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Abstract Electrodeposition of nanostructured titanium–

nickel films was performed and the effect of the concen-

tration of the titanium source on the film characteristics

was investigated. Scanning electron microscopy indicated

circular crystallites on the surface of the electrodeposited

titanium–nickel film with a fairly uniform size distribution.

XRD studies showed that the electrodeposited TiNi films

contained TiNi with a preferred crystallographic orienta-

tion of [002]. Surface analysis using X-ray photoelectron

spectroscopy (XPS) revealed that the electrodeposited

titanium–nickel film contained elemental titanium and

nickel, hydroxide of nickel, and oxides of titanium and

nickel. As the titanium ion concentration was increased, the

titanium content in the film was increased while the

deposition rate and crystallite size of the film were

decreased. A blue-shift in the UV/Vis peak was also

observed with increasing titanium ion concentration.

Introduction

Titanium–nickel (TiNi) films have attractive properties,

including shape memory effect, superelasticity, high

damping capacity, good chemical resistance, and biocom-

patibility [1, 2]. These properties make TiNi films excellent

candidates as smart and functional materials [3]. In addi-

tion, TiNi thin films have drawn considerable attention in

the field of microelectromechanical systems (MEMS)

because standard lithography techniques can also be easily

adapted to pattern the TiNi films [4–6].

TiNi films are typically fabricated by sputter deposition

[4, 5]. However, this method requires a vacuum system,

which makes it complicated and expensive. In addition,

sputtered TiNi films are quite sensitive to the process

conditions such as the target power, gas pressure, target-to-

substrate distance, substrate bias, deposition temperature,

etc. [2]. Other methods such as laser ablation [7], flash

evaporation [8], ion beam deposition [9], and plasma ion

implantation [10] have also been used to deposit TiNi

films. However, these methods have some intrinsic prob-

lems such as nonuniform film thickness and composition as

well as low-deposition rates [2].

On the other hand, electrodeposition is a simple way of

depositing metallic films because it can be done at atmo-

spheric pressure [11–16]. It offers relatively high-deposi-

tion rates and good control over the film compositions [17,

18]. In particular, the crystallite size of a film can be

controlled easily during electrodeposition. Control of the

crystallite size is of primary importance because the crys-

tallite size affects the resistivity and structural stability of

nanostructured films [19, 20]. However, there are no

reports on the electrodeposition of TiNi films in the

literature.

In this study, a bath was developed for the electrode-

position of nanostructured TiNi films. The effect of the

concentration of the Ti source on the composition and

deposition rate of the electrodeposited TiNi film was

examined. Control of the crystallite size of the film was

realized by simply varying the concentration of the Ti

source.
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Experimental

TiNi films were electrodeposited on indium tin oxide

(ITO)-coated glass substrates using a potentiostatic

method. Titanium oxysulfate (TiOSO4) and nickel sulfate

(NiSO4) were used as the sources of titanium and nickel,

respectively. Tri-sodium citrate (TSC) was used as a

complexing agent at a concentration of 0.01 M. The con-

centration of TiOSO4 ranged from 0.005 to 0.03 M while

the concentration of NiSO4 was fixed to 0.01 M throughout

the study. The electrolytes were obtained by dissolving the

above chemicals in deionized water. The pH of the elec-

trolytes was 3 ± 0.01. Prior to electrodeposition of the

TiNi films, the electrolytes were deaerated with nitrogen

gas.

Electrodeposition was carried out using a standard three-

electrode cell. A platinum-coated titanium mesh (2.5 cm2

in size) and a saturated Ag/AgCl electrode were used as a

counter electrode and a reference electrode, respectively.

The substrate was an ITO-coated glass wafer. The wafer

was cut into a 1 9 3 cm2 rectangle and lacquered to

expose 1 cm2 for electrodeposition of the TiNi films. The

substrate was cleaned by blowing with nitrogen gas before

deposition. Deposition was carried out at a constant

potential of -1.2 V versus Ag/AgCl from a stagnant

electrolyte at room temperature (23 ± 2 �C) for 30 s. After

deposition, the samples were washed with a water jet and

dried with flowing nitrogen gas.

The electrochemical measurements were conducted

using a computer-controlled potentiostat (Princeton

Applied Research, VSP). The film thickness was measured

using a surface profiler (Ambios Technology, XP-1). The

SEM images were obtained with a field emission scanning

electron microscope (FE-SEM) (Hitachi, S-4800). Surface

compositional analysis was carried out by X-ray photo-

electron spectroscopy (XPS) (ThermoVG, Sigma probe).

The X-ray source of 1486.6 eV was generated using a

moveable Al anode (monocromated) at 15 kV. Micro-

structure analysis of the nanostructured TiNi films was

carried out using a high power X-ray diffractometer (Rig-

aku, D/max-2500/PC), which used a Cu Ka radiation (wave

length = 0.154 nm) as an incident beam and worked at

0.02�, 40 kV, and 150 mA. The linear absorption of the

films was measured using UV/Vis spectroscopy (Jasco-

V530).

Results and discussion

Figure 1 shows the typical Ni 2p and Ti 2p X-ray photo-

emission spectra of nanostructured TiNi films electrode-

posited from an electrolyte containing 0.01 M TiOSO4,

0.01 M NiSO4, and 0.01 M TSC. The nanostructured TiNi

films obtained using different TiOSO4 concentrations

(0.005, 0.02, and 0.03 M) had similar XPS spectra to that

shown in Fig. 1. In Fig. 1a, the peak at binding energy of

852.3 eV corresponds to elemental nickel, while the peaks

at 853.6 and 855.8 eV indicate the presence of hydroxide

and oxide of nickel in the film, respectively. The Ti 2p

spectrum (Fig. 1b) shows peaks for Ti4? ions at 458.4 eV

and titanium oxides at 464.3 eV.

The composition of the nanostructured TiNi film could

be obtained from the areas under the deconvoluted peaks of

the XPS spectra. Figure 2 shows the film composition at

various titanium ion concentrations. It is seen that the

nanostructured TiNi films contains mainly Ni under the

deposition conditions employed in this study. The titanium

content increased from 7 to 27 at.% when the concentration

of its precursor in the electrolyte ranged from 0.005 to

0.03 M.

Fig. 1 a Ni 2p and b Ti 2p X-ray photoemission spectra of the

nanostructured TiNi films deposited by electrodeposition. The

concentrations of titanium oxysulfate and nickel sulfate were

0.01 M each. Deconvolution (thin gray lines) of the spectra was

carried out using a linear background and Gaussian functions
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A change in the composition of the nanostructured TiNi

films at various concentrations of the titanium ion was also

observed by measuring the surface plasmon resonance

absorption, as shown in Fig. 3. The absorption peak was

clearly seen at the wavelength of approximately 430 nm,

indicating that a TiNi film had been deposited. A blue-shift

in the absorption peak from 444 to 428 nm was observed

with increasing titanium ion concentration. It is known that

a shift in a surface plasmon resonance peak depends on the

atomic composition of bimetallic films [21, 22]. Therefore,

the variation of titanium ion concentrations resulted in the

compositional change of the nanostructured TiNi films and,

in turn, a shift in a surface plasmon resonance peak.

Figure 4 shows the effect of the titanium ion concen-

tration on the deposition rate of nanostructured TiNi films

measured using a surface profiler. The deposition rate

decreased with increasing titanium ion concentration. The

reason why the deposition rate of the TiNi film decreased

with increasing titanium ion concentration appears to have

resulted from the inhibitive action of titanium ions on the

electrodeposition of TiNi.

It was reported that during the electrodeposition of some

bimetallic alloys consisting transition metals, one of the

constituent elements was deposited through a two-step

reduction. For example, electrodeposition of a CoW alloy

occurs through the electrochemical reduction of tungstate

ions to tungstate oxide and then chemical reduction of

tungstate oxide to metallic tungsten [23]. Due to the two-

step reduction of tungstate ions to elemental tungsten, the

addition of tungstate ions to a cobalt-containing solution

inhibits electrodeposition, resulting in a decrease in film

thickness with tungstate ion concentration [24].

Robin et al. [25] proposed that electrodeposition of

titanium films using fluoride melts occurred through two

reduction steps. Although the titanium source used in this

study was TiOSO4, it is still expected that titanium was

electrodeposited through a two-step reduction process.

Therefore, the deposition rate of the TiNi film decreased

with increasing titanium ion concentration.

Figure 5 shows the SEM images of the nanostructured

TiNi films electrodeposited at various concentrations of the

titanium ion. The surface morphology suggests that the

films contain circular crystallites with a fairly uniform size.

The average crystallite size decreased with increasing

titanium ion concentration, showing that the addition of

titanium ions inhibits the electrodeposition of TiNi films.

Fig. 2 Titanium content in the nanostructured TiNi films as a

function of titanium ion concentration. The nickel sulfate concentra-

tion was 0.01 M

Fig. 3 Linear absorption spectra of the nanostructured TiNi films

electrodeposited at titanium ion concentrations of (a) 0.005, (b) 0.01,

(c) 0.02, and (d) 0.03 M. The nickel sulfate concentration was

0.01 M. The surface plasmon absorption peaks are denoted

Fig. 4 Deposition rate of the nanostructured TiNi films as a function

of titanium ion concentration. The nickel sulfate concentration was

0.01 M
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Figure 6 shows X-ray diffraction patterns of the nano-

structured TiNi films electrodeposited from electrolytes of

various titanium ion concentrations. The XRD pattern of

the ITO-glass substrate is also included in Fig. 6. A dif-

fractogram of the ITO-glass substrate shows peaks at

2h = 37.2�, 39.4�, 41.3�, 45.2�, 48.8�, and 50.5�, which are

related to In2O3. XRD patterns of the electrodeposited TiNi

films show a peak at 2h = 44.2�, which is due to TiNi with

a crystallographic orientation of [002].

The average grain size of the nanostructured TiNi films

electrodeposited from electrolytes of various titanium ion

concentrations are calculated from the Debye–Scherrer

equation [26],

D ¼ Kk
b cosh

where D is the grain size, K is the Scherrer constant, k is the

wavelength of X-ray, b is the full width at half maximum

(FWHM), and h is the diffraction angle. Using the Debye–

Scherrer equation, the grain size of the electrodeposited TiNi

films was plotted as a function of titanium ion concentration

as shown in Fig. 7. The grain size decreases with increasing

titanium ion concentration, similarly to the results obtained

with SEM measurements. In addition, the values of the grain

size determined from the Debye–Scherrer equation are very

close to those measured from the SEM images.

Conclusions

Nanostructured TiNi films were electrodeposited from an

electrolyte containing TiOSO4, nickel sulfate, and TSC.

Fig. 5 SEM images of

nanostructured TiNi films

electrodeposited at titanium

oxysulfate concentrations of

a 0.005, b 0.01, c 0.02, and

d 0.03 M. The nickel sulfate

concentration was 0.01 M. The

unit for the numbers shown in

the SEM images is nm

Fig. 6 XRD spectra of the nanostructured TiNi films electrodepos-

ited at titanium ion concentrations of (a) 0.01, (b) 0.02, and (c)

0.03 M. The nickel sulfate concentration was 0.01 M. The XRD

pattern of the ITO-glass substrate is also included. Stars (*) represent

peaks related to In2O3
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XPS analysis of the surface of the electrodeposited TiNi

films showed that the film contained elemental Ti and Ni as

well as hydroxide of Ni and oxides of Ti and Ni. The

composition of the nanostructured TiNi films consisted

mainly of Ni with a Ti content increasing with titanium ion

concentration. A blue-shift in the UV/Vis peak with

increasing titanium ion concentration was observed,

resulting from the compositional change of the nanostruc-

tured TiNi films with titanium ion concentration.

The change in the titanium ion concentration affected

the deposition rate and crystallite size of the electrode-

posited TiNi films, in that both the deposition rate and

crystallite size of the film decreased with increasing tita-

nium ion concentration. This was attributed to the inhibi-

tive action of titanium ions on the electrodeposition of TiNi

films.

The surface morphology of the nanostructured TiNi

films showed that the films contained circular crystallites

with a fairly uniform size distribution. XRD studies

showed that the electrodeposited TiNi films contained TiNi

with a preferred crystallographic orientation of [002].

These results highlight the feasibility of fabricating

nanostructured TiNi films by electrodeposition and offer a

simple way of controlling the crystallite size of TiNi films.
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