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Abstract Zn—TiO, nanocomposite films were prepared by
pulsed electrodeposition from acidic zinc sulphate solutions
on a Ti support. The influence on the composite structural
and morphological characteristics of Zn®>" and TiO, concen-
trations in the deposition bath has been investigated. The
characterisation of the samples was made by X-ray diffrac-
tion and scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDS). For all the
obtained coatings, the anatase and rutile phases’ most intense
diffraction lines were observed between 24° and 28° 26,
confirming the formation of the Zn-TiO, nanocomposite.
X-ray diffraction data show that the presence of the TiO,
nanoparticles plays a remarkable influence on the preferred
orientation of the metal matrix. For the more diluted solution,
a dependence between the metallic matrix grain size and the
concentration of TiO, in bath is observed. The grain size
decreases with the increasing on the nanoparticle amounts.
The SEM results for Zn and Zn-TiO, deposits indicate that
the nanoparticles have a strong influence on the deposit
surface morphology, which is caused by the changes on the
deposition mechanism.
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Introduction

Electrolytic co-deposition is widely used for preparing
metal matrix composites because of its low cost and
versatility [1]. By electrolysis of plating solutions, in which
micron or sub-micron size particles are suspended, it is
possible to obtain novel materials with improved and/or
combined properties, which make them interesting for
different applications such as electrocatalysis and photo-
electrocatalysis.

The electrolytic co-deposition of inert particles and metals
is a very complex process. Although several experimental
and theoretical studies on particle co-deposition mechanism
have been published, the process is not yet well understood.
Several theories have been proposed, including the transport
of particles owing to electrophoresis, mechanical entrap-
ment, adsorption and convective-diffusion [2]. The progres-
sive development of the electrodeposit texture and
roughening takes place during the particles’ inclusion into
the metallic deposit.

Composites containing occluded TiO, nanoparticles are
interesting materials because of the TiO, semiconducting
properties, with applications as photocatalyst and photo-
electrocalyst, particularly on the treatment of polluted water
[3]. In the last years, a lot of work has been performed on
the TiO, co-deposition process, with the metallic compo-
nent being Ni, Cu, Ag and Zn [4-6].

The nanocomposite characteristics are influenced by the
deposition parameters, namely current profile, bath compo-
sition, pH, particles concentration and temperature [7].

Pulsed direct current is an alternative technique to direct
current for the preparation of composite films, which allows
the tailoring of the deposit properties. The application of a
pulsed current enables the incorporation of higher concen-
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trations of particles in addition to a wider range of deposit
compositions [2].

In a previous work, we have used successfully this
technique on the preparation of Zn-TiO, nanocomposite
films on a Fe substrate. The influence of the pH and
presence of surfactants on the deposit properties have been
studied. It has been found that the zinc matrix crystal
orientation changes with the pH value of the electroplating
bath. Moreover, the presence of the surfactant led to a
decrease on the metallic grain size [8].

The goal of the present work is to investigate the influence
of Zn** and TiO, concentrations in the deposition bath on the
structural and morphological characteristics of the as-
deposited nanocomposites, which are crucial for their photo-
catalytic performance [9]. It is expected that a lower
concentration of electroactive species favours the formation
of a electrodeposit with well-dispersed and less-agglomerated
nanoparticles [2].

Experimental

The electroplating bath was prepared with ZnSO4-7H,0
(Riedel-deHaén p.a.), MgSO,4 (Merck p.a.), H;:BO3; (M&B
p.a.) and TiO, (Degussa P25, particle size approx. 25 nm,
with chemical composition of 80% anatase and 20%
rutile). Table 1 presents the composition of the deposition
baths. The used concentrations of MgSO,4 and H;BO; with
respect to ZnSO,4 were selected on the basis of a constant
ratio between them of =2. The concentrations of TiO, in
the bath were 1.0, 1.6, 10 and 16 g/l. The bath pH was
adjusted to 4 by adding a diluted solution of H,SO,4. The
solutions were made daily without further purification
followed by deaeration with nitrogen before and during the
electrodeposition.

A glass cell with two compartments was used, with a Zn
plate as counter electrode and a commercial Ag/AgCl as
reference. The working electrode was a Ti disc (Goodfellow)
with a 10-mm diameter. The Ti disc was etched with HF
40%, polished with 0.05-pum silica powder (Buehler) and
ultrasonically cleaned for 10 min in pure water.

The Zn-TiO, nanocomposite films were prepared by
pulse electrodeposition, using a galvanostatic cathodic
square wave with a pulse peak current of —255 mA cm >

Table 1 Bath composition

Bath Concentration/mol dm >
ZHSO4 MgSO4 H3BO3
1 0.5 1.0 0.25
2 0.3 0.6 0.15
3 0.1 0.2 0.05
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Fig. 1 Cyclic voltammogram obtained for titanium electrode from
bath 1. Scanning rate 10 mV s~

and the current on-time and off-time of 4 and 40 ms,
respectively. The deposition was performed under magnetic
stirring (400 rpm) at room temperature for 1 h. When
finished, the electrode was removed from the cell, rinsed
with deionised water (18 M2 cm) and dried under a
nitrogen atmosphere at room temperature for 5-10 min.

The mass of the electrodeposits was evaluated by
weighing the samples before and after the electrodeposi-
tion. The theoretic mass value was calculated using Fara-
day’s law.

Voltammetric experiments were carried in a three-
electrode glass cell with a titanium disc as working
electrode, a platinum spiral as counter electrode and a
commercial Ag/AgCl as reference electrode. All potentials
are reported with respect to this reference.

The electrochemical measurements were carried out
using an EG&G Princeton Applied Research potentiostat/
galvanostat, Model PAR 263, connected to a Philips PM
8271 recorder.

X-ray diffraction (XRD) analysis of the electrodeposits
was carried out using a Philips X-ray diffractometer (model
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Fig. 2 Current potential curves for a titanium electrode in baths a 1, b
2 and ¢ 3. Scanning rate 2 mV s

PW 1710) with Cu K« radiation (A=0.15604 nm), working
at 30 mA and 40 kV. The diffractograms were obtained in
the 20 range of 20° to 80°, using a 0.02° step and
acquisition time of 2 s/step. Measurements with acquisition
time of 10 s/step were made in the 26 range of 22 to 30°.

The preferred orientation of the zinc electrodeposits was
estimated from the X-ray data according to the methodol-
ogy developed by Bérubé and L’Espérance [10], where the
texture coefficient (7;) is calculated by using the equation
above:

T. = ([(hk,l)/zl(hk.l)) X (le(hk.l)/[p(hk.l)) (1)

where Ik is the diffraction line intensity of the (hk.l)
reflection of zinc electrodeposits, X/ ) is the sum of the
intensities of all the diffraction lines monitored. The index p
refers to the reference zinc powder sample. A value of T,
greater than 1 indicates a preferred orientation of the (hk.I)
reflection compared with the random distribution of the
grains in the reference zinc powder [10].

The grain size of the zinc crystallites was obtained by
using the Scherrer equation

D = (KL)/(Bcosb) (2)

where D is the diameter of the crystal particle, K the shape
factor (the typical value is 0.9), A the wavelength of the
incident beam, B the broadening of the diffraction line
measured in radians at half of its maximum intensity and 6
the Bragg angle [11].

The films’ morphology and elemental composition were
investigated by scanning electron microscopy (SEM)/
energy-dispersive spectroscopy (EDS). Scanning electron
microscopy coupled with EDS analysis was performed with
a JEOL (JSM-6301F) microscope with an electron beam
voltage of 15 kV.

Results and discussion
Voltammetric studies

A typical cyclic voltammogram of titanium recorded in
0.5 mol dm > Zn>" solution between 0.0 and —1.7 V vs. Ag/
AgCl at 10 mV s ' is shown in Fig. 1. The voltammogram
presents a sharp cathodic peak C (£,.=—1.4 V) because of
the reduction of the metallic ions and the corresponding
anodic stripping peak A (£,,=—0.4 V). After this peak, the
anodic current goes to zero, indicating that the majority of
the zinc deposit has been removed. In the cathodic region,
the hydrogen evolution also occurs as it is detected by
direct observation.

Upon the sweep reversal, two current crossovers appear
because of the formation of stable growth centres at the
substrate surface [12].

For the systems containing 0.3 and 0.1 mol dm> Zn*"
ions, the cathodic peak is slightly displaced to the right
side, and the peak current density decreases.

Table 2 Electroplating conditions and average mass deposited

Electroplating conditions Average mass of deposit/

mg cm 2
Bath TiOy/g 1!
1 16 29.2
10 294
1.6 28.2
1.0 28.4
0.0 28.3
2 16 31.7
10 28.3
1.6 27.5
1.0 29.2
0.0 28.0
3 16 19.5
10 134
1.6 11.6
1.0 16.3
0.0 26.2
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The influence of the potential scan rate () on the Zn
deposition has been investigated. The data reveals that an
increase in sweep rate shifts the peak potential to more
negative values and increases the peak current. The relation
between the cathodic peak current density and the square
root of scan rate (v /) is linear, but the lines do not pass
through the origin. The linearity is predictable for a
reduction processes that occurs under mass transfer control.
However, the positive intercept indicates that an additional
process other than diffusion occurs [13].

The estimated charge density of the anodic peak is 2,809,
1,641 and 569 mC cm * for the systems containing 0.5, 0.3
and 0.1 mol dm™> Zn®" ions, respectively. These values
show, as expected, that the amount of deposited Zn is
proportional to the concentration of metallic ions in the bath.

Figure 2 shows the linear voltammograms obtained for
the different baths in the absence and presence of different
amounts of TiO, under stirring.

Fig. 3 XRD patterns of Zn 50000

As expected, in the absence of semiconductor particles,
the cathodic current decreases when the Zn*" ions’
concentration is reduced. This fact points out that the
deposition rate is lower when the metallic ions’ concentra-
tion decreases.

In the presence of the semiconductor particles, a slight
increase on the current density is observed, indicating that
the TiO, particles promote the zinc deposition. It can be
assumed that the increase on the current density is due to
the adsorption of the titania particles on the cathode surface
which would lead to an enhanced surface area [14].

Electrodeposition

The electrodeposit amount obtained from the different
plating solutions, which is used in this work, is presented
in Table 2. As it can be seen, the average mass of the
deposits obtained in absence of titania particles is very
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similar to the theoretic value, 28 mg cm 2, for solutions 1
and 2 and, lower for solution 3. Assuming that the deposit
is uniformly distributed on the substrate surface, the
thickness of the metallic electrodeposit has been estimated.
The obtained values vary between 39 and 36 pum. The
lowest value is explained by a strong hydrogen production
that competes with the metal deposition. Moreover, the
hydrogen gas bubbles adhere to the cathode surface,
preventing the deposition process.

For the nanocomposite films, the data show that the
deposit mass average increases slightly with the amount of
TiO, in the bath for solutions 1 and 2, while for solution 3,
the deposit presents the lowest mass average value. As
explained before, this fact is a consequence of the strong
hydrogen evolution.

Structural studies

The XRD patterns of the zinc films, prepared from the three
different Zn>" solutions, are presented in Fig. 3. Considering
that the estimated thickness for all the films is similar, the
diffractograms were compared. The analysis of the diffracto-
grams indicates that the composition of the Zn deposition
bath has a strong influence on the orientation of the deposits.
The majority of the diffraction lines can be ascribed to the Zn
hexagonal structure [15] as usually detected for these
deposits [16, 17]. The calculated texture coefficients are
plotted in Fig. 4, where the inset shows, in the scheme, some
crystallographic orientations in zinc hcp crystals, namely the
(10.2) and (10.3) planes. It can be seen that for the samples
prepared from 0.5 and 0.3 mol dm > Zn*" solutions, the
majority of the zinc crystallites are oriented parallel to the

‘IOO

101 10 2) (10 3) (11 0) (11 2) (20.1)

(hk.1)

(10.1) plane, while for those prepared from the 0.1 mol dm >
Zn** solution, the preferential crystallographic orientation of
the zinc deposit is (10.3). As it has been referred previously,
in this case, a strong hydrogen co-evolution is observed,
which may be responsible for the development of a different
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Fig. 5 XRD patterns of Zn-TiO, films, prepared from different baths
al,b2and c 3 with 16 g/l TiO,. Only Zn peaks were identified
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Fig. 6 Preferential orientation
for the Zn films prepared from

different baths containing :
16 g/1 TiO,

Texture coefficient

texture. It is referred in the literature that pyramidal high
index (10.X) (X=3, 4, 5) orientation is dominant at relatively
high pH (>4.5) [18]. Additionally, a lower Zn>" concentra-
tion may promote the hydrogen adsorption on the Zn active
sites and selectively influences the growth rates of the
various zinc crystal planes.

The patterns for the Zn-TiO, composite films electro-
deposited from the three different Zn>" solutions are shown in
Fig. 5. X-ray diffraction data is presented only for the deposits
obtained from the deposition bath containing 16 g/l TiO,. For
the other samples, the results are similar. The analysis of the
diffractograms shows that the majority of the diffraction lines
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Fig. 7 XRD patterns obtained between 22° and 30° 260 for Zn-TiO,
films prepared from the different baths: a 1, b 2 and ¢ 3 containing
16 g/l TiO,
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can be ascribed to the Zn hexagonal structure similarly to the
films prepared in the absence of TiO, nanoparticles [15].
However, in the presence of the TiO, particles, a modification
on the crystallographic orientation of the zinc matrix
crystallites occurs comparatively with the samples prepared
in the absence of TiO, nanopatrticles, as Fig. 6 indicates. More
precisely, for the samples prepared from 0.5 and 0.3 mol
dm > Zn®" solutions, the preferred crystallographic orientation
changes from (10.1) to (10.3) plane, while for those prepared
from the 0.1 mol dm > Zn®" solution, the zinc matrix
crystallizes preferentially in (00.2), (10.3) and (11.0) textures.
These results indicate that the presence of the TiO, nano-
particles plays a remarkable influence on the preferred
orientation of the metal matrix as a consequence of changes
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Fig. 8 XRD patterns of Zn-TiO, films prepared from bath 1 with
different concentrations of TiO,
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Fig. 9 Metallic matrix grain size variation with Zn** and TiO,
concentrations in bath: a 1, b 2 and ¢ 3

on the metal deposition mechanism. This result is in
accordance with that stated in the literature, that the particles
embedded in the coatings can affect the preferred orientation
of the metallic matrix [19, 20].

The variation on the titania contents in the nano-
composite coatings was also estimated by XRD analysis.
For all the obtained electrodeposits prepared in the presence
of TiO,, the (1 0 1) and (1 1 0) diffraction lines for anatase
and rutile phases, respectively, were observed between 24°
and 28° 26 [21]. This result confirms the formation of the
Zn-TiO, nanocomposite [8]. As Fig. 7 shows, when the
concentration of the Zn*" ions in the electrolyte decreases,
the intensity of the titania diffraction lines increases,
indicating that the content of the titania particles increases
in the nanocomposite coatings. This fact should be
associated to a modification on the zinc deposition, which
improves the incorporation of the inert particles. Addition-
ally, with the decreasing solution ionic strength, the
thickness of the diffuse double layer around the particles
increases, which promotes the dispersion of the nano-
particles in the electrolyte. The smaller particle agglomer-

ates have a higher probability to be embedded in the metal
matrix than larger ones.

Figure 8 presents diffractograms taken from the deposits
prepared from 0.1 mol dm™> Zn®" solution with different
concentrations of TiO, particles. The data suggest that the
peaks’ intensity increases when the TiO, concentration
goes up in the solution, indicating an enhancement in the
co-deposition, which is expected from that referred in the
literature [22].

Although the XRD peaks are narrow, the grain size of
the metallic matrix has been estimated from the width of the
zinc (1 0. 1) diffraction line. The obtained information
gives an apparent magnitude that is quite useful for
comparative studies. Figure 9 shows, as expected, that the
Zn ions’ concentration influences the crystal growth of the
metallic matrix. It is interesting to note that the higher grain
size values were obtained for the solution containing
0.3 mol dm > zinc ions. An explanation for this was not
yet established.

In what concerns the dependence on the amount of TiO,
present in solution, different tendencies are observed
following the zinc ions’ concentration in the solution. For
the more concentrated solutions in metallic ions, the grain
size of the metallic matrix is practically independent on the
TiO, concentration, although a slight increase is observed
on the grain size for the matrixes prepared in the presence
of the highest concentration of TiO,. On the contrary, for
the more diluted solution, dependence between the metallic
matrix grain size and the concentration of TiO, in bath is
observed: The grain size decreases with the increasing on
the nanoparticles amount. This fact can be mainly related to
modifications on the nucleation and growth of the zinc
crystallites because of the zinc ions’ concentration and
presence of the semiconductor particles. For the more
diluted solution, the hydrogen co-evolution and the pres-
ence of particles should have a detrimental effect on crystal
growth, leading to smaller grain size of the zinc matrix.
Similar results were obtained for the deposition of nickel in
the presence of silicon carbide nanoparticles [23].

BE1-Am_A_
CEMUP x3500 EBa 59 Whe1 Smem

CEMUP £i500_E0<158 YD1 5mem

Fig. 10 SEM micrographs of the surface of Zn films prepared from baths a 1, b 2 and ¢ 3
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Fig. 11 SEM micrograph and
EDS spectra for different points
on the surface of a Zn-TiO,
composite film prepared from
bath 1 with 16 g/l TiO,

Morphological studies

Figure 10a—c shows the morphology of zinc electrodeposits
obtained in the absence of TiO, nanoparticles from 0.5, 0.3
and 0.1 mol dm > Zn*" solutions, respectively. As it can be
seen, the morphology changes in function of the Zn** ions’
concentration. Figure 10a and b shows a “ridge morphol-
ogy” where the grains are aligned vertically in different
directions. For the deposits obtained from the Zn>" solution
with the lowest concentration, Fig. 10c, the zinc crystallites
present hexagonal-shape oriented nearly parallel to the
substrate, in accordance with the structural studies.

Figure 11 presents a SEM image and the corresponding
EDS spectra for an electrodeposit obtained from the 0.5 mol
dm™ Zn*" system that confirms the presence of the TiO,
particles in the electrodeposited composite. Energy-dispersive
spectroscopy analysis performed for all electrodeposited
composite films allowed the identification of areas where
the presence of Ti in addition to an increase of the oxygen
content occur, indicative of the presence of TiO, particles.

Figure 12 contains SEM images of the Zn—TiO, nano-
composite films prepared from the three metallic concen-
tration systems with the highest TiO, concentration. These

Ti

CEMUP x2500 Ef=15k WD=15mm

data reveal a morphology that is quite distinct from the Zn
deposits. Indeed, the metallic grains present a different
shape from that observed in the metallic coatings, which
was expected from the structural studies. The SEM results
coupled with the XRD data for Zn and Zn-TiO, deposits
indicate that the particles have a strong influence on the
deposit surface morphology, which is caused by the
changes on the deposition mechanism.

Conclusions

Zn-TiO, nanocomposite coatings on titanium discs were
successfully prepared by pulsed direct current using a zinc
plating bath with homogeneously dispersed TiO, nano-
particles. For all the obtained coatings, the (1 0 1) and (1 1
0) diffraction lines for anatase and rutile phases, respec-
tively, were observed between 24° and 28° 26, confirming
the formation of the Zn—TiO, composite.

It was found that the Zn®" ions’ concentration and the
presence of the TiO, nanoparticles play a remarkable
influence on the preferred orientation of the metal matrix.
For the nanocomposites prepared from 0.5 and 0.3 mol dm >

BET+hm_a_
CEMUP 51500 E8s15KY WS 1 Smm

Fig. 12 SEM micrographs of the surface of Zn-TiO, films prepared from baths: a) 1, b) 2 and ¢) 3 with 16 g/l TiO,
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Zn*" solutions, the preferred crystallographic orientation
changes from (10.1) to (10.3) plane, while for those prepared
from the 0.1 mol dm > Zn®" solution, the zinc matrix
crystallizes preferentially in (00.2), (10.3) and (11.0) textures.

For the more concentrated solutions in metallic ions, the
grain size of the metallic matrix is practically independent
on the TiO, concentration, although a slight increase is
observed on the grain size for the matrixes prepared in the
presence of the highest concentration of TiO,. On the
contrary, for the more diluted solution, dependence between
the metallic matrix grain size and the concentration of TiO,
in bath is observed. The grain size decreases with the
increasing on the nanoparticles amount.

The SEM results for Zn and Zn-TiO, deposits indicate
that the nanoparticles have a strong influence on the deposit
surface morphology, which is caused by the changes on the
deposition mechanism.
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