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The porosity of Ebonex® electrodes is known to have a marked affect on their electrochemical
properties. Atomic force microscopy (AFM) and scanning tunnelling microscopy (STM) have been
used to investigate the topography of porous and fully-hardened (nonporous) Ebonex® at high
resolution. AFM has also been used to study the early stages of copper electrodeposition on porous
Ebonex® electrodes. Initial copper nucleation and growth were found to occur preferentially at

surface pores.

1. Introduction

Ebonex®, a composition of substoichiometric oxides
of titanium (Magnéli phases), of the general formula
Ti,05,_1, where n is in the range 4-10 [1], is attracting
increasing attention as a novel electrode material
[2-4]. Ebonex® is produced by heating titanium di-
oxide (rutile, TiO,) to temperatures exceeding
1200 °C followed by cooling to ambient temperature
under an atmosphere of hydrogen [3]. The porosity of
the ceramic material produced can be controlled by
the composition of TiO, powder together with the
control of sintering and reducing conditions during
processing [5].

Ebonex® is an attractive material for the fabrica-
tion of electrodes for a diverse range of technological
applications, such as chlorine generation, sodium
chlorate production, battery materials and impressed
current cathodic protection systems [6-8]. It can also
be readily coated with catalytic materials, such as
PbO, for ozone generation [4] and RuO, for oxygen
evolution [9]. The latter coating has also been pro-
posed as a suitable electrode for hydrogen evolution
from human faeces and urine in spacecraft [10], uti-
lizing bacteria and electrochemical incineration of the
wastes to produce CO, and N, with H, as the ca-
thodic product. The hydrogen produced is a clean
fuel which does not contain hydrocarbon combustion
products. Ru-Ti4O7 has also been used as a micro-
electrode for the oxidation of I” to I, and 105 in
0.1 moldm™ H,S0, [11].

Ebonex® can be fabricated or shaped into a variety
of forms to produce electrodes of complex geometry
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having a good chemical resistance. The ceramic ma-
terial has a greater resistance to aggressive environ-
ments than many conventional electrode materials. In
addition, it can be used in anodic, cathodic, bipolar
and polarity switching operations owing to chemical
inertness in both oxidizing and reducing conditions.
The high overpotential required for hydrogen and
oxygen evolution [12] makes the material suitable for
the cathodic deposition of metals, such as copper,
gold, nickel, palladium and platinum, which can
adhere strongly to Ebonex® surfaces [3].

The porosity of Ebonex® electrodes has been
shown to have a marked affect on their electro-
chemical behaviour [5], with the shape of the cyclic
voltammogram (CV) and the potentials for the oxy-
gen and hydrogen evolution reactions being strongly
dependent on pore size distribution in the ceramic
electrodes. For example, the onset of the oxygen
evolution reaction has been shown to increase from
+2.5V vs SCE to +2.8V vs SCE on going from a
material containing many large pores to one con-
taining a small number of small pores. In addition, it
has been reported that the most reproducible CVs
and largest current densities are displayed by elec-
trodes containing many large pores [5].

Preliminary microscopic characterization of po-
rous Ebonex® surfaces has been carried out using
scanning electron microscopy (SEM) [3]. Electrode-
position of a 1 um thick layer of copper has been
shown to produce crystallites of copper within the
pores. Thicker deposits, of about 50 um, involved
crystallites which had completely overlapped to form
a continuous film [3]. Energy dispersive X-ray anal-
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ysis of a cross-section showed that copper deposition
occurred deep inside the pores of the material [3].
Here, atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM) have been used to
characterize porous and fully-hardened (nonporous)
Ebonex® electrodes [13-15].

2. Experimental details

Ebonex® tiles from two sources were used in the
current study. The first was a porous tile (~ 15%
porosity) obtained from Electrochemical Design As-
sociates Ltd, London, UK, measuring
128 mm x 64 mm x 3.2mm and the second, a fully-
hardened (nonporous) tile from Atraverda Ltd,
Sheffield, UK, measuring 60 mm X 40 mm X 2 mm.
The physical properties of these materials are shown
in Table 1. Both tiles were broken into
I11mm X 11 mm square tiles using a diamond-cutter
as a guide and polished, initially with decreasing
grades of emery paper, followed by alumina/distilled
water slurries (of Al,O5 particle diameters: 7, 0.3 and
0.05 um). The tiles were rinsed in chromic acid solu-
tion for about 10s to remove any residual alumina,
and then with double-distilled water and ethanol. The
prepared surfaces appeared almost mirror-like, al-
though some mottled features could be seen when
very closely examined by the naked eye.

Copper(m) sulfate-pentahydrate (Fluka, puriss),
sodium sulfate (BDH, GPR grade) and concentrated
sulfuric acid (BDH, Aristar) were used ‘as received’.
A 1mmoldm™ Cu?" solution in 0.1 moldm™
Na,SOy4/double distilled water was acidified to pH 2.0
by the addition of concentrated sulfuric acid. pH
adjustments were monitored on a Corning model
150pH meter with a BDH Gelplar combination
electrode.

Ebonex™~ ceramic electrodes were constructed
from 11 mm x 11 mm square plates of Ebonex®
connected to copper wires using a silver-loaded epoxy
cement (RS Components, 555-673). The assemblies
were then encapsulated in glass tubes using epoxy
cement (RS Components, 555-077) and polished
prior to electrochemical experiments.

A Hi-Tek DT 2101 potentiostat coupled to a Hi-
Tek PPR1 waveform generator was used to generate
electrochemical data. Copper was electrodeposited
onto stationary Ebonex® electrodes under potentio-
dynamic conditions. The potential was initially
maintained at +0.20V vs SCE, corresponding to

®

Table 1. Some physical properties of Ebonex® electrodes used in the
current study

Ebonex® sample

Fully-hardened Porous

(nonporous)
Density/gem ™ 4.35 8.84
Porosity/% 1-2 12-15
Resistivity/uQ cm 3200 6600

oxygen evolution, to clean the electrode surface, and
was then swept to —0.40 V vs SCE, corresponding to
the onset of copper deposition, for varying time in-
tervals. Three samples, A, B and C, possessing
nominal film thicknesses of 1, 100 and 1000 mono-
layers, after the passage of charge for 0.086, 8.7 and
87s, respectively, were prepared in this way. A
thicker deposit of 0.06 um, obtained after deposition
at a potential of —0.40V vs SCE for 56 min (sample
D), was also prepared.

Atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM) studies were performed
in air under normal atmospheric conditions using a
Discoverer TopoMetrix TMX2000 scanning probe
microscope (SPM) instrument (TopoMetrix Corpo-
ration, Saffron Waldon, UK). For AFM studies,
scanners capable of maximum X-Y translations of
70um X 70 yum and 7pum X 7um were used and
imaging was performed in contact and noncontact
mode using forces in the range of 1 to 20nN. Stan-
dard profile pyramidal silicon nitride tips mounted on
cantilevers of spring constant 0.036 Nm™" were used
for contact mode imaging. For some studies, a Su-
pertip® (TopoMetrix Corporation, Santa Clara, CA,
USA), consisting of a 1 um long fine diamond-like
needle at the end of a standard profile AFM tip, was
used for contact mode imaging. For noncontact op-
eration, silicon tips, mounted on cantilevers of the
same material, were used and imaging recorded at the
cantilevers natural resonant frequency of 209 Hz. For
STM studies, a scanner capable of maximum X-Y
translation of 25 um x 25 um was used and images
were obtained using a tip bias potential of S5SmV
(sample at 0 V). STM tips were prepared from high-
purity tungsten wire (0.25mm diameter, 99.95%;
Goodfellow, Cambridge, UK) electrochemically
etched to a fine point in 2moldm™ KOH, as de-
scribed elsewhere [16]. Quantitative data, such as
height measurements, surface roughness and porosi-
ty, were obtained using TopoMetrix image analysis
software [17]. Arithmetic surface roughness average
R,, is the arithmetic average of the absolute values of
the measured profile height deviations, given by

1< -
Ra:;;|zi_z| (1)

where, n = number of height positions along line
profile, Z; = height at position i (nm), and
Z = average height (nm). For this study, 25 line
profiles of 8.75 um were measured for each image; the
average R, value and its standard deviation were re-
corded.

3. Results and discussion

AFM images of porous and fully-hardened (nonpo-
rous) Ebonex® electrodes, obtained in contact mode,
are shown in Fig. 1(a) and (b), respectively. Differ-
ences in topography between these two materials can
clearly be observed. Pores in the porous tile were
uniformly distributed over the surface, as might be
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Fig. 1. AFM (contact mode) images of (a) porous and (b) ‘fully-hardened’ (non-porous) Ebonex® obtained using a standard profile AFM

tip. Scan rate 140 ums™'.

expected from the prereduction treatment of the
material during production. Contact mode AFM
images of the ‘fully-hardened’ tile showed the mater-
ial to be essentially non-porous, although some very
shallow micropits (<1 um in depth) were observed,
consistent with SEM studies [3]. The surface ap-
peared rougher than the porous tile (arithmetic sur-
face roughness average, R, = 3548 nm, compared
with 19+ 11 nm for the porous material. This may be
explained in terms of differences in hardness, where
the softer porous tile can be more easily polished to a
smoother finish.

Sections through the porous tile showed pit depths
of 1-2 um, as shown in Fig. 2. However, the upper-
limit of pit depth may have been influenced by the
inability of the wide pyramidal-shaped tip to probe
the base of these pits. This is supported by the an-

gular-shaped appearance of pore side-walls compared
with images of those obtained from SEM studies [3].

To investigate the extent of these tip artefacts, the
porous tile was rescanned using a 1 um long Super-
tip®. This was expected to facilitate deeper probing of
pores and a significant reduction in the number of
artefacts caused by tip edges contacting pore-walls.
The image shows a slight improvement in pore-shape
compared with those obtained using the standard
profile tip (Fig. 1(a)), although the tip was still unable
to probe some of the deeper pores.

The surface porosity, defined as the ratio of the
pore area to that of the projected image area [18], that
is, in this case, 4900 um>, of the Ebonex® electrodes
could readily be calculated using the TopoMetrix
image analysis software [17]. Porosities of between
12% and 15% were obtained for the porous Ebonex®
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Fig. 2. Line section through the AFM image of porous Ebonex® (Fig. 1(a)), showing typical pore depths.
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tile, in agreement with values ranging from 10% and
20% [19] determined from water immersion tech-
niques (as quoted by manufacturers) [20]. Values of
between 2% and 3% were obtained for the fully-
hardened material, consistent with SEM porosity
studies [3]. AFM provides a very rapid and useful
method of porosity characterization and, in contrast
to immersion techniques, provides detailed informa-
tion on surface morphology.

Noncontact AFM imaging was used as an alter-
native technique to investigate the topography of
porous and ‘fully-hardened’ Ebonex®. Pore shapes
were significantly less affected by the profile of the tip
than those imaged using contact mode. The surface
of the porous tile also appeared rougher than that
obtained with contact mode imaging. This supports
the suggestion that undesirable tip-sample interac-
tions cause Ebonex® particles to be displaced by the
scanning tip during contact mode imaging.

STM images of porous and fully-hardened (non-
porous) Ebonex® tiles are shown in Fig. 3(a) and (b),
respectively. These images are noticably different to
those obtained by contact and noncontact mode
AFM. The pores in the porous tile are much less
affected by tip geometry and, as with noncontact
AFM studies, the surface had a granular appearance.
The fully-hardened tile exhibited a similar roughness
to the porous tile (R,: 14+7 nm cf. 17+6 nm, res-
pectively). Deep pores were not observed in this
material, although small corrugations and voids of up
to 300 nm deep were seen.

AFM studies of copper electrodeposition on Ebo-
nex® were restricted to the porous Ebonex® material
since it was of interest to see whether copper nucle-
ation and early growth occurred largely in the pores or
at other locations on the surface. Contact mode AFM
imaging was chosen for the study since the Ebonex®
surface appeared very smooth, for the reasons previ-
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ously explained, and this would enable small growth
centres of copper to be easily recognized.

Fig. 4(a) and (b) show AFM images of two dif-
ferent regions of a porous Ebonex® electrode on to
which had been electrodeposited a nominal single
monolayer of copper (sample C). Small crystallites of
copper could easily be observed in the surface pores
of the material. In Fig. 4(b), crystallites appear to
completely fill one of the pores and further growth is
observed on the flat region outside the pore. Nucle-
ation of copper within pores would be expected to
occur, since these sites are more energetically fa-
voured due to the greater number of dislocations,
which ‘seed’ the nucleation and further growth of the
copper deposit.

For thicker deposits of copper, passage of a charge
equivalent to a nominal coverage of 100 monolayers
(sample D) resulted in observation of many crystal-
lites on the flat surfaces of the electrode (Fig. 4(c) and
(d)). Some of the larger crystallites (~ 1 um) had a
similar appearance to the pyramidal tip used to ob-
tain the image. For this to occur, the crystalline
deposit must have been much finer than the tip, and
thereby contacting the side-walls of the probe during
scanning. Such tip artefacts have been observed
elsewhere [21]. These artefacts became larger with
increasing film thickness and little information could
be obtained from such images.

4. Conclusions

The topography of porous and fully-hardened (non-
porous) Ebonex® electrodes has been investigated by
atomic force microscopy (AFM) and scanning tun-
nelling microscopy (STM). The surface porosity of
these electrodes is known to have a marked affect on
their electrochemical properties. The porous material
was found to have a porosity in the range of 12% to

29 um

(b)

Fig. 3. STM (constant current mode) images of (a) porous and (b) “fully-hardened” (nonporous) Ebonex® obtained using an electro-
chemically etched tungsten tip. Tip bias potential 5mV (sample 0 V), tunnelling current 1.0 nA, scan rate 40 yms™".
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Fig. 4. AFM (contact mode) images of porous Ebonex® on to which (a—b) a nominal single monolayer, and (c—d) a nominal coverage of 100
monolayers of copper had been electrochemically deposited. Scan rate 75 ums™'. Arrows show locations of artefacts caused by the side-

walls of the pyramidal tip contacting large copper crystallites.

15%, and that for the fully-hardened material, 1% to
2%. AFM provides a rapid and useful technique for
qualitative and quantitative characterization of Ebo-
nex® electrodes. A direct measure of surface porosity
can be obtained, which is more significant than the
bulk porosity values determined from water immer-
sion techniques. AFM also provides line profiles of
surfaces and surface roughness data can be easily
obtained. Nucleation and initial growth of copper on
Ebonex® was seen to occur preferentially in the sur-
face pores of the material, as might be expected from
energetic considerations. Topographic images were
found to be affected by tip geometry. For AFM
contact methods, artefacts of similar dimensions to
the scanning tip were seen for surface features pos-
sessing edges steeper than 45°. Hence, noncontact
AFM and STM are better methods for imaging these
materials.
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