L ow temperature electrochemical synthesis of titanium nitride
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Electrochemical oxidation of a titanium electrode in a
solution of potassium amide in liquid ammonia resulted in
the deposition of titanium nitride either as a thin film or as
nanoparticles.

Titanium nitride is a technologically important material that
exhibits excellent chemical stability, good wear resistance, and
high eectrical conductivity. As a thin film, titanium nitride
finds uses as a hard coating for cutting tools,* as a diffusion
barrier for microelectronic devices,2 as an optical coating,3 and
as a gold-coloured surface for jewellery.4 Conventional routes
to thin films of TiN include heating titanium metal in a stream
of ammonia,> reactive sputtering,® and chemical vapour deposi-
tion.” Many of these techniques require high temperatures and/
or expensive equipment or precursors. Electrochemical synthe-
sisistherefore an aternative route that has attracted significant
interest. Previous studies have included anodisation of titanium
in acetonitrile at an applied cell voltage of up to 1500-3000 V8
and nitridation of a titanium anode in an acetonitrile solution
containing a primary amine and tetrabutylammonium bromide
followed by heating at high temperatures.® Each of these routes
produces TiN films, but incorporation of carbon-containing
impurities is significant. A reduction in the level of carbon
incorporation has been achieved by the use of NH4Br—NH;
electrolyte solutions. This resulted in an uncharacterised
powder which on calcining at 1100 °C under flowing ammonia
produced either small particles of TiN or could be used to coat
substrates with TiN after calcining.10 Electrochemical surface
nitriding of titanium in a molten LiCI-KCI eutectic melt has
been shown to produce TiN films, but the operating temperature
of this processis 450 °C.11 Titanium nitride powders have aso
attracted interest in thefield of powder technology as precursors
for the fabrication of sintered compact or thin films. A route
describing the production of TiN particles by galvanostatic
electrolysis using atitanium plate in a solution of n-butylamine
in acetonitrile has recently been reported, but post-processing
by heating to 200—1000 °C in the presence of ammonia was
invariably required in order to generate TiN.12

In this work we describe an electrochemical process that
operates at or below ambient temperatures to give, in one step,
thin films or particles of TiN. Furthermore, the nature of the
process favours nitride formation, with no incorporation of
carbon, oxygen or halogen. This is because it involves liquid
ammoniasol utions containing the basic el ectrolyte KNH,, rather
than organic solvents containing the acidic NH4Cl or NH4Br
electrolytes used previougly.910.12

The apparatus for the electrochemical experiments is de-
scribed below.t Sweeping the titanium electrode potential at
sweep rates of 50-100 mV s—1 between 0.00 V and a negative
potential limit, in excess of —1.50 V, produced a reduction
current of several mA. During thereverse sweepto 0.00V inthe
cyclic voltammogram (CV), an associated oxidation peak was
observed at ca. —750 mV. On continued cycling, this oxidation
peak was observed to diminish as the reduction wave shifted to

DOI: 10.1039/b100713k

more negative potentials. The CV recorded after 30 min showed
little decrease in the negative sweep and no oxidation peak in
the positive sweep at these potentials. It seems likely that this
reduction reaction involves the reduction of the native tita-
nium(v) oxide with the loss of oxide from the titanium surface.
The oxidation peak then corresponds to the reformation of the
oxide surface. On repeated cycling, a fraction of the reduced
oxideislost to the bulk solution by diffusion. Thus the cycling
eventually results in the production of an oxide-free titanium
surface.

On stepping the potential of the cleaned titanium electrode
from 0.00to +3.00 V, alarge positive current of several mA was
initially observed, indicative of electrode oxidation, which fell
dowly with time. Increasing the electrode potential (first to
+4.00 V, then to +5.00 V) resulted in increases in the oxidation
current, as did increasing the temperature of the solution from
—78to —33 °C, with no sign of gas evolution at the electrode.
Stirring of the solution did not increase the current, indicating
that the current is not limited by mass transport of solution
species to the electrode. These results are consistent with the
growth of a surface nitride film on the electrode surface by an
oxidation that involves liquid ammonia and/or amide. Removal
of the titanium electrode and washing with water revealed a
golden coloured film.

CV sweeps to oxidising potential for clean titanium also
showed an oxidation current due to nitride film growth. Each
cycleresulted inthe progressive shift of thisoxidation current to
more positive potentials. The increase by >1.00 V in the
oxidative potential limit of this electrode, whilst retaining a
similar pseudocapacitance, indicates that the deposited film is
relatively inert and is conducting; thisisastrong indication that
the film istitanium nitride. The observed increasein current on
raising the temperature of the ammonia solution from —78 to
—33 °C alows one to calculate an activation energy for the
process in the order of +20 kJ mol—1. Extrapolation to 25 °C
would predict an approximately 50-fold increase in the current
compared with the current passed at —78 °C. For thisreason, a
pressure cell was constructed such that liquid ammoniaat 25 °C
could be safely contained. The predicted increasein current was
indeed observed, but in this case small particles of a yellow—
brown material grew on the surface of the titanium electrode.
Evidence that these particles were electricaly conducting was
provided by the observations that (i) the particles grew as
‘tendrils' towardsthe counter electrode, and (ii) when dislodged
from the electrode surface by gentle tapping the current
decreased, indicating a reduction of electrically conducting
surface area. The small size of the particles caused them to be
readily oxidised to TiO, in the presence of air and agueous base.
Hence it was essential to remove excess KNH, by washing the
particles with portions of liquid ammonia, followed by removal
of the last traces of ammonia in vacuo before handling in air.
Glancing angle X-ray powder diffraction of the film and
particles showed no peaks, but did show significant background
scattering indicative of an amorphous or nano-crystalline phase.
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Attempts to anneal the film at 800 °C under argon resulted in
some degree of sharpening, but were not conclusive. Sub-
sequent characterisation involved a range of techniques that
required as little processing of the film as possible.

The electrodeposited film showed a transition from metallic
to superconducting behaviour at ca. 4.5 K in afield of 100 G;
the magnitude of the transition, when correlated with the charge
passed during synthesis, further indicated that titanium nitride
was the major product of reaction. The temperature of the
transition also suggested that the stoichiometry of the TiN, film
is such that x is very close to 1.13

The SEM-EDX spectrum also pointed to a nitride-containing
film. Not surprisingly given the nature of the sample (TiN on
bulk Ti) the spectrum was dominated by the strong Ti K line,
but clearly discernible was the N 2p line (adjacent to the Ti Lo
line). Quantitative assessment of the stoichiometry was not
possible owing to the considerable contribution to the intensity
from the titanium substrate. It is significant, however, that no
peaks corresponding to either oxygen or potassium con-
taminants were observed.

Conclusive evidence for the identification of both the film
and powder as TiN was provided by the Raman spectra. These
display three broad bands, the positions of which were in
extremely good agreement both with spectra described in the
literature,*4 and with spectra obtained from authentic stoichio-
metric TiN powder. Previous Raman studies have shown that
therelativeintensities of the Raman bands at 550 and 235 cm—1
depend upon the stoichiometry of the titanium nitride.14 The
band at lower energy is ascribed to nitrogen vacancies in the
lattice and its intensity relative to the band at 550 cm—1
increases rapidly with increasing nitrogen deficiency. When
compared with published spectra, the Raman spectra of both
film and powder suggest a value of x for the TiN that is close
to unity.

Analysis of the films by X-ray photoelectron spectroscopy
(XPS) was dominated by strong pesks for titanium (2p) and
oxygen (1s) characteristic of TiO,. This was not entirely
unexpected given that several months el apsed between prepara-
tion and examination by XPS and points to aerial oxidation of
the TiN film at its surface. After argon ion sputtering to an
approximate depth of 50 nm, the Ti 2p peak shifted to a lower
binding energy and aN 1s peak appeared at 397.2 eV, indicative
of stoichiometric TiN.15 The N 1s peak persisted to a depth of
~600 nm into the sample consistent with the expected film
thickness based on the amount of charge passed. Transmission
electron microscopy showed aggregates of approximately
spherical particles of diameter ca. 5-10 nm (Fig. 1).

Electron diffraction from these particles produced distinct
rings with the occasional appearance of spots. The separation of
these rings corresponds to d-spacings in good agreement with
those reported for the osbornite phase of TiN.16

We have demonstrated in this work that electrochemical
oxidation of a titanium electrode in liquid ammonialKNH, at
temperatures between —78 and 25 °C, results in the deposition
of TiN either asathin film or as nanoparticles depending on the
current density. A key step in the production of coherent thin
films has been found to be repeated cycling of the titanium
electrode to negative potentials such that a substantial negative
current is observed. In this way, the native oxide layer is
removed, thereby facilitating growth of chemically pure TiN
when the electrode is subsequently held at positive potential.
Furthermore, there is no requirement for post-processing of the
films or particles at elevated temperatures. Preliminary results
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Fig. 1 TEM image of TiN particles mounted in epoxy resin.

using other meta electrodes (e.g. Ta, Mo and W) suggest that
this process is a general low-temperature route to metal
nitrides.
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Notes and references

T All operations were performed under dry, oxygen-free nitrogen. Saturated
solutions of KNH, in liquid NH3 at —78 °C were prepared by the addition
of oxide-free potassium metal to dry liquid NHs. Electrochemical
experiments were performed using a three-electrode system; working
electrode Ti foil (area =1 cm2), counter electrode Pt coil (area >> 1.cm?),
pseudo-reference electrode (PRE) bright Pt wire. All potentials are reported
with respect to this PRE. Electrochemical experiments at 25 °C involved a
pressurised Pyrex vessel.
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