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Synthesis of RuO2 Nanowires by Alkali-Assisted

Oxidation of Ruthenium in Plasma Afterglow at

Atmospheric Pressure

D. Kuete Saa, T. Gries, S. Migot-Choux, J. Ghanbaja, P. Boulet, S. Laminsi, T. Belmonte

Abstract—RuO, nanowires are synthesized by oxidation of ruthenium
thanks to a micro-post-discharge at atmospheric pressure. However,
RuO, nanowires form islands. The growth mechanism depending on
surface defects, the surface density of the nanowires is limited. We report
on the influence of two alkali salts, NaCl and KCI, deposited as grains on
ruthenium to act as defects and increase the nanowire density. These
grains induce the growth of RuO, nanowires all around them, creating a
circular area where nanowires are found. Nanowires start growing at the
triple point at the grain base where the alkali-salt grain, ruthenium from
the substrate and oxidizing gaseous species coexist. When nanowires
grow, the stress induced in the surrounding layer creates new cracks,
making possible the radial propagation of the nanowires. The presence of
nanowires on grains is due to the etching mechanism that converts the
alkali salt into an oxide, enabling onward oxidation of ruthenium.

Index terms— Ruthenium oxide, nanowires, plasma oxidation, afterglow,
atmospheric pressure

INTRODUCTION

OW PRESSURE plasmas are known to be fast processes

to synthesize one-dimensional nanostructures [1-6]. The
importance of ion bombardment on the anisotropic growth of
these objects is crucial. At atmospheric pressure, ion
bombardment being negligible, other strategies have to be
developed in order to get high growth rates.

The group of M. K. Sunkara proposed several methods [1, 7]
to achieve this goal. One way of synthesizing metal oxide
nanowires at ultrahigh rates (on the scale of a minute) [8-11]
relies on the combination of a transition metal or a transition
metal oxide with an alkali salt, like NaCl or KClI, to produce a
mixture which is treated by a plasma at atmospheric pressure.
This process mimics somehow the hydrothermal synthesis
technique.

A high contact surface between the metal and alkali particles
is mandatory. This can be achieved either by sprinkling alkali
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particles on a metal foil or by mixing intimately alkali and
metal powders. Like this, an alkali metal metallate is
synthesized. Next, this compound must be purified by dipping
in an HCI solution (substitution of the alkali in the metallate
by hydrogen) and either annealed or exposed to oxygen
plasma (removal of hydrogen).

Basically, the role of the plasma in this alkali-assisted
process is simply practical, the plasma acting as a heat source.
Indeed, O; in its neutral state is proposed to be the main
oxidizing species. This conclusion is consistent with the high
synthesis temperature, which is close to 1273 K in this
process.

In this work, the strategy proposed by the group of M. K.
Sunkara is applied to a ruthenium substrate covered by NaCl
or KCI grains. Indeed, ruthenium dioxide RuO, is a key
material for supercapacitors [12—14] in which it has to be
present with the highest possible specific surface area to store
electrons.

Music et al. [15] demonstrated from the suggestion by Lin et
al. [16] that the presence of the gaseous hyperoxide RuOs is
relevant for the formation of nanorods. Lin et al. [16] showed
that RuO, was deposited by reactive sputtering of ruthenium
in an oxidizing atmosphere as a relatively smooth film at 473
K, then as a pile of short rods at 573 K, and finally as perfectly
faceted nanorods at 723 K. According to Hsu et al. [17],
although ruthenium etching in ICP plasmas correlates well
with the oxygen radical density, chlorine-containing species
also play a role.

In a previous work [18], we showed that the synthesis of
RuO2 nanowires was possible by oxidation with an
atmospheric microwave micro-afterglow on a ruthenium
substrate. The use of a non-equilibrium medium allows a
lowering of the temperature in respect of thermal oxidation,
given that molecular oxygen is excited or dissociated, which
provides more reactive species such as singlet oxygen
0,(a'Ag) or atomic oxygen. This improves the anisotropy of
growth, and then, the synthesis of nanowires.

In these specific conditions, ruthenium oxidation produces a
general nanostructure made of lamellae spaced 20-50 nm apart
within a temperature range of [530 K - 820 K]. Spread over
the surface, localized bundles of nanowires are formed with an
occurrence that depends on the temperature. The growth
mechanism of the localized bundles is driven by stress from
emerging defects, as explained in one of our former works on
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silicon oxidation by the same process [19, 20]. Oxidation of
ruthenium was proposed to proceed this way:

Ru** + 4e~ + (20 or O2") = RuO; 1)

Metals with “valve” native oxides, i.e. dense oxides that stop
diffusional processes like SiO2, ZrO, or RuOy, get oxidized by
forming these bundles where surface defects act as weak
points enabling diffusion.

In this work, we choose to introduce voluntarily "defects" in
a controlled manner by depositing on the surface of ruthenium,
micro-grains of alkali salts to serve as preferential sites for the
growth of nanowires. The idea is to enhance the surface
density of RuO; nanowires, salts being next easily removed by
dissolution in water. A special attention will be paid to the
growth mechanism of the nanowires.

Il. EXPERIMENTAL SET-UP

The experimental set-up is shown in Fig. 1. An atmospheric
Ar-O, microwave plasma is ignited in a fused silica tube (27
mm inner diameter) placed in a 2.45 GHz resonant cavity. The
power absorbed by the plasma is 100 W. Flow rates of gases
are controlled by two mass flow controllers and the total flow
rate is 825 sccm (standard cubic centimeter per minute). The
partial pressure of oxygen in the gas mixture is set at 7.5
vol.%. The treatment time is 2 hours. The micro-afterglow is
visible as a light beam escaping a hole (600 pum in diameter)
drilled in a brass plate screwed on one wall of the cavity [14].
Light emission is due to NO radiative species produced by
reaction between oxidizing active species in the afterglow and
nitrogen from the ambient air. These species are mainly O,
03(a) and O2(X) because the afterglow is too hot to produce
O (typically, the rotational temperature of OH molecules —
due to the water flux from the surrounding air — determined by
optical emission spectroscopy in the present conditions is
~1000 K at the nozzle exit [14]). However, far enough from
the beam (and then from the treated spot on the substrate
surface), O3 can be detected.
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Fig. 1. a) Transition at 900 K between the void and the nanowire outer
ring (in this example, a silicon wafer coated by a 1 um-thick RuO, PVD
coating is used as sample). b) Shadowgraphy image of the afterglow beam.
The position of the ruthenium substrate is depicted by the dotted line. ¢) The
experimental set-up.
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Samples are cuboids (5x5x3 mm?3) of high purity metallic
ruthenium (99.99%). They are polished mechanically (final
stage 1 um diamond paste), ultrasonically cleaned in acetone
and rinsed with ethanol before treatment. The sample-nozzle
distance is set at 4.5 mm.

NaCl and KCI are used as alkali sources. They are dissolved
in water at different concentrations (0.04, 0.08 and 0.16 g
mL™1). Next, the ruthenium substrate is spin-coated by a
solution of that type and water is evaporated in the air at room
temperature. This gives large grains of alkali salts on the
surface, ranging typically from 5 pm to 20 pm in diameter.
The wettability of the solution on ruthenium is about 70°.
Another procedure was applied to enhance the surface
coverage by smaller grains. The ruthenium samples are
pretreated in a low pressure nitrogen afterglow to decrease the
wettability (conditions: pressure: 1 mbar, microwave power:
100W, gas mixture: Ar (500 sccm)-N2 (100 sccm), distance
from gap: 1 m, processing temperature: 320 K, treatment
duration: 10 min). The sample is spin-coated by the solution
and put under primary vacuum (1 mbar) to evaporate the water
much faster to limit coarsening and get smaller size
distribution of alkali salt grains. In this case, grains are found
aligned along surface scratches with mean diameters inferior
to 5 um and the wettability of solution is around 30°.

An important aspect of micro-afterglow treatment deals with
the radial temperature distribution on the sample surface.
Although ruthenium tetroxide RuO4 sublimes at 313 K, it can
be synthesized as solid above this temperature. Starting from
pure ruthenium, and only in this condition, oxidation below
473 K produces solid RuO; and solid RuOs [16]. This latter
oxide can be further oxidized into solid RuO, between 523 and
573 K [16]. In the present work, ruthenium is always covered
by a RuO; passive layer. Consequently, ruthenium tetroxide
being gaseous above 900 K [17, 19], the hottest part of the
surface hit by the afterglow beam is continuously evaporated
and cannot support any nanowire growth. Gaseous RuOs is
emitted at slightly higher temperature (~1000 K after [17]). If
the sample is large and thick enough to create thermal
gradients, this phenomenon leads to the formation of a void
with a diameter where the temperature is higher than 900 K
(see Fig. 1a).

In the present conditions, we demonstrated that the size of
the samples do not allow any significant temperature gradient
(below 4 K) in the whole volume of these small (5x5x3 mm?®)
metallic cuboids [18]. Because no void was ever observed in
the present treatments, the surface temperature was always
below 900 K. It was estimated to be 570 + 20 K [18].

Treated surfaces were characterized by Scanning Electron

Microscopy (SEM), X-Ray Diffraction (XRD) and
Transmission  Electron  Microscopy (TEM).  X-ray
measurement  were performed with a Bruker D8
Diffractometer using a point focus beam and the

CoKa wavelengh (A = 0.179026 nm)

I1l. RESULTS AND DISCUSSION

Without alkali salts, afterglow oxidation of ruthenium
produces a general nanostructure made of lamellae spaced 20-
50 nm apart within a temperature range of [530 K - 820 K]
[18]. Spread over the surface, sea-urchin-like localized objects
made of concentric rings of nanowires are formed with an
occurrence that depends on the temperature. Their growth is
driven by stress from emerging defects [18, 20]. An emerging
dislocation, for instance, acts as a preferential path to transport
ruthenium from the substrate core to the surface. Injection of
interstitial metallic ions certainly occurs at the inner interface.
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The nanowire grows by outward diffusion of ruthenium.
Oxygen atoms feed directly the nanowire. These atomic
species, readily available in afterglow — because no
dissociation of molecular oxygen is needed — are required at
very low temperature. The outward diffusion of silicon is
balanced by the inward diffusion of vacancies. Their
agglomeration creates Kirkendall porosity at the inner
interface and this phenomenon can eventually limit the
growth. When the nanowire grows, it induces a radial stress
field in the passive oxide layer until new defects appear at the
surface, close to it. A new nanowire starts growing and the
process perpetuates gradually, forming sea-urchin-like
structures.

A. Nanowires morphology

When NaCl grains are sprinkled on ruthenium, they create
preferential local active sites to initiate the nanowires growth.
Crystalline grains exhibit well-faceted shapes with sharp edges
(see supplemental material 1). In Fig. 2, we observe the
formation of nanowires on NaCl grains from the afterglow
center outwards (up to 2.5 mm) after a two-hour treatment.
These grains are, most often, the centers of circular areas in
which nanowires are found. By comparison with results from
our former work [18], the surface density of these areas
increases by a factor of 17 (from 1x10* cm2 to 17x10* cm™
for a 2-hour treatment), areas having similar diameters in both
cases. They lie between 2 um and 23 um without NaCl and
between 3 um and 35 um with NaCl.

Center + 1000 um

Fig. 2.

Radial evolution of nanowire shapes on NaCl grains (0.16 g mL™).

The radial evolution of nanowires exhibits similar features
with KCI instead of NaCl (Fig. 3). The most striking
difference lies in the shape of the nanowires which is much
thicker (their diameter varies from ~500 nm to ~2 pum while
the diameter of nanowires obtained in the presence of NaCl is
~200 nm). Another interesting feature of KCI grains is their
complete capping by nanowires, whatever their size. NaCl
grains are most often only decorated on edges, even though
the smallest grains can be completely capped by nanowires.

http://dx.doi.org/10.1109/TNANO.2017.2699861

Center

S50 ym

Fig. 3. Radial evolution of nanowire shapes on KCI grains (0.04 g mL™?).

In Fig. 4, we can observe how bundles of nanowires grow
around NaCl grains.

Fig. 4. a) Large view image of bundles of nanowires grown around NaCl
grains (same experimental conditions as usually. Sharp edges without
nanowires are clearly visible. b) Magnification of the dotted frame showing
bundles of nanowires around two NaCl grains with etched edges. Each bundle
corresponds to a serration in the grain.

These crystalline grains exhibit sharp edges before the
appearance of nanowires (Fig. 4a). When nanowires start
growing, they form bundles attached to grain edges. Patently,
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edges are etched and adopt locally the curvature radii of the
bundles (Fig. 4b). When the grain height is high, nanowires
appear only at the base of the grain (Fig. 4a). If the grain is
small enough, both in height and in size, it can be completely
converted (Fig. 4b). Consequently, the longest nanowires are
found at the triple point where NaCl, Ru from the substrate
and oxidizing gaseous species are simultaneously found, i.e.
the boundary of square that defines the NaCl or KCI grain
base. The fact that only the small grains of NaCl are covered
by nanowires results from the overlapping of nanowire
bundles growing from opposite sides. This is readily observed
in Fig. 4b (grain at the top of the image, for example).In Fig.
5, we observe that nanowires can also grow between grains.
We explained previously that it was possible to grow these
nanowires without alkali salts [18]. Then, when grains are
sprinkled on ruthenium, the growth of nanowires between
these grains is generally observed far from the center, at the
edge of the sample, on the coldest areas. The growth from
emerging surface defects is always possible in our conditions
but the growth from grain edges requires a minimum
temperature.

Fig. 5. a) Example of nanowires grown around NaCl grains. b) Idem
around KCI grains.

B. Influence of Salt Concentration

When different concentrations of alkali chloride solutions
are deposited, the surface density of grains increases with the
concentration. The grain size varies from 1-2 um to 2-3 um
and to 4-5 pm for a concentration increasing from 0.04 to 0.08
g mL~! and to 0.16 g mL~!. This general behavior is also
found with KCI grains. However, within these ranges of
concentration, no significant modifications of the nanowires
features were observed around one isolated grain. Tests with
even higher concentrations showed that if a too thick layer of
salt is deposited, no nanowires could be grown.

http://dx.doi.org/10.1109/TNANO.2017.2699861

C. X-ray Analysis

X-ray measurements were performed at grazing incidence
for two reasons: on one hand, the layer of oxide is thin, and
the grains of NaCl are relatively small (of the order of one
micrometer) and of moderate density on the other hand.
Measurements at grazing incidence (4° in our case) are thus
required to increase the ratio of the probed volumes of RuO;
to Ru. Fig. 6 shows respectively XRD patterns of a pure
ruthenium substrate (Ru), a ruthenium substrate covered by
NaCl grains (Ru+NaCl) and a ruthenium substrate covered by
NaCl and oxidized by micro-afterglow (Ru+NaCIl+Ru0O,). The
analysis performed on Ru+NaCl shows, besides the peaks of
the substrate, those of sodium chloride. NaCl peaks are
identified respectively at 26 = 37.3° (200), at 26 = 53.1° (220),
at 20 = 66.6° (222) at 26 = 90.6° (420) and 26 = 102.1° (422).
When the spectrum obtained after oxidation by micro-
afterglow (Ru+NaCl+RuQy) is superimposed on the spectra of
Ru and Ru+NacCl, there appear new peaks which are assigned
to ruthenium dioxide (RuO2). Among these peaks, we can note
the following peaks: (110), (101) and (211) respectively at 26
= 33.3° 20 = 415° and 20 = 64.4°. No other phase is
observed.

Identical conclusions are drawn if the alkali salt is potassium
chloride (see supplemental material 2).
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Fig.6.  X-ray patterns (Acoka) Of ruthenium sample (black), of ruthenium

substrate covered by NaCl grains (red) and of ruthenium substrate covered by
NaCl and which was oxidized by micro-afterglow plasma (blue).

D.Nanowires crystalline structure

TEM analyses of nanowires grown with NaCl show that two
types of nanowires are synthesized: feather-like nanostructures
and single or bi-crystal nanowires (Fig. 7). Micro-diffraction
analyses indicate that both types of nanowires can be indexed
by RuO; (rutile P4,/mnm; a=4.4919 A; ¢=3.1066 A).

Fast Fourier Transform (FFT) analysis applied to high-
resolution TEM (HRTEM) image (Fig. 8) confirms that the as-
synthesized nanowires are tetragonal RuO; phase [22] with a
single crystalline structure. The spacing between two adjacent
planes is about 3.18 A (Fig. 8b), which is consistent with the
lattice parameter expected for the (110) plane of the tetragonal
phase of RuO; (the theoretical value is 3.176 A). The growth
direction of the resulting nanowires is [1-10] in the given
example, but we found no preferential orientation after
analysis of a large number of nanowires.
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50 nm \

Fig. 7. Left: TEM image showing nanowires with plume shape. Inset:
corresponding micro-diffraction pattern. Right: TEM image showing single
and bi-crystal nanowires.

100 nm

The elemental composition analysis of as-synthesized RuO;
nanowires (see supplemental materials 3 and 4) was
determined by STEM-EDS (Scanning Transmission Electron
Microscopy—Energy Dispersive Spectroscopy). Micro-EDS
analysis is rarely very accurate because of the need to have a
straight pathway of emerging X-rays to the detector. On a
large set of nanowires, this technique shows that sodium is
detected at low concentrations (about 2—-5 at %), which is also
true for KClI, its concentration varying from 1 to 3%. Chlorine
is not found because its corresponding signal is overlapped by
ruthenium.

Fig. 8.
Fourier transform analysis giving a spacing between two adjacent planes of
3.18A

High resolution image of a single-crystalline nanowire. Inset:

To better characterize the distribution of the alkali salt on a
single nanowire, concentration profiles were recorded radially.
Fig. 9 provides TEM micrographs of a single nanowire
obtained in the presence of each alkali salt together with the
radial distribution profile (over ten measure points) of the
corresponding alkali element.

http://dx.doi.org/10.1109/TNANO.2017.2699861
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Fig. 9. a) TEM micrograph of a single nanowire obtained in the presence
of KCI. b) TEM micrograph of a single nanowire obtained in the presence of
NaCl. c) Radial distribution profile of corresponding potassium. d) Radial
distribution profile of corresponding sodium.

From these profiles, it is clear that some parts of the
nanowire do not contain any alkali element. Therefore, we
infer that the alkali elements are distributed on the surface of
the nanowire and not in its volume. Very likely, particles of
NaCl or KCI get attached to the nanowire during its growth,
leading to the weak concentration reported in our measures
(see supplemental material 5). These analyses do not prove
once and for all that alkali elements are not present in the core
of the nanowire, but they clearly show that, if they are, their
concentration is very limited. Since the presence of an alkali
salt on nanowires has no measurable influence on the crystal
lattice of ruthenium dioxide, this allows us to exclude the
possible formation of eutectics. For sodium ruthenate phases,
one finds: NaRuO, [23], NaRu;O4 [24, 25], NaRusOg [26],
Na;RuO3 [26, 27], Na;RuO4 [26, 27], NazRu4Oq [26],
NazRugO19 [26], NasRusOg [26, 28], NasRuO4 [27], NasRu3Og
[27] and Naz7Ru1404s [29]. Beside, oxyhydrates can also form
after air exposition, like NaxRuO2-yH20 (x = 0.22, y = 0.45)
[23].

In the case of KCI, several potassium ruthenate phases are
currently listed: KRuO4 [30], KRusOs [31], K15RusO1s [32],
K2RuO; [33], K:RuO4 [34] and KsRuOs4 [33]. Like sodium
ruthenates, oxyhydrates can be formed in humid air, like
Ko2RuO2.1-nH,O (n = ~0, 0.5, 0.9) [35]. In every case, the
concentrations of sodium and potassium in these phases are
much higher than those measured experimentally.

E. Nanowires growth mechanisms

In order to try to monitor the nanowires growth obtained by
oxidation of ruthenium substrate sprinkled with alkali salts, it
is necessary to understand their possible growth mechanisms.
In a previous work [18], we showed, in the same experimental
conditions, that RuO. nanowires could be grown without
alkali salts, with similar growth rates. Then, sprinkling salt
crystals on the ruthenium surface creates additional
“nucleation sites”. This technique is useful to localize the
nanowire growth on the substrate at the specific spot where a
grain is deposited. What is meant here by “nucleation site” is a
local failure in the native RuO; layer to make access to the
underlying reservoir of ruthenium. We assume that this failure
occurs thanks to the creation of triple point at the base of the
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grains. In order to verify this assumption, series of
experiments were performed.

First, we substituted the alkali salts by gold islands which do
not react with micro-afterglow plasma (no possible oxidation).
The experimental procedure was as follow: a gold layer (about
50 nm) is formed through the interstices of a TEM grid placed
on the ruthenium substrate (Fig. 10a). When the grid is
removed, two areas are observed: one masked by gold and one
free of gold (Fig. 10b). The patterned surface is next oxidized
by the micro-afterglow. In the area masked by gold, no
nanostructure is found (Fig. 10c). In contrast, the gold-free
area is characterized by a nanostructure made of lamellae with
localized bundles of nanowires (Fig. 10d), as commonly
observed on a ruthenium sample without any alkali salt.
Therefore, gold is inert and does not catalyze the formation of
nanowires. Due to this chemical inertness, gold does not allow
to have nanowires at the edge of gold plots (no triple point) as
with NaCl or KCI.

Second, experiments were made by substituting NaCl and
KCI by their homologous Nal and KI at the same
concentrations. The experimental conditions were unchanged.
It turns out that the growth of nanowires proceeds as with
chlorine (see supplemental material 6). Nanowires are a bit
shorter, maybe because of the lower reactivity of iodine with
regard to chlorine, but the growth mechanism is basically
unchanged.
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Fig. 10. a) Aspect of the surface after gold deposition through a mask. b)
Magnification showing the patterned ruthenium substrate after micro-
afterglow oxidation. c) Magnification of a gold area d) Sparse bundles of
nanowires distributed along surface defects on a nanostructure made of RuO,
lamellae. No nanowires are observed on the edge of the gold plots.

Third, the role of water was checked. As the micro-afterglow
is operated in air, because of the high reactivity of salts with
water, we chose to introduce water on purpose to evaluate its
role on the growth of nanostructures. In Fig. 11, SEM images
of nanowires grown around NaCl grains for water flowrates in
the range [0-1.33] sccm are depicted. The etching of the grains
is all the more efficient as the flowrate of water increases. It is
important to note that etching by water affects the whole grain,
including the central part, whereas without water, only the
edges are etched. The growth of the nanowires occurs at the
base of the grains and it is not affected, as far as we can
estimate it, by the partial pressure of water. The key point here
is that the partial pressure of water coming from the
surrounding air in the Ar-O, afterglow is negligible because
no general etching occurs without water introduced on
purpose. Then, O or O;" are the active species that do control

http://dx.doi.org/10.1109/TNANO.2017.2699861

the growth of RuO. nanowires. Moreover, direct reaction
between NaCl or KCI with O or O;" to produce Na;O or K0,
whose melting points are about 1405 K and 1010 K
respectively, are unlikely.

Fig. 11.  Nanowires synthesized around NaCl grains with different flow
rates of water injected in the discharge. a) Qr,0= 0 sccm. b) Qr,0= 0.33 sccm.

c) Qr,0= 0.66 sccm. d) Qr,0= 1.33 scem.

By looking at a sufficiently narrow spot where several
similar grains are found, we can assume that the same
conditions prevail, i.e. same concentration in active species
and same temperature. In Fig. 12, we clearly notice that,
although the conditions are the same, one NaCl grain behaves
singularly.

Fig. 12.
which (circled in black) behaving singularly.

SEM images of a selected area showing similar NaCl grains, one of

We infer from this observation that the nanowire growth is
only possible if the alkali grain forms micro-cracks through
the RuO; passive layer that opens access to ruthenium from
the underlying reservoir.

In Fig. 13a, the nanowire density is observed to be maximal
at about 1 um from the edge. The presence of corrosion pits
between the wall of the grain and the nanowires is noteworthy
(Fig. 13b). These corrosion pits are also found with iodides
(see supplemental material 7). As explained hereafter, these
pits are the results of the nanowire growth and not the origin.
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Fig. 13. Nanowires growing along the edge of a grain. The nanowire
density is maximal at about 1 pm from the edge. b) Magnification showing the
presence of corrosion pits.

Alkali salt grains can adopt specific shapes with thickness
gradients. This happens when evaporation makes the water
droplet, loaded in alkali salt, flow. In Fig. 14a, an example of
such a NaCl grain with thickness gradient is given. After
treatment, we notice that nanowires grow over the grain along
specific directions indicated by arrows in Fig. 14b. If we zoom
in (Figs. 14c and 14d), we observe that nanowires progress
inward by forming juxtaposed bundles of nanowires that are
smaller if they have just been formed. We also observe that
this stepwise progression — which must not be confused with
the formation of concentric rings outward — also occurs along
grain edges (circle area in Fig. 14b). From these observations,
it seems likely that the inward propagation process is limited
by surface diffusion. Besides, a nucleation step seems required
to form, on an activated site, a new bundle of nanowires.
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Fig. 14.

a) Example of a NaCl grain with thickness gradient before
treatment. b) Example of a NaCl grain with thickness gradient after oxidation
by micro-afterglow. Arrows show the growth direction. The circled area
shows bundles along a grain wall. ¢) Magnification of the yellow frame in
figure b). d) magnification of the yellow frame in figure c). t = 2h.
[NaCl]=0.08 g.mL™.

We can now draw a general picture of the formation of
nanowires. The growth of nanowires near alkali salt grains is
associated with the existence of a triple point where the alkali
chloride or iodide, the ruthenium dioxide and active oxygen
are present simultaneously. Contrary to nanowire bundles
growing from emerging defects on surface that are not covered
by alkali salt, the formation of nanowire along the edges of
grains is linked to a localized corrosion process based on the
synthesis of a gaseous mediator. Indeed, this mechanism no
longer operates with gold but does with iodides.

http://dx.doi.org/10.1109/TNANO.2017.2699861

To explain the corrosion mechanism, we have to assume that
reaction (1) is replaced by another one where NaCl (or KCI) is
present.

Ru** + 4NaCl - RuCl, + 4Na* 2)

No thermodynamic data is available about this process to the
best of our knowledge. Even the enthalpy of formation of
RuCly is unknown. If this process does occur, the possibility of
a chemical vapor depaosition process comes up.

RUCls + (20 or O.*) > RuO; + 2Cl, A3)

However, such a process seems unlikely for it leads to
nanowires only by Vapor-Liquid-Solid or by self-catalysis like
with ZnO [36], Si and Ga [37], GaN [38], SiC [39], etc. In the
former process, a catalyst is needed, which is not observed
here, whereas in the latter, it would not explain the stepwise
behavior of the propagation process.

Reactions (1) and (2) cannot occur simultaneously but they
can occur successively. Indeed, the growth process of a
nanowire assumes the transportation of a metallic ion over
several tens of micrometers before reaction (1) occurs. The
propagation process is then limited by chemical reaction and
not by diffusion, which is due to the low synthesis
temperature. Then, Ru** ions attack sodium chloride first and
transform NaCl into Na*. The synthesis of the oxide from Na*
would read:

2Na* + 2e~ + O > Na;0 (4)

Islands of sodium oxide can form and, without chlorine,
reaction (1) will be once again possible.

Thus, the formation of nanowires at the edge of grains is
likely due to the presence of micro-cracks induced by that
mechanical stress that breaks the continuity between the grain
and the thin film of salt in the vicinity of the grain. The
breakage could be easily induced by the difference of the
expansion coefficients of Ru and NaCl or KCI. Indeed, these
coefficients are, at 300 K, 6.4x107® K and 40x10-° K~ for
NaCl or 36x107% K1 for KCI, i.e. about a factor of 6 between
both values.

The above set of reactions, which explains the possible
growth mechanism for alkali metal-assisted growth of RuO, at
triple point, is summarized by Fig. 15. Each grain is deposited
as a crystal on the passivated ruthenium substrate (step a in
Fig. 15). When the plasma is turned on, thanks to thermal
gradients, cracks open at the edge of grains, enabling the
outward diffusion of ruthenium ions (step b). Then, the
nanowires start growing (step c). The succession of chemical
reactions (reactions 2, 4 and 1) at the surface of the alkali salt
permits a progressive inward propagation of the nanostructure
over the grain (step d). This step is accompanied by a
depletion of the alkali salt that is consumed as time passes. We
assume at this stage that surface transport and reactivity of the
released ions, which depend on the local conditions prevailing
around each grains, might play a role on the growth kinetics of
the wires. However, no such information is available yet and
this will be investigated in forthcoming works. The outward
propagation that forms concentric circles around the grain is
due to the formation of the defects by stress (step e), as
explained in a former work of ours [18, 20]. Vacancies
accumulate in ruthenium, forming Kirkendall porosity and
leading to a self-limitation of the process.
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Fig. 15.  Simplified mechanism of nanowire growth around the grains of
alkali chloride. NaCl is taken as example, the mechanism applying to KCI too.

This growth mechanism is very different from the
mechanism proposed by Kumar et al. [21] because of the low
temperatures of the micro-afterglow compared with direct
plasma (T~1300 K [8] vs T < 600 K [18]). The role played by
alkali salts is then more “mechanical” than “chemical” in our
conditions.

IV. CONCLUSION

We proposed an original process to grow ruthenium oxide
nanowires (by alkali-assisted oxidation). The presence of salt
grains enhances the growth of the nanowires all around them,
creating a circular area where nanowires are found. Their
average length decreases radially, from the grain outward.
XRD, HRTEM and FFT analysis confirmed that the as-
synthesized nanowires are tetragonal RuO; phase. They grow
typically at temperature ~ 570 K. The growth mechanism of
nanowires occurs at the triple point created around the grains
(where there coexist NaCl, Ru and oxidizing gaseous specie)
and this was verified by substituting on one hand NaCl or KCI
by gold which does not react with microwave afterglow
plasma and on other hand by Nal or Kl grains which are
generally less reactive than NaCl or KCI. This technique could
be useful to localize the growth of nanowires along specific
lines forming complex patterns and drawn by edges of grains
with shapes that would be made on-demand.
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