Portugaliae Electrochimica Acta 2017, 35(6), 313t32 PORTUGALIAE
ELECTROCHIMICA

DOI: 10.4152/pea.201706313 ACTA
ISSN 1647-1571

Ti/Pt/TiO 2 electrodes prepared by DC Magnetron
Sputtering: Environmental application on the
degradation of the Acid Orange 7

Susana Sérid, Luis C. Silva,® Maria E. M. Jorge, ® Silvio Ferreira,
Lurdes Ciriaco,®" Maria J. Pachecé and Ana Lopes$

2UNL — CEFITEC, Departamento de Fisica, Faculdade€Cdncias e Tecnologia,
Universidade Nova de Lisboa, 2829-516 Caparica iryal
PECUL — CQB, Centro de Quimica e Bioquimica, Facdilde Ciéncias, Universidade de
Lisboa, 1749-016 Lisboa, Portugal
‘UBI - FibEnTech-UBI, Departamento de Quimica, Ursidade da Beira Interior, 6200-001
Covilha, Portugal

Received December 21, 2016; accepted Septemb2013,

Abstract

Titanium dioxide electrodes were prepared in tistges: (i) electrodeposition of Pt
layer on a Ti substrate that was (ii) covered byi@: thin film deposited by DC
Magnetron Sputtering technique, at constant pressfir0.8 Pa and oxygen partial
pressure of 0.08 Pa, and (iii) annealed at 400r#@.structural (XRD) characterization
of the films was performed, showing a predominardtase-TiQ@ phase, where some
peaks corresponding to the Ti/Pt substrate were @tserved. The average crystallite
size for the films was 44 nm, showing the nanoatlise nature of these anatase-7iO
films. The surface morphology of the films was $tad by scanning electron
microscopy and revealed agglomerates of nanosiz@dsgor particulates, distributed
over the substrate surface with a ‘blooming floWwes: appearance. The nanosized
grains result in an increase in active surface arehalso promote the formation of
porous TiQ films. The performance of Ti/Pt/TtOas anode was evaluated in the
electrodegradation of an azo dye, the acid oran@e7). Assays were run at 0.1, 0.25
and 1 mA crf, using AO7 concentration of 50 mg*Land after 12 h assays colour
(484 nm) and chemical oxygen demand removals u@7t@and 70% were obtained,
respectively. The energetic yield decreased wighirtirease in current density, which is
typical from a process controlled by diffusion. Tpétinization of the substrate
improves the adhesion of the Bi@Im, increasing its lifetime, and increases the
conductivity of the films, decreasing the energetsts of the process.
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1. Introduction

In order to search for efficient and low cost metho achieve water remediation,
many studies have been developed, using diffexiiniques. Among them,
heterogeneous photocatalysis using suspensionseof O, particles have been
performed successfully, in part due to the largéase area of the catalyst [1].
However, its application can be affected by diffi@s in separating the fine
oxide particles from the reaction medium. So, deoetpproach can be made by
depositing the catalyst onto a substrate. If tHessate is conductor, TiJilms,
besides being used in photocatalytic studies, céso @e utilized in
electrochemical process, since anodic materialedas titanium oxides, as
TiO2, are promising candidates due to their advantagqwice, safety and
toxicity, when compared to other possible anodi¢emals. The immobilisation
of TiO> Degussa P25 on glass has already been used asapbde¢, with
success, in the degradation of formic acid [2]. ladgtion of paracetamol by
different processes, such as photolysis, photoeasal electrocatalysis and
photoelectrocatalysis, using modified reticulatédewous carbon electrodes with
TiO2, have been studied and the last process lea@%8tadegradation with 68%
current efficiency, in 1 hour assay, 1.3 V vs. & a Hg lamp with a 350 nm
wavelength [3]. Studies performed with current aadiation have shown that
the application of a positive potential bias to T@®- electrode improves the
separation of photogenerated electrons and holes adsp suppresses their
recombination, leading to higher efficiency for Iptdnts degradation [4].

Zhang and co-workers have used 7Fi@anotube arrays electrode for the
degradation of an azo dye, and concluded that phettvocatalytic process
provided the most powerful way to degrade the nletimgnge, achieving a
99.6% of dye removal after 90 min [5]. Liu and corkers performed
photoelectrochemical degradation of methyl orangeTiO> nanopore arrays
electrode and with Ti©@nanotube arrays electrode; comparing both elees,od
nanopore arrays electrode reveals enhanced phcti@elatalytic activity for
methyl orange degradation in comparison with nadoeguarray electrode [6].
Zhang and co-workers propose a photoelectrocatadystem for the degradation
of methyl orange, using a Tianotube (TNT)/Ti electrode, which completely
degrades 50 mgt within 180 min with a mineralization efficiency ofore than
80% [7].

Titanium is a commonly used substrate for metalkdes electrodes. However,
a passivation layer can be formed between subshradethe oxide during its
application as anode. This layer determines thacetife of those electrodes. In
order to overcome this problem and to significamiyrease the useful life of the
electrode, an inter-layer of another material imetmes introduced. Platinum is
a possible material that can prevent the passivatiadhe electrodes, increasing
their service life-time [8].

In this work, Ti/PUTIQ electrodes were prepared by three stages:
electrodeposition of Pt on a Ti substrate and déposof TiOz, by DC
Magnetron Sputtering technique, followed by anmegnliThis technique allows
the immobilisation of TiQ in different kind of substrates, obtaining filmsthw
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nanometric particles that present high uniformithe TiQ phase(s) obtained
after quenching treatment depends on the preparatiperimental condition,
like oxygen partial pressure and type of substf@i#0]. The performance of
prepared Ti/Pt/Ti@anodes was evaluated using as model compoundganior
pollutant, the azo dye Acid Orange 7 (AQ7).

2. Experimental details

2.1. Preparation and characterization of the Ti/Pt/TiOz films

The TiQ films used as electrodes in the electrodegrada8says were deposited by
DC Reactive Magnetron Sputtering on platinizedniiten substrates. The platinum
coating was previously performed by electrodepmsitill]. For that, Ti substrates
(99.7%, Sigma-Aldrich), with dimensions of 5 cm % 2m x 0.25 mm, were pre-treated
with a mechanical polishing followed by etching witoncentrated HCI in ebullition
during 1 min. The substrates were then washed dotible distilled water. Substrate
platinization was performed in a one compartmenibi® wall cell, connected to a
thermostatic water-bath, which enabled the recatonh of water at 65°C. The cell
contained a chloroplatinic acid (99.9%, Sigma-Adtjisolution and a current density of
250 mA cn¥ was applied [11], using the Ti substrate, as chbetween two platinum
plates, as anodes.

For the production of the TgJilms on Ti/Pt substrate, a titanium disc (99.9pUsity)
having 64.5 mm of diameter and 4 mm of thickness wsed as sputtering target. A
turbomolecular pump was used to achieve a bassyeesf 1¢ Pa (before introducing
the gas mixture). The films were reactively spettiein a mixture of 99.99% pure argon
and 99.99% pure oxygen, and the partial pressurabese gases were separately
controlled by mass flow controllers. The total gte®, R, during the deposition was
kept constant at 0.8 Pa and the partial pressuogyafen was set at 0.08 Pa (i.e. 10% of
Pr). The sputtering power was kept at 1000 W anddesgosition time was 80 min.
Before the sputter-deposition step of the filmsmavable shutter was interposed
between the target and the substrates, and thet taeg pre-sputtered in Ar atmosphere
for 5 min to clean the target surface. The targetttbstrate distance was kept constant
at 100 mm. To improve the effective area thezTilns were deposited in both sides of
the platinized titanium substrates. In order towllcrystalline growth the as-sputtered
films were annealed in air at 40C for 4 h in a tubular furnace, in agreement with
previous studies [9,12].

The structural characterization of the films wasied out by X-ray diffraction (XRD)
on a Philips Analytical PW 3050/60 X'Pert PRO (theta/Beta) equipped with
X'Celerator detector operating with monochromatiz€diKa radiation in Bragg-
Brentano geometry. Diffractograms were obtaineddoytinuous scanning in &2ange

of 20° to 90° with a@-step size of 0.02° and a scan step time of 20 s.

The average crystallite size was calculated from iloadening of (101) diffraction
peak using the Scherrer’s formula, D =08 cos0, wherel is the wavelength of Cu
K. radiation, B is the full width at half maximum (F¥W1) of XRD peaks and the
Bragg diffraction angle of the peak (101). Correctifor the line broadening by the
instrument was applied using silicon as a referemukthe relationship®:= Bu? — B<?,
where Bs and B are the measured widths, at half maximum intenpsityhe lines from
the sample and the reference, respectively [13].

Voltammetric studies and electrocatalytic assaysreweperformed with a
potenciostat/galvanostat VoltaLab PGZ 301, in a-ayapartment cell with three
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electrodes: a working electrode, Ti/Pt/Bj@vith an immersed geometric area of 22cm
an auxiliary electrode that was a platinum platéhvii cn? of geometric area each side,
and a reference electrode, Ag/AgCI, KClsat. Fordlextrocatalytic assays, the anode
was a Ti/Pt/TiQ and the cathode was a stainless steel foil, bdthaxgeometric area of
20 cnt. All the degradation assays were performed at roemperature, with stirring,
being the processed solution volume 200 mL anchfipdied current densities 0.1, 0.25
and 1.0 mA crd. The AO7 aqueous solutions had an initial dye eatration of 50 mg
LY, and contained N8Q: (5 g L) as background electrolyte. The reagents AO7,
CieH11N2NayS (Aldrich, >85%) and N&QOs (Merck, 99.5%) were used as purchased.
The AO7 degradation assays were periodically sainpled monitored by UV-Vis
absorption spectrophotometry, in the range 20046®0 using a Shimatzu UV-1800
spectrophotometer. Chemical oxygen demand (CODgruahations, using closed
reflux and titrimetric method, were also performedcording to standard procedures
[14].

Prior to the degradation assays, the AO7 solutidmare left for one hour, with stirring,
in the electrochemical cell completely assembled-\is spectra of the initial solutions
and of the samples collected after one hour stjrwere compared, in order to exclude
removal of the dye from solution due to adsorpbaito the anodes’ surface.

3. Results and discussion

3.1. Structural properties

Since the as-deposited films XRD analysis reveal®drphous nature, the films were
annealed at 400 °C during 4 h to allow anatase €i@stallization. Similar behaviour
was previously described for the Ti@ilms deposited by DC reactive magnetron
sputtering but on glass substrates [9,12].

Figure 1 shows the XRD pattern of the annealec Tii@s deposited on the platinized
titanium substrate. The observed peakt=25.3° corresponds to the (101) plane of
the anatase-Tigphase. Peaks corresponding to the Ti/Pt subsiaat@lso be detected.
The average crystallite sizes for the films werkewated from the peak width at half
peak height of the diffraction peak (101), based tbhe instrumental broadening
correction. The obtained value for the averagetalyte size was 44 nm, showing the
nanocrystalline nature of these anatase Til@s.

3.2. Morphological properties

Figure 2 shows SEM images of the Tifims deposited over the Pt/Ti substrates by
DC Reactive Magnetron Sputtering and annealed @P@0 The surface morphology of
the films consists of agglomerates of grains otipalates distributed over the substrate
surface with a ‘blooming flower-like’ appearance.nfore detailed observation of this
image evidences the formation of the nanosized ngraprotruding on the
submicrometer-sized grains. The nanosized grasdtra an increase in active surface
area and also promote the formation of porous; Tils, which is a key parameter in
the electrodegradation studies.
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Figure 1. XRD pattern of TiQ film prepared by DC reactive magnetron sputteang
Ti/Pt substrate annealed at 400 °C. (Peaks indefAirgAnatase; Ti — Titanium; Pt -
Platinum).
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Figure 2. SEM micrograph of the annealed Bi@Ims deposited by DC reactive
magnetron sputtering on platinized titanium sulbetramagnification of x1000 (a),
x4000 (b) and x20000 (c).

3.3. Voltammetric study

Figure 3 presents the voltammograms of two diffesearking electrodes, Ti/Pt and
Ti/Pt/TiOz, in an aqueous solution of P&, 5 g L%, acquired at a scan rate of 20 mV s
1 It can be observed that the platinized titaniuspnts higher current intensity than
the platinized titanium substrate covered with T®: film. This is due to the higher
conductivity of the platinum film. An anodic peak observed at 1.2 V vs
Ag/AgCI,KClsa, which can be attributed to one of the steps efglatinum oxidation:
the adsorption of oxygen followed by the formatiohplatinum oxide [15]. In the
Ti/Pt/TiO. electrode these anodic peaks are also preseog sia TiQ film is thin and
porous, allowing the contact between the solutiot the inner Pt layer that possesses
high adsorptive characteristics. However, the déiposof the TiQ layer reduces the
conductivity of the electrode and also the abibfythe oxygen to be adsorbed on the
electrode’s surface, thus reducing the currennsitg for the adsorption process at the
Ti/Pt/TiO; electrode. On the other hand, there is an incrisagee potential for oxygen
evolution when the platinized substrate is covength the TiQ film, which may
improve the ability of the material to be used nmvieonmental applications, because
there is an increase in current efficiency towgpdiutants electrodegradation when
lower tendency for oxygen evolution is observed.
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3.4. Electrodegradation assays

Figure 4 presents the UV-Vis spectra for the samplellected during the AO7
degradation assay performed with the Ti/PtbT&dode at an applied current density of
1 mA cni?. It can be observed a regular decay in absorbiaribe visible region due to
the broken of the azo bond, which leads to an asman the absorbance at 250 nm,
especially at 2 h assay, due to the consequerdaserin the concentration of aromatic
byproducts [16]. Regarding the influence of therent density on the AO7 degradation
rate, it can be observed that an increase in therudensity leads to an increase in the
absorbance removal rate, at 229 and 484 nm, asawé@llthe COD removal rate (Figure
5 and Table 1). However, when COD variation durthg assays is plotted against
electrical charge, it can be concluded that inaksay run at 0.1 mA cfithe current
efficiency is much higher. This is typical of prgses controlled by diffusion, where the
increase in current density corresponds to a dserefithe current efficiency due to the
formation of oxygen from water. The small increaséhe degradation rate with current
density is due to an increased formation of hydromgicals that help in the AO7
mineralization.
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Figure 3. Cyclic voltammograms performed with aqueous sofutif NaSQw 5 g L2,
acquired at a scan rate of 20 mV, at 25 °C, using different electrode material¢PTi
and Ti/PUTIQ.
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Figure 4. UV-Visible spectra of the samples collected duting electrodegradation of
AO7 50 mg ! + N&SQx 5 g L aqueous solutions at a current density of 1 mA,cm
using a Ti/Pt/TiQ anode.
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Figure 5. Variation in time of relative absorbance remowvagasured at two different
wavelengths, (a) 229 and (b) 484 nm, of (c) re&aBOD removal and variation of (d)
absolute COD removal with applied charge for thecebdegradation assays of AO7
solutions, performed at three different currentsilées (0.1, 0.25 and 1 mA cfpat an

initial AO7 concentration of 50 mg1), using Ti/Pt/TiQ.

Table 1. Colour and COD removals at 6 and 12 h for theteldegradation assays
performed with Ti/Pt/TiQ anode at different applied current densities.

Current Colour removal at 486 nm / % COD removal / %

density/

mA cm? 6h 12 h 6 h 12 h
0.1 85 95 32 55
0.25 94 97 45 66
1.0 94 97 41 70

In a previous work, Ti/Ti@ films were prepared also by DC Magnetron Sputterin
Technique, with 15% partial pressure of, @nd the predominant phase was anatase,
although rutile phase was also found [10]. Othevimus study [12] refers that the
preparation of Ti@ films on glass by the same technique, using agbgtessure of
10%, favour the anatase phase, which presentsrhagit@lytic effect. The Ti©films
prepared in this work supported on platinized tiamn using a partial pressure of 6f
10%, led to anatase phase, without any evidencetité presence, which improves the

catalytic effect of the film.

By comparing the electrodegradation results obthinethis work with those obtained
with a Ti/TiO, anode prepared by the same technique [10], aftera6say it can be
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observed that, in the assays performed with TiiBdBnode, the absorbance removal
at 484 and 229 nm is enhanced relatively to thayasperformed with Ti/Ti@anode,
for both current densities utilized. However, tliflee of the anode material in the COD
removal is not so clear, probably due to diffener@chanisms of the AO7 degradation
for different current densities. Platinum presdngg adsorptive characteristics that can
reduce the degradation rate; even covered withitita oxide, the porosity of the film
can allow higher adsorption of the formed metabslitOn the other hand, platinization
increases the conductivity of the films and impotiee adhesion of titanium dioxide on
the substrate, improving the mechanical stabilifytlee TiQ and allowing the
application of higher current densities withouttd®gng TiO; films.

Conclusions

Ti/Pt/TiO2 anodes were obtained successfully by depositing ®iOTi/Pt substrates, by
DC Magnetron Sputtering Technique, followed by aatimg. At the experimental
conditions utilized during the Ti#deposition over the platinized Ti substrate, dhly
anatase phase was observed, with an average lLitgstte of 44 nm. Cyclic
voltammetry studies have shown anodic peaks inusodulphate solutions at both
Ti/Pt and Ti/Pt/TiQ materials. These peaks, attributed to the adseorptiooxygen
followed by the formation of platinum oxide, preséwer current intensities for equal
applied potential difference at Ti/Pt/Ti@node, since Pt is covered by a porous, TiO
layer. On the other hand, the deposition of a-Ti&yer over the platinized titanium
increases the potential for oxygen evolution.

Regarding the environmental application of 7iGn the electrodegradation of AO7
solutions, it was observed that colour removal & Am is almost total at the end of
assays, meaning that azo bond (-N=N-) is easilgdaroAbsorbance removal at 229 nm
is lower, since benzenic and naftalenic rings ateso easily opened. Also, the increase
in current density from 0.1 to 1 mA ¢hdo not significantly increases absorbance or
COD removal rates, but the specific electric chargesumption increases with current
density, meaning that, at the experimental conustiautilized in this study, the
degradation process is diffusion controlled.
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