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Titanium was electrodeposited from a nominal 0.24 M TiCl4 in l-methyl-3-butyl-imidazolium bis (trifluoro methyl sulfone) imi
[BMIm]BTA) at room temperature on a Au(1 1 1) substrate. The process of electrodeposition was studied by cyclic voltammetry, ch
erometry and in situ scanning tunneling microscopy (STM). In a first step TiCl4 is reacted to TiCl2, which is subsequently reduced to meta
i. Two dimensional (2D) clusters form preferentially on the terraces in the under potential deposition range. 2D clusters presumab3
recipitates grow and coalesce to cover the whole substrate with a 2D film at a substrate potential below−1.1 V versus ferricenium/ferroce
[Fc]+/[Fc]) redox couple. At a potential of−1.8 V a dense layer of three dimensional (3D) clusters of titanium of 1–2 nm thickness is f
he features of the I-U tunneling spectra and the relative reduction of the effective tunneling barrier by 0.8 eV with respect to go

ndicate the metallic character of Ti deposits. Observation of circular holes on the Au(1 1 1) substrate after dissolution of the de
ndicates the formation of Au–Ti surface alloying.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

Electrodeposition of titanium and its alloys like
itanium–aluminium compounds is of particular technologi-
al interest. These materials combine a high tensile strength
nd ductility with a special corrosion resistance. The electro-
hemistry of titanium, however, is complicated due to the ex-
stence of various oxidation states of Ti(II), Ti(III) and Ti(IV)
pecies in solution. Numerous electrochemical and spectro-
copic studies of the titanium complex chemistry have been
eported in recent years which have been performed in both
he inorganic high temperature and organic room temperature

∗ Corresponding author. Tel.: +49 721 608 2100; fax: +49 721 608 6662.
E-mail address:Wer-ner.Freyland@chem-bio.uni-karlsruhe.de (W.

reyland).

molten salts, see e.g.[1–7]. In an electrodeposition study of
tanium from alkalihal-ide melts containing TiCl2/TiCl3 mix-
tures at high temperatures (450–850◦C) it has been show
that a clear redox peak for the Ti(II) to Ti reduction exists
gether with a broad shoulder for the Ti(II)–Ti(III) reducti
[3]. In a fluoride/chloride mixture it has been reported
Ti(III) species are reduced directly to Ti(0)[4]. The electro
chemistry of TiCl4 in a strongly Lewis acidic room tempe
ature molten salt (AlCl3-EtMelmCl) has been examined[5].
It was found that Ti(IV) is reduced to Ti(III) and Ti(II) in tw
one-electron steps, whereby Ti(III) is deposited at the e
trode as a brown film, probably the�-TiCl3 phase. At lowe
TiCl3-concentrations the amount of this precipitate is cle
decreased[5]. Similar, observations were reported by Hus
et al. in their investigation of Al–Ti alloy deposition from
Lewis acidic AlCl3-EtMeImCl electrolyte at 50.2◦C [6].

013-4686/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2004.07.052
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The experimental studies above have focused on the
electrochemistry of titanium in various ionic liquids and
have employed different spectroscopic and electrochemical
methods. In this investigation we have tried to resolve the ini-
tial stages of titanium electrodeposition in the underpotential
(UPD) and overpotential (OPD) range with nanometer reso-
lution. For this aim in situ electrochemical scanning tunneling
microscopy (STM) and spectroscopy (STS) experiments
have been applied for the first time for the titanium electrode-
position in an ionic liquid. The potential of this technique to
elucidate the electrocrystallization and two dimensional (2D)
and three dimensional (3D) electrochemical phase formation
has been proven in a variety of applications for aqueous
electrolytes, see e.g.[8–12]. In these cases atomic resolution
can be achieved. An extension of this method for studies in
ionic liquids was demonstrated recently for the electrodepo-
sition of several transition metals and semiconductors like
Ge [13–16]. In a previous communication we reported first
results of titanium nanowire formation on HOPG-step edges
obtained by electrodeposition from the ionic liquid l-methyl-
3-butyl-imidazolium bis trifluoro (methyl sulfone) imide
([BMIm]BTA) [17]. In the present work we have employed
[BMIm]BTA as an ionic liquid to investigate the possibility
of pure titanium electrodeposition at room temperature.
We focus here on in situ STM and STS characterization of
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perature. With such treatment flat terraces measuring about
50–100 nm were achieved. The Au(1 1 1) substrate (with an
effective surface area of 3.6× 10−5 m2) was sealed to the
teflon cell by a teflon coated silicone O-ring. A Pt ring and
a Pt wire (99.99% pure, both with a diameter of 0.5 mm)
served as the counter and reference electrodes, respectively.
A major part of the electrochemical studies were carried out
by a PAR 273 (USA) poten-tiostat coupled to a computer
with commercial M-270 software for experimental control
and data acquisition. Concentration dependence of the active
electrolyte on the deposition process was studied by using
two different concentrations of TiCl4. The probability of im-
pure species deposition from the ionic solvent was checked
by performing separate control experiments.

The EC–STM experiments were carried out by a home
built STM driven by a Picoscan controller of Molecular Imag-
ing Company, USA. The potential of the working electrode
was controlled during in situ measurements by a Picostat po-
tentiostat coupled to the STM controller. The tips were pre-
pared by etching Pt–Ir wires of 0.25 mm diameter in 4 M KCN
solution. In order to avoid the effect of Faraday currents on the
tip, it was properly insulated except the apex by electropaint
(BASF, ZQ 84-32250201, Germany) via electrophoresis and
cured first at 150◦C for 2 h followed by heating at 250◦C for
10 min. Such an electropaint coated tip showed very negligi-
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itanium 3D cluster formation and compare these re
ith conventional electrochemical measurements.

. Experimental

All parts of the electrochemical cell were thoroug
leaned in a 50/50 vol.% concentration H2SO4 and 30%
2O2 mixture at ambient temperature, followed by th
ugh cleaning in a stream of mili-Q (Milipore) water. T

onic liquid, [BMIm][BTA] ([BMIm] +[Q[(CF3SO2)2N]−,
8% pure) was obtained from Solvent Innovation, Germ
he liquid was dried under vacuum at 120◦C and was kep

n an argon glove box (O2 and H2O < 2 ppm) before us
iCl4 (99.999%) was obtained from Alfa Aceser, Germ
nd showed good solubility in the ionic liquid. Althou

he ionic liquid was extremely hydrophobic, saturated b
ass% H2O, the whole processes of cell assembly for al
lectrochemical measurements and EC–STM studies
erformed in an argon filled glove box in order to avoid
ontamination by H2O or O2 of either the ionic liquid or th
xtremely hygroscopic active electrolyte, TiCl4.

A teflon electrochemical cell with three electrode confi
ation was used for all the studies. The working electrode
u(1 1 1) obtained by evaporating gold on chromium co
pecial heat resistive quartz glass (Berliner Glass KG).
hickness of the Au coating was about 300 nm with g
ize varying between 1 and 3 nm. Atomically flat terra
ere obtained by annealing the clean Au(1 1 1) surface
er hydrogen flame at orange/red colour for 3 min and
apidly quenching the substrate in mili-Q water at room t
le Faraday current (<50 pA). The tunneling current wa
o 1 nA for imaging experiments taken in the constant
ent mode. The STS data were acquired at a set point cu
f 20 nA and an initial tip bias voltage of 0.3 V. For reas
f clarity, we present here the average spectrum acquir

hree different places of a particular scan area (200 n×
00 nm) in the bias voltage range of−0.5 to 0.5 V. Since th

ip bias was scanned in a wide range of voltage during
uisition of STS data, the quality of tip coating was caref
onitored before and after the STS data acquisition, w

howed a constant Faraday current less than 50 pA. Th
erse effect of thermal drift on the quality of STS data
arefully minimized by acquiring the spectra in only 20
n comparison with the imaging scan rate of three lines
econd. Since the reference electrode was Pt, all the p
ials cited here were calibrated indirectly against the fer
ium/ferrocene ([Fc]+/[Fc]) redox couple. Always a fresh
repared Au(1 1 1) surface was used in a new measure
he whole set-up for the EC–STM studies was mounted
lean, dried and Ar filled stainless steel container which
ir tight to ensure relatively long measurement times. Un
entioned otherwise all potentials are cited with respe

he [Fc]+/[Fc] reference.

. Results and discussion

Solubility data of TiCl4 in the present ionic liquid are n
nown and we cannot exclude that the real solubility of T4
s lower than the nominal concentrations added. Furtherm
o our knowledge no electrochemical or spectroscopic in
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mation exists concerning the electroactive species in this neu-
tral melt. The STM measurements performed with nanome-
ter resolution give no unambiguous answer of precipitation
of �-TiCl3. So, we cannot exclude the formation of ultra-thin
passivating films. For all these reasons the following presen-
tation of the electrochemical measurements has to be limited
to a qualitative description and we focus on the STM and STS
evidence of Ti electrochemical phase formation and surface
alloying with Au(1 1 1).

3.1. Cyclic voltammetry (CV)

The CV for the Ti electrodepostion from a nominal con-
centration of 0.24 M TiCl4 in [BMIm]BTA on a Au(1 1 1)
substrate is shown inFig. 1. The first cathodic peak at−0.39 V
is attributed to the Ti(IV) to Ti(II) reduction process. It has
been observed that Ti(TV) generally is reduced to Ti(II) in
two one-electron steps at higher temperature in alkali chlo-
ride or chloride–fluoride mixtures[3,4]. In the electrolyte
studied here we find some experimental indications that a
two electron transfer process in one step seems to be pos-
sible. First, the current time transient around the Ti(IV) to
Ti(II) reduction potential does not show any signature of an
appreciable Ti(III) precipitation reaction which appears due
to passivation of the substrate by TiCl3 species. Furthermore,
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films of two–three monolayer height. With the small hump
at−1.61 V, another UPD process can possibly be correlated
to the formation of a binary alloy of Au–Ti. In situ STM im-
ages and STS spectra show that 3D-Ti starts to deposit near
an applied potential of−1.9 V. Hence the peak at−1.9 V is
attributed to the three dimensional growth of Ti clusters in
the over potential deposition (OPD) regime of Ti. The low
current density in the CV in this potential range presumably
is due to a thin passivating layer at the electrode. The current
inflection at the extreme cathodic direction is due to the re-
duction of the organic cation of the solution. At the anodic
side we observe a relatively broad peak at−1.27 V, which can
be due to stripping of Ti and oxidation to Ti(II) species. At
an anodic potential of∼0.22 V we note the quasi reversible
peak for the oxidation of Ti(II) to Ti(IV). Application of an
anodic potential of∼0.8 V leads to the step edge oxidation
of the Au(1 1 1) substrate beyond which (∼1.2 V) the anionic
part of the ionic liquid undergoes oxidation.

3.2. UPD of Ti on Au(1 1 1): 2D phase formation

STM images of the electrolyte/electrode interface in the
potential range from−0.5 to−1.1 V are shown inFig. 2. At
the open circuit potential conditions clear Au(1 1 1) steps of
monoatomic height of∼2.4Å, with a rough appearance of
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he relevant redox couple remains constant in several s
uent cycles at constant sweep rate and, in particular, i
rst cycle the violet coloration expected for the Ti (11
omplexes in the presence of ferrocene is not observed[17].
e observe the violet color only after the first cycle. The t

elay possibly can be due to conversion of Ti(IV) to Ti(
ia a disproportionation reaction, i.e. Ti2+ + Ti4+ → 2Ti3+.
here is a shoulder around−0.8 V, which we tentatively as
ign to Ti(III) reduction on the basis of STM observatio
eeSection 3.2. The hump in the CV at−1.45 V is assigne
o the UPD of Ti metal from the Ti(II) state since the ST
ictures at this potential show the formation of clusters

ig. 1. Cyclic voltammogram of 0.24 M TiCl4 in [BMIm]BTA on Au(1 1 1)
ubstrate vs. [Fc]+/[Fc] obtained at a sweep rate of 10 mV s−1 at room tem
rature.
he step-edges are observed. As the potential of the Au(
ubstrate is made negative stepwise, we first observe th
ation of 2D islands on the terraces at−0.5 V which is shown

n Fig. 2a. Interestingly, we notice preferential nucleation
he terraces rather than at the step edges of the Au(1 1 1
trate. Initially, these islands are about 2.5Å in height and
xhibit a narrow lateral size distribution—see me z-pro

n Fig. 2a. As the process of deposition is continued, we
ot find any sensible change in the number of nuclei but
rowth is clearly noticed with time and applied poten
ig. 2b shows an image of the deposits when the app
otential is at−0.8 V, about 80% of the substrate surfac
overed with the islands. When the applied potential rea
1.1 V, we observe a complete coverage of the Au(1

ubstrate (Fig. 2c). The nature of these islands/clusters in
otential range from−0.5 to−1.1 V is not clear. From th
TS spectra below a deviation from the Ti characteristi

ndicated. So we cannot exclude deposition of TiCl3 precip-
tates with sub-nanometer thickness in this potential ra
ormed according to toe disproportionation reaction ab
n the UPD region below−1.4 V a complete coverage of t
ubstrate by nearly two atomic layers of Ti has been obse
images not shown).

.3. Over potential deposition of Ti on Au(1 1 1): 2D–3D
ransition

We have already noticed that the UPD process lea
omplete coverage of the Au substrate by Ti of nearly
onolayer height. Therefore, depending on the degree o

ice misfit and the substrate-deposited film interaction
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Fig. 2. STM images for Ti UPD on Au(1 1 1) from 0.24 M TiCl4 in
[BMIm]BTA: (a) initial stage of 2D island formation (150 nm× 150 nm)
with a typical z-profile, sample potential of−0.5 V, tip potential−0.3 V; (b)
nearly complete coverage of the Au(1 1 1) substrate by the deposits (135 nm
× 135 nm), at a sample potential of−0.8 V, tip potential−0.6 V; (c) fully
covered substrate with a 2D layer (160 nm× 160 nm), sample potential of
−1.1 V, tip potential−0.9 V. Tunneling current in all the cases is set to 1 nA.

OPD process is expected to take place either in a layer by layer
or in the ‘Stranski–Krastanov’ growth mode[18]. However,
in view of the irreversibility of the CV also kinetic growth
limitations may have to be considered. Shown inFig. 3 is
the appearance of the deposits when the potential of the
working electrode is kept at−1.8 V at room temperature. 3D
clusters grow all over the surface, which are about 10–20Å
high. It can be argued from the 3D representation, which is
shown inFig. 3b, that the OPD of Ti on Au(1 1 1) from the
present ionic liquid leads to the formation and growth of bulk
titanium.

3.4. Current transients

Fig. 4a shows a selection of current transients, which have
been obtained with starting potentials of 0.5 V and at step po-
tentials in the region of the first cathodic peak in the CV, see
Fig. 1. At longer times theI versust curves are indicative of
a limiting Cottrell behaviour, i.e. diffusion control character-
istics. According to previous studies of the electrochemistry

F
3
(

ig. 3. OPD of Ti on Au(1 1 1) from 0.24 M TiCl4 solution: (a) 1 nm thick
D layer of Ti on Au(1 1 1), sample potential−1.8 V, tip potential−1.5 V
100 nm× 100 nm); (b) the 3D view of the deposited clusters.
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Fig. 4. Current transients obtained during electrodeposition of Ti from
0.24 M TiCl4 in [BMIm]BTA at different step potentials: (a) belongs to the
potential region where Ti(IV) is reduced to Ti(II) species; (b) corresponds
to the UPD–OPD transition region of Ti on bare Au(1 1 1) substrate; (c)
a fit of the experimental current transient obtained at−1.7 V by a double
layer charging, a 2D nucleation and growth and 3D nucleation and diffusion
limited model (see text).

of TiCl4 in various ionic liquids and molten salts[5–7], the
formation of Ti(II) and Ti(HI) species has to be discussed in
the potential range of interest here. If TiCl3 precipitates at the
electrode to an appreciable amount a passivation layer should
form and one could expect a correspondingly sharp passiva-
tion transient. This is not visible in the curves ofFig. 4a.
So these results agree with the STM-observations that there
is no high concentration of TiCl3 precipitates during TiCl4
reduction in the ionic liquid under study.

Approaching the UPD–OPD transition region around
−2.0 V characteristic changes in the current transients are
observed, seeFig. 4b. A clear bump occurs at shorter times,
which is less pronounced in the curve at−2.0 V. In order to
get a first insight into the time behaviour of these transients
we have considered the following contributions: a double-

layer charging dominating at shorter times (Idl), a 2D nu-
cleation term including lattice incorporation (I2D), and a 3D
nucleation process followed by diffusion controlled growth
(I3D):

I(t) = A exp

(−t

τ

)
+ p1t exp (−p2t

2) + p3t
−1/2

×
(

1 − exp

(
−p4

(
t −

(
1 − exp

(−p5t

p5

)))))
.

(1)

For a detailed description of the different contributions inEq.
(1) and the definitions of the parameters A,τ andp1 we refer
to the literature[19,20]. Since in the following we focus on
the contribution of I3D, we give here the expressions forp3,
p4 andp5 only:

p3 = π−1/2zFD1/2c, p4 = πN0Dk, p5 = kn (2)

with

k = 4

3

(
8πc

ρ

)1/2

. (3)

HereD = diffusion coefficient,c = bulk concentration of the
electroactive species,N0 = number density of active nucle-
ation sites,k = nucleation rate constant; the other symbols
h
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ave their usual meaning. A fit of the current transients byEq.
1) is shown inFig. 4c for the example of anI versust curve
t a potential of−1.7 V versus [Fe]+/[Fe] taking forc the
ominal concentration of Ti4+. As can be seen a reasona
t can be obtained in this potential range where the c
encement of 3D phase formation is observed in the S
easurements. The long time behaviour is well describe

he I3D term. From the fitting parameters of this contribut
e derive a diffusion coefficient ofD∼ 10−7 cm2 s−1 which

s the same order of magnitude in comparison with litera
ata of Ti(II) in a similar ionic liquid[6]. The fit result ofkn ∼
0−2 s−1 is comparable in magnitude with typical values
queous solutions[19]. As for the other parameters, the fit
ult ofp4 has a high uncertainty –it is strongly correlated w
, see Eq. (2), so that only a rough estimate ofN0 ∼ 109 cm−2

s obtained, which is uncertain by at least one order of m
itude. This analysis shows that the long time behaviou

he current transients inFig. 4can be qualitatively describe
y a 3D nucleation and diffusion control mechanism. H
ver, it should be critically commented, mat with the la
umber of fitting parameters a quantitative interpretation
f the 2D nucleation and double layer charging contribu

s difficult.

.5. Dissolution and surface alloying

Similar to the electrodeposition process we have m
tored in situ the dissolution of Ti layers deposited on
u(1 1 1) substrate. At first a thick layer of approximat
nm of Ti was deposited on the Au(1 1 1) surface, whic



1280 I. Mukhopadhyay et al. / Electrochimica Acta 50 (2005) 1275–1281

then dissolved at an anodic potential of 0.5 V. A represen-
tative image is shown inFig. 5a. In the initial stage of the
dissolution process, typical worm like vacancy clusters are
observed which are controlled by mass transport through
peripheral diffusion[21]. As the dissolution process is
continued the original surface of Au(1 1 1) becomes visible.
However, the whole Au(1 1 1) surface presented inFig. 5b
shows a large number of holes which are of about monatomic
depth (confirmed from the cross section analysis). This is
indicative of surface alloying of Ti with Au. The presence
of very small clusters all over the surface is also evident
from Fig. 5b. These clusters disappear with time and surface
atoms diffuse very fast over the surface and heal the holes
within about 15–20 min.

F
f
p
5
p
(

Fig. 6. Tunneling spectra, I-U curves, obtained for Ti and Au(1 1 1): (a) I-U
spectra obtained in the applied bias range of−0.5 to 0.5 V and (b) variation
of the effective barrier height as a function of sample potential (see text).

3.6. I-U spectra and electronic properties of the deposits

Typical I-U spectra received from the bare Au(1 1 1) sub-
strate and Ti covered Au(1 1 1) surfaces are presented in
Fig. 6a. Although the raw data are noisy, they exhibit a clear
metallic behaviour. These spectra are used to determine the
effective tunneling barrier (φ) by assuming a constant den-
sity of states for sample and tip. In such a case the tunneling
current is given by the following approximation[22]:

I = const.

U∫
exp

[
−2(2m)0.5h̄−1

(
φ − eU

)0.5

d

]
dU, (4)
ig. 5. STM images acquired during the dissolution of∼1 nm thick Ti layer
rom the Au(1 1 1) substrate: (a) Typical signature of mass transport through
eripheral diffusion, sample potential 0.5 V, tip potential 0.6 V (500 nm×
00 nm), (b) holes of monatomic height on Au(1 1 1) saibstrate indicating
ossible surface alloying, sample potential 0.5 V and tip potential 0.2 V
200 nm× 200 nm).

0
2

whered is the distance between the tip and the surface and
the other symbols have their usual meaning. The magnitude
of d is found to be∼3Å at a set point tunneling current of
20 nA, by the distance tunneling spectroscopy in the present
ionic liquid. In Fig. 6b we show the variation ofφ as a func-
tion of the applied potential during electrodeposition. It can
be seen that the magnitude ofφ for Au(1 1 1) is 2.0 eV, which
is about 3.0 eV less in this ionic liquid than the vacuum value
of the work function (−5.1± 0.2 eV). Adsorption of ions on
the Au(1 1 1) surface clearly can reduce the work function by
such an amount[23]. At the initial stage of deposition, the
thin Ti layer shows a lower value ofφ in the under potential
r
o con-
s s
egion. However, after a certain applied potential of∼−1.4 V,
nce a minimum thickness of about 1 nm is reached, a
tant value ofφ is observed. A thick layer of bulk Ti show
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an effective barrierφ of 1.25 eV. The relative difference of
the effective barrier between Ti and Au(1 1 1) in this ionic
liquid medium is−0.8 eV, which compares surprisingly well
with the difference of the respective work functions. Simi-
lar observations have been made recently in the Ni and Co
deposition on Au(1 1 1) from ionic liquids[13,14].

4. Conclusions

Titanium metal has been electrodeposited from TiCl4 in a
new class of ionic liquid, [BMIm]BTA, for the first time at
room temperature with in situ monitoring of the 2D and 3D
phase formation by electrochemical STM. Interestingly, the
severe problem of Ti(III) precipitation before metal deposi-
tion seems to be reduced in this medium. At room temperature
the predominant reaction is that from Ti(IV) to Ti(II). In the
initial steps of deposition clusters of 2.5Å height are formed
all over the surface without any site preference. At an ap-
plied potential of−1.1 V the whole substrate is covered with
a thin layer, presumably�-TiCl3. The OPD of Ti starts near
−1.8 V. The growth continues with the formation of 3D clus-
ters. Finally the clusters coalesce to form a 3D bulk phase.
Dissolution of a thick layer of Ti indicates Au–Ti surface al-
loying. STS results confirm the metallic nature of the deposit.
Moreover, the difference in the barrier height of the deposited
T ely
m ork
f

A

c-
k on-
H
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