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Ceramic materials consisting of Magneli phases (titanium «suboxides» and having the
general formula Ti,0,, ,, 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 cm?) 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 TizO,,. 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 230°C,
it splits into two phases, Ti;O, and TiO,, 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 310°C instead of Ti;O,. This phase was identified for the first
time. The amount of oxygen in the system increases at 410°C, which leads to the additional
appearance of TiO, 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 410°C. At the same time, the maximum service
life of the anode at 500 mA cm™2 was 325 hours with an active coating of PbO,—TiO,,
which exceeds the common PbO, 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 Ti,O, 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~ and porosity
of 12—18 vol.%), supplied by Atraverda Ltd, was cut
with diamond-cutter in 10 mmx10 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 HCI+0.1 M CH,COOH+0.02 M
NaF solution at 50°C 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 80°C at a cathode
current density of 20 mA c¢cm™2 from solution con-
taining 0.05 M K,PtCl,+1.5 M NaNO,+100 g L;
10 M NH,; [7]. The coating thickness was about
1 um (~2 mg cm~2 Pt). Some initial and platinized
samples were thermally treated in the air using tube
furnace at 230, 310 or 410°C for 1 hour.
Electrochemical measurements were carried out in
1 M HCIO, 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/AgCIl/KCl (sat.) reference
electrode. The temperature was 25£1°C.

Surface morphology was studied by scanning

WD=11.2mm 20.00kV ~ x2.00k

WD=9.5mm 20.00kV  x2.00k

electron microscopy (SEM) technique using a
REM-1061 microscope. Phase analysis was
performed using X-ray powder diffraction
(DRON-2.0 M with FeK-radiation, Bragg—Brentano
geometry, 0/20 -scanning, 10.000<26<125.000 range
with scanning step 0.050° 2° and 3° 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
theoretical patterns were 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

»
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Fig. 1. SEM-images of Ebonex® surface (a), heat treated for 1 hour at 230°C (b); 310°C (c) and 410°C (d)
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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 cm2of 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,O, is one of a wide range of defined
compositions TiO, (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 Ti,O,, ,
[1].

Usually, Ti,O;, Ti;O, and TigO,, 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, Ti,O,, 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
230°C, hollandite appeared as one of the phases,
that is a hydrated form of titanium(IV) oxide in the
form of TiO,(H) [8], which facilitates lattice diffusion
of cations [11,12]. This polymorphic form contains
a double chain of octahedral TiO, forming (2x2)
tunnels. TigO,, phase split into two, Ti;O, and TiO,,
during the heat treatment because of a low rate of
oxygen diffusion in the solid phase. In this regard,
more thermodynamically stable titanium(I'V) oxide
picks up oxygen from the Ti,O,, phase. The

transformation of the system continues with a
subsequent increase in the temperature at a fixed
time of the treatment. At 310°C, a new phase of
titanium oxide appears instead of Ti;O,. This phase
was identified for the first time [8]. At 410°C, the
amount of oxygen in the system increases which
leads to the additional appearance of TiO, in the
form of rutile. At the same time, an increase in the
treatment time leads to the complete disappearance
of Ti;O, 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 semi-
amorphous halo of the samples without any heat
treatment to satisfactorily formed reflexes of the
materials obtained at 410°C. The lattice parameter
of the face-centered cubic (fcc) lattice of platinum
as a phase coating is equal to a~3.90 A, which is
slightly less than for pure platinum (a=3.9236 A).
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 A) (410°C,
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
310°C show an unidentified phase reflection at
~14.80° 20 (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 410°C (26 (°)/d (A): 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 A) 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 Lattice parameter a| Coherent scattering domain | Average maximum internal
P A) size (A) stress (%)
Ebonex®/Pt 3.840(3) 47423 198(70)
Ebonex®/Pt, 230°C, 1 hr 3.842(4) 46124 207(77)
Ebonex®/Pt, 310°C, 1 hr 3.854(8) 53+19 161(49)
Ebonex®/Pt, 410°C, 1 hr 3.898(3) 67+16 116(5)
Ebonex®/Pt, 410°C, 4 hrs 3.9111(17) 154426 51(8)

Note:! — First approximation — the average grain size of the phase; > — i.e. deformation (microstresses in the crystal lattice).

previously phase of the Pt—Ti—O system [8]. At the Prepared Ebonex®/Pt samples were used as
same time, the internal stresses of the coating are substrates in designing of DSA based on lead dioxide.
reduced by almost 4 times. Since, the fabrication of coatings with a thickness

The application of a platinum layer on Ebonex® higher than 100 microns is impossible in nitrate
leads to an increase in the activity of the electrode, solutions due to limitations on the mechanical
which is revealed by the current growth and the strength, we proposed to use methanesulfonate
decrease of electrochemical processes overvoltage. electrolytes for PbO, electrosynthesis [13], in which
The thermal treatment of electrodes does not show PbO, composite coatings can be prepared up to 2
any influence on the oxygen overpotential, since mm thick with satisfactory mechanical properties
metallic platinum remains electrochemically active [14].
in all cases. Firstly, PbO, was electrodeposited on initial
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Ebonex® substrate from 0.1 M Pb(CH,SO,),+0.1 M
CH,SO;H solution at j,=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™
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.
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Fig. 3. Potential vs. the polarization time at 500 mA cm™ in
1 M H,SO, for PbO,-electrodes obtained from 0.1 M
Pb(CH;S0;),+0.1 M CH,SO;H 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

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 410°C, which is about
105 hours compared to 8 hours for Ebonex® and
20 hours for the common PbO, coating deposited
on Ti/Pt substrate [15], that is, an increase in the
service life of 12 and 5 times, respectively.
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Fig. 4. Potential vs. the polarization time at 500 mA cm™2 in
1 M H,SO, for PbO,-electrodes obtained from 0.1 M
Pb(CH;S05),+0.1 M CH;SO;H solution on Ebonex®/Pt
(230°C) (1); Ebonex®/Pt (310°C) (2);
and Ebonex®/Pt (410°C) (3) substrates

It should be noted that the use of an active
coating of PbO,—TiO, 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 platinum-
containing transition layer prepared by
electrochemical-pyrolytic method as substrate allows
obtaining anodes with PbO, active layer. These
anodes can be used under industrial operating
conditions at current densities not exceeding
100 mA cm™. 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™) 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 Ti,O,/Pt are due to the formation
of titanium(IV) oxide, which is n-type
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 410°C. At the same time, the maximum
service life of anode at 500 mA cm™2 was 325 hours
with an active coating of PbO,—TiO,, which exceeds
the standard PbO, 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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JTA3AMH I BTIACTUBOCTI MAJTIO3HOIITYBAHUX
AHOJIB 3 BUKOPUCTAHHSM EBONEX® 1K
KOJIEKTOPA CTPYMY

T. Jlyk’anenxo, O. IllImuuxosa, B. Knuw, O. Beaiuenxo

Kepamiuni mamepiaau, wo cxaadaromecs 3 ¢az Maeneni
(«cybokcudu» Tumany, wio maroms 3aearvHy gopmyay Ti,0,, ,;, de
n=4—10), sidomi nid mopeosoro mapkoro Ebonex®, euxopucmosy-
8aAUCS AK KOACKMOPU CIMPYMY 0451 KOHCMPYIOBAHHS MAA03HOULY8A -
Hux anodie. Ileped ocadxucenHam iHiWHO20 NOKpUMMS eneKkmpo-
XIMIMHO-NIPOAIMUYHUM MemMOOOM CMEoplosanu Oe3nepepeHull naa-
murosuil nepexionuti wap (2 me Pt na cm?). ocaioncero ximivnui
i ¢hazosuii ckaad odepicysaroeo wapy ma tioeo QizuKo-ximiumi eaa-
cmueocmi. 32i0HO 3 ompUMAHUMU OaHUMU, OCHOBHOIO (a30l0 KO-
mepyiiunoeo Ebonex® e TisO,,. I1i0 uac mepmiunoeo o6pobaenus cu-
cmema nouunae dobupamu OKkcueeH 3a PaxXyHOK OKUCHEeHHS cYOOK-
cudie kucrem nosimps i exce 3a 230°C 3’s6a1semocs 00Ha 3 paz —
201aHOum, KUl 3a N00aAbUOi mepMiuHOi 00POOKU PO3UeNAEMb-
cs Ha 06i gpazu — Tis;0, i TiO,. 3a nodarvwioeo nideuwenHs mem-
nepamypu, nepemeoperHs cucmemu mpusae i 3a 310°C 3amicmo
Tis0, 3 ’a6a3emocs Hosa ¢haza Tuman oxcudy. lla ¢pasza byara iden-
mudpikoeana enepute. 3a 410°C kinvkicms OxcueeHy 6 cucmemi
3pocmae, wo npueodums do nosieu Ti0, y euensdi pymuay. [loka-
3QHO, WO MEPMIH CAYHCOU MANOZHOULYBAHUX AHOOI8 6azamo 6 Yomy
BU3HAYAEMbCA NPUPOOOI NIOKAAOKU | mMeMnepamypor0 ymeopeHHs
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nepexionoeo wapy. MakcumanvHuil uac excnayamauyii anodie cno-
cmepieages 045 Koaekmopie cmpymy, mepmoo6pooaerux 3a 410°C.
Maxkcumanvruti mepmin cayncou aumooa 3a 500 mA cm™ ckaae
325 200 3 axmuenum nokpummsm PbO,—TiO,, wo 6 16 pasie nepe-
suuye mepmin excnayamayii PbO,, ompumanoeo mpaduyitinum cno-
coboM.

Kmouosi ciosa: Ebonex®, ninkiaaka, repexigHuii map,
MaJIO3HOIITYBaHi aHOAM, TEPMiH eKCILTyaTallii.
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Ceramic materials consisting of Magneli phases (titanium
«suboxides» and having the general formula Ti,0,,_,, 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 cm?) 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
Tis0,,. 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 23(°C, it splits
into two phases, Ti;O, and TiO,, 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 310°C
instead of Ti;O,. This phase was identified for the first time. The
amount of oxygen in the system increases at 410°C, which leads to
the additional appearance of TiO, 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 410°C. At the same time,
the maximum service life of the anode at 500 mA cm™? was 325
hours with an active coating of PbO,—TiO,, which exceeds the
common PbO, system by 16 times.

Keywords: Ebonex®; substrate; transition layer;
dimensionally stable anodes; service life.
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