. As follows from Fig. 1, the initial
Ebonex has a morphology that is typical of materials
obtained from powders by sintering in an inert or

a

b

c
d
Fig. 1. SEM-images of Ebonex surface (a), heat treated for 1 hour at 2300Ñ (b); 3100Ñ (c) and 4100Ñ (d)

T. Luk’yanenko, O. Shmychkova, V. Knysh, A. Velichenko

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 121-127
reducing atmosphere and characterized by a
sufficiently developed porous surface [2]. As the
temperature rises, a gradual destruction of melting
amorphous zones with the appearance of chaotically
oriented small crystals is observed. This is also
facilitated by an increase in the duration of the heat
treatment.
The observed differences in morphology are
due to both the change in the chemical and the
phase composition of titanium oxides due to their
oxidation with oxygen. At the same time, the observed
changes are rather slow due to the relatively low
partial pressure of oxygen and slight diffusion rates
in the solid phase.
As follows from the obtained results, when
2 mg cm–2 of platinum is electrochemically deposited
on the surface of Ebonex, the metal coating is not
continuous and is appeared as separate islands with
a weak crystallinity. The thermal treatment of the
coating leads to a change in its morphology, which
differs from Ebonex  only by the presence of
platinum-like crystals melted on the substrate. These
data are confirmed by SEM images and discussed in
detail elsewhere [8]. The obtained results indicate
not only the possibility of thermodiffusion of the
metal, but also its chemical interaction with both
air oxygen and titanium oxides.
Ti 4 O 7 is one of a wide range of defined
compositions TiOx (0.5<x<2); those between that of
Ebonex (x=1.75) and x=1.9 have a triclinic crystal
structure and are known as Magneli phases TinO2n–1
[1].
Usually, Ti4O7, Ti5O9 and Ti6O11 are the main
forms of titanium suboxides that are represented in
the Ebonex [9,10]. From the crystallochemical point
of view, the triclinic symmetry and a similar metric
of unit cells are similar to them. According to the
data obtained, Ti6O11 is the main phase of the
commercial Ebonex. The system begins to collect
oxygen during the thermal treatment due to oxidation
of the suboxides with the air oxygen. Already at
2300Ñ, hollandite appeared as one of the phases,
that is a hydrated form of titanium(IV) oxide in the
form of TiO2(H) [8], which facilitates lattice diffusion
of cations [11,12]. This polymorphic form contains
a double chain of octahedral TiÎ6 forming (22)
tunnels. Ti6O11 phase split into two, Ti5O9 and TiO2,
during the heat treatment because of a low rate of
oxygen diffusion in the solid phase. In this regard,
more thermodynamically stable titanium(IV) oxide
picks up oxygen from the Ti 6O 11 phase. The
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transformation of the system continues with a
subsequent increase in the temperature at a fixed
time of the treatment. At 3100C, a new phase of
titanium oxide appears instead of Ti5O9. This phase
was identified for the first time [8]. At 4100C, the
amount of oxygen in the system increases which
leads to the additional appearance of TiO2 in the
form of rutile. At the same time, an increase in the
treatment time leads to the complete disappearance
of Ti5O9 phase. Thus, the temperature and processing
time of Ebonex significantly affects the phase
composition of the system.
As follows from the data obtained (Fig. 2), the
degree of crystallinity of the platinum phase grain
increases with increasing temperature and time of
treatment. Indeed, there is a shift from the semiamorphous halo of the samples without any heat
treatment to satisfactorily formed reflexes of the
materials obtained at 4100Ñ. The lattice parameter
of the face-centered cubic (fcc) lattice of platinum
as a phase coating is equal to a~3.90 Å, which is
slightly less than for pure platinum (a=3.9236 Å).
Accurate determination of the unit cell parameter
of Pt in the coating is complicated due to intense
reflections of Ebonex phases [8].
As follows from the results given in Table 1,
the size of grains and the lattice parameters of the
platinum phase significantly increase with an increase
in both the temperature and the treatment time,
approaching the pure platinum (a=3.9236 Å) (4100C,
4 hours). At the same time, the internal stresses of
the metal coating are substantially reduced
(practically by 4 times), which can significantly
improve the mechanical stability of the resulting
sublayer. The latter is especially important, since
one of the main problems of oxide-metal coatings is
the shear stress, resulted in the rapid mechanical
destruction of the active layer of DSA and, as a
result, the low lifetime of such electrodes.
X-ray diffractograms of Ebonex treated at
0
310 C show an unidentified phase reflection at
~14.800 2 (in fact, the only one maximum peak),
which does not disappear even in the samples of
Ebonex /Pt [13], but has minor intensity. The
reflection of unknown phase is clearly visional in
the diffraction curve obtained for the sample with
2 mg cm–2 Pt, treated at 4100C (2 (0)/d (Å): 17.70/
6.292; 26.60/4.208; 30.63/3.665 and the maximum
reflection at 35.59/3.168). Unfortunately, this phase
also failed to identify by the probable variants of
known compounds. Perhaps, this is an unknown
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Fig. 2. Diffractograms of Pt (fcc, structural type of copper, spatial group Fm-3m, a ~ 3.90 Å) and Ebonex/Pt samples

Microstructure characteristics and lattice parameter of platinum (space group Fm-3m, Pearson symbol cf4,
structural type Cu) as a component of Ebonex/Pt coating

Sample
Ebonex/Pt
Ebonex/Pt, 2300С, 1 hr
Ebonex/Pt, 3100С, 1 hr
Ebonex/Pt, 4100С, 1 hr
Ebonex/Pt, 4100С, 4 hrs

Lattice parameter a Coherent scattering domain
size (Å) 1
(Å)
3.840(3)
4723
3.842(4)
4624
3.854(8)
5319
3.898(3)
6716
3.9111(17)
15426

Average maximum internal
stress (%) 2
198(70)
207(77)
161(49)
116(5)
51(8)

Note:1 – First approximation – the average grain size of the phase; 2 – i.e. deformation (microstresses in the crystal lattice).

previously phase of the Pt–Ti–O system [8]. At the
same time, the internal stresses of the coating are
reduced by almost 4 times.
The application of a platinum layer on Ebonex
leads to an increase in the activity of the electrode,
which is revealed by the current growth and the
decrease of electrochemical processes overvoltage.
The thermal treatment of electrodes does not show
any influence on the oxygen overpotential, since
metallic platinum remains electrochemically active
in all cases.

Prepared Ebonex/Pt samples were used as
substrates in designing of DSA based on lead dioxide.
Since, the fabrication of coatings with a thickness
higher than 100 microns is impossible in nitrate
solutions due to limitations on the mechanical
strength, we proposed to use methanesulfonate
electrolytes for PbO2 electrosynthesis [13], in which
PbO2 composite coatings can be prepared up to 2
mm thick with satisfactory mechanical properties
[14].
Firstly, PbO2 was electrodeposited on initial
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Ebonex substrate from 0.1 M Pb(CH3SO3)2+0.1 M
CH3SO3H solution at ja=10 mA cm–2. High-quality
lead dioxide coatings with a thickness of up to
2 mm were deposited with 100% current efficiency.
The coatings have good plasticity and adhesion to
the substrate. Nevertheless, the obtained data indicate
an extremely low lifetime of these anodes: only a
few hours under accelerated tests at anode current
density of 500 mA cm–2 (Fig. 3, curve 1). The
application of platinum transition layer (2 mg cm–2
Pt) on the Ebonex surface practically does not affect
the lifetime of anodes, although there is some
decrease in the electrode potential during anodic
polarization (Fig. 3, curve 2).
A sharp increase in the potential is observed
with the complete disintegration of the lead dioxide
coating from the substrate. Ebonex itself, including
that coated with a non-uniform platinum layer, is
readily passivated at high anode current densities.
The observed effect is associated with the strong
heating of Ebonex at high current densities due to
its rather low conductivity, which causes cracking
and full detachment of the lead(IV) oxide under
accelerated resource tests. However, such electrodes
can be operated for hundreds of hours at stable
potential and without noticeable mechanical
destruction of the active coating at anode current
densities of not more than 100 mA cm–2.

Fig. 3. Potential vs. the polarization time at 500 mA cm–2 in
1 M H2SO4 for PbO2-electrodes obtained from 0.1 M
Pb(CH3SO3)2+0.1 M CH3SO3H solution on Ebonex (1) and
Ebonex/Pt substrates

As follows from the data obtained (Fig. 4), the
use of a transition platinum layer obtained by the
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combined electrochemical-pyrolytic method can
significantly increase the lifetime of the anodes. The
service lifetime of the anodes increases as the
temperature of the treatment rises (Fig. 4). A
maximum service life of anodes is observed when a
transition layer is formed at 4100C, which is about
105 hours compared to 8 hours for Ebonex and
20 hours for the common PbO2 coating deposited
on Ti/Pt substrate [15], that is, an increase in the
service life of 12 and 5 times, respectively.

Fig. 4. Potential vs. the polarization time at 500 mA cm–2 in
1 M H2SO4 for PbO2-electrodes obtained from 0.1 M
Pb(CH3SO3)2+0.1 M CH3SO3H solution on Ebonex/Pt
(2300C) (1); Ebonex/Pt (3100C) (2);
and Ebonex/Pt (4100C) (3) substrates

It should be noted that the use of an active
coating of PbO2–TiO2 composite deposited from
suspension methanesulfonate electrolytes allows one
to achieve the result in accelerated tests in 325 hours,
which exceeds the service life of the standard system
by 16 times, although almost 2.5 times is inferior to
the best result obtained for the transition layer formed
on a titanium substrate.
Thus, using an Ebonex  with a platinumcontaining transition lay er prepared by
electrochemical-pyrolytic method as substrate allows
obtaining anodes with PbO2 active layer. These
anodes can be used under industrial operating
conditions at current densities not exceeding
100 mA cm–2. At the same time, the developed
surface of Ebonex does not allow it to be fully
protected against possible passivation when the
continuity of the active layer is violated, which creates
problems for the reuse of the substrates of this type.
Conclusions
The use of the combined electrochemical-
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pyrolytic method consisting in the electrodeposition
of a thin, non-continuous layer of platinum
(2 mg cm–2) to the surface of the oxide (Ebonex)
substrate, followed by thermal treatment in the air
atmosphere, results in the formation of compositional
transition layers that are titanium oxide matrix in
which the metal platinum is dispersed.
The chemical and phase composition of the
resulting layer and its physicochemical properties
depend on the temperature of treatment in the air.
The semiconductor properties of the composite
transition layers of TixOy/Pt are due to the formation
of titanium (IV) oxide, which is n-t ype
semiconductor.
The service life of DSA is largely determined
by the nature of the substrate and the temperature
of the transition layer formation. The maximum
lifetime of the anodes was observed for substrates
treated at 4100C. At the same time, the maximum
service life of anode at 500 mA cm–2 was 325 hours
with an active coating of PbÎ2–TiÎ2, which exceeds
the standard PbO2 system by 16 times. However,
due to lack of electrical conductivity, it is not
recommended to use anodes with Ebonex substrate
at high anode current densities because of their
heating and accelerated mechanical destruction of
the active coating.
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ÄÈÇÀÉÍ ² ÂËÀÑÒÈÂÎÑÒ² ÌÀËÎÇÍÎØÓÂÀÍÈÕ
ÀÍÎÄ²Â Ç ÂÈÊÎÐÈÑÒÀÍÍßÌ EBONEX ßÊ
ÊÎËÅÊÒÎÐÀ ÑÒÐÓÌÓ
Ò. Ëóê’ÿíåíêî, Î. Øìè÷êîâà, Â. Êíèø, Î. Âåë³÷åíêî
Êåðàì³÷í³ ìàòåð³àëè, ùî ñêëàäàþòüñÿ ç ôàç Ìàãíåë³
(«ñóáîêñèäè» Òèòàíó, ùî ìàþòü çàãàëüíó ôîðìóëó TinO2n–1, äå
n=4–10), â³äîì³ ï³ä òîðãîâîþ ìàðêîþ Ebonex, âèêîðèñòîâóâàëèñÿ ÿê êîëåêòîðè ñòðóìó äëÿ êîíñòðóþâàííÿ ìàëîçíîøóâàíèõ àíîä³â. Ïåðåä îñàäæåííÿì ô³í³øíîãî ïîêðèòòÿ åëåêòðîõ³ì³÷íî-ï³ðîë³òè÷íèì ìåòîäîì ñòâîðþâàëè áåçïåðåðâíèé ïëàòèíîâèé ïåðåõ³äíèé øàð (2 ìã Pt íà ñì2). Äîñë³äæåíî õ³ì³÷íèé
³ ôàçîâèé ñêëàä îäåðæóâàíîãî øàðó òà éîãî ô³çèêî-õ³ì³÷í³ âëàñòèâîñò³. Çã³äíî ç îòðèìàíèìè äàíèìè, îñíîâíîþ ôàçîþ êîìåðö³éíîãî Ebonex º Ti6O11. Ï³ä ÷àñ òåðì³÷íîãî îáðîáëåííÿ ñèñòåìà ïî÷èíàº äîáèðàòè Îêñèãåí çà ðàõóíîê îêèñíåííÿ ñóáîêñèä³â êèñíåì ïîâ³òðÿ ³ âæå çà 230 0Ñ ç’ÿâëÿºòüñÿ îäíà ç ôàç –
ãîëàíäèò, ÿêèé çà ïîäàëüøî¿ òåðì³÷íî¿ îáðîáêè ðîçùåïëþºòüñÿ íà äâ³ ôàçè – Ti5O9 ³ TiO2. Çà ïîäàëüøîãî ï³äâèùåííÿ òåìïåðàòóðè, ïåðåòâîðåííÿ ñèñòåìè òðèâàº ³ çà 310 0Ñ çàì³ñòü
Ti5O9 ç’ÿâëÿºòüñÿ íîâà ôàçà Òèòàí îêñèäó. Öÿ ôàçà áóëà ³äåíòèô³êîâàíà âïåðøå. Çà 410 0Ñ ê³ëüê³ñòü Îêñèãåíó â ñèñòåì³
çðîñòàº, ùî ïðèâîäèòü äî ïîÿâè TiO2 ó âèãëÿä³ ðóòèëó. Ïîêàçàíî, ùî òåðì³í ñëóæáè ìàëîçíîøóâàíèõ àíîä³â áàãàòî â ÷îìó
âèçíà÷àºòüñÿ ïðèðîäîþ ï³äêëàäêè ³ òåìïåðàòóðîþ óòâîðåííÿ
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ïåðåõ³äíîãî øàðó. Ìàêñèìàëüíèé ÷àñ åêñïëóàòàö³¿ àíîä³â ñïîñòåð³ãàâñÿ äëÿ êîëåêòîð³â ñòðóìó, òåðìîîáðîáëåíèõ çà 410 0Ñ.
Ìàêñèìàëüíèé òåðì³í ñëóæáè àíîäà çà 500 ìÀ ñì–2 ñêëàâ
325 ãîä ç àêòèâíèì ïîêðèòòÿì PbÎ2–TiÎ2, ùî â 16 ðàç³â ïåðåâèùóº òåðì³í åêñïëóàòàö³¿ PbO2, îòðèìàíîãî òðàäèö³éíèì ñïîñîáîì.
Êëþ÷îâ³ ñëîâà: Ebonex®, ï³äêëàäêà, ïåðåõ³äíèé øàð,
ìàëîçíîøóâàí³ àíîäè, òåðì³í åêñïëóàòàö³¿.

DESIGN AND PROPERTIES OF DIMENSIONALLY
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Ukraine
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Ceramic materials consisting of Magneli phases (titanium
«suboxides» and having the general formula TinO2n–1, where n=4–
10), commercially recognized under the Ebonex trade name, were
used as substrates for designing of dimensionally stable anodes. The
non-continuous platinum transition layer (2 mg Pt per cm2) was
formed before deposition of the resulting coating by electrochemicalpyrolytic method. The chemical and phase composition of the resulting
layer and its physicochemical properties were investigated. According
to the data obtained, the main phase of the commercial Ebonex is
Ti6O11. The system begins to collect oxygen during the thermal
treatment due to oxidation of the suboxides with the air oxygen.
Hollandite is one of the phases appeared already at 2300Ñ, it splits
into two phases, Ti5O 9 and TiO2, during the treatment. The
transformation of the system continues with a subsequent increase in
the temperature and a new phase of titanium oxide appears at 3100C
instead of Ti5O9. This phase was identified for the first time. The
amount of oxygen in the system increases at 4100C, which leads to
the additional appearance of TiO2 in the form of rutile. It has been
shown that the service life of dimensionally stable anodes is largely
determined by the nature of the substrate and the temperature of the
formation of a transition layer. The maximum lifetime of the anodes
was observed for the substrates treated at 4100C. At the same time,
the maximum service life of the anode at 500 mA cm–2 was 325
hours with an active coating of PbÎ2–TiÎ2, which exceeds the
common PbO2 system by 16 times.
Keywords: Ebonex  ; substrate; tran sition layer;
dimensionally stable anodes; service life.
*
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