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Fabrication and characterization of 3-PbO,/a-
PbO./Sb-Sn0O,/TiO, nanotube arrays electrode
and its application in electrochemical
degradation of Acid Red G

Jia Wu 2, Hao Xu ™, Wei Yan ™"

A novel B-PbO2/a-PbO2/Sb-Sn02/TiO2 nanotube arrays electrode was fabricated and investigated for
the treatment of Acid Red G (ARG) in aqueous solution. Microwave method and electrodeposition
method were employed for the deposition of Sb-SnO2 and PbO2 on the TiO2 nanotube arrays template,
respectively. The structure and surface morphology of the composite electrode were characterized by
X-ray diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM). Electrochemical
measurements including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
accelerated life measurements were employed to investigate the electrochemical activity and stability
of the hybrid electrode. The obtained composite electrode had an ordered multilayer structure with
TiO2 nanotube arrays as a tubal template and Sb-SnO2 coating as an interlayer, which exhibited an
enhanced electrocatalytic activity, long lifetime (815 h) and high oxygen evolution reaction potential.
Acid Red G (ARG) was employed as a model organic pollutant for electrochemical degradation to
evaluate the electrocatalytic activity of the composite electrode. Several operation variables, such as
initial concentration, current densities, initial pH values, temperature of electrolyte, and chloride ions
were investigated to explore the removal efficiency of ARG. It was found that low concentration, high
current densities and addition of chloride ions could significantly improve the colour removal efficiency.
Nevertheless, variables of pH and temperature had little impact on the colour removal efficiency. These

results show that the hybrid electrode may become a promising electrode in treating wastewater.

1. Introduction

Electrochemical oxidation has attracted wide attentions in
treating refractory or toxic wastewater recent years due to its
environmental compatibility, easy automation, high efficiency
and mineralization [1-5]. As we all known, the electrode
material is a significant factor for effective electrochemical
oxidation process [6]. Therefore, development of the electrodes
with high stability and electrochemical activity have become a
hotspot. A wide variety of electrode materials such as boron-
doped diamond (BDD) [7-9], Pt [10-11], IrO, [12], RuO, [13],
SnO, [14-19] and PbO, [20-27] have been studied. Among
SnO, and PbO,
dimensionally-stable anodes (DSAs) for removal of organic

these electrodes, are commonly used
contamination due to their high oxygen over-potential. SnO,
has the advantage of lower cost than other noble metal oxides
and is usually doped with Sb to enhance its electrical
conductivity [28]. Nevertheless, the short service lifetime of
SnO, electrodes has confined its practical application [29].
PbO, electrodes are cheap materials and facile to fabricate, with
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well electrochemical stability, high oxygen evolution potential
and long service lifetime [30-34], which make PbO, electrodes
attract much interest. Many efforts have been spent on
prompting the performance of PbO, electrodes. New dopants
implanted into PbO, including Co [35], Ce [36], Bi [37], Fe
[38], F [39] and Cu [40] ions into PbO, has been discussed.

Highly ordered, vertically oriented TiO, nanotube arrays
(NTAs) have been given much attention due to their big surface
area, well hydrophilicity, high uniformity and orientation.
These characteristics can make them act as remarkable template
for further decorating catalysts and enhance the electrochemical
[41-46].
decomposition and electrodeposition are common methods for
Sb-SnO,
researchers claimed that a more uniform and dense coating can

activity of SnO, or PbO, electrodes Thermal

preparation of the traditional coating. Some
be obtained by the electrodeposition process [42]. However, the
problem of surface tension on the TiO, nanotube arrays surface
needs to be solved in the application of these methods.

Microwave method has the advantage of high pressure and
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power, which was expected to decrease the surface intension.
Therefore, in this paper, interlayer of Sb-SnO, coating
embedding into TiO, nanotube arrays by microwave method
has been introduced into PbO, electrodes system with the aim
to decrease surface intension and enhance -electrocatalytic
activity.

The principle diagram of this novel composite electrode is
shown in Fig. 1. Firstly, highly ordered TiO, nanotube arrays in
situ grown on Ti substrate was fabricated by anodic oxidation
(Fig. la, Fig. 1b), then Sb-SnO, coating was implanted into
TiO, nanotube arrays by novel microwave method (Fig. lc),
finally a-PbO, and B-PbO, were successively deposited onto
the Sb-SnO, coating by electrodeposition method under various
deposition solution, deposition temperature and deposition time
(Fig. 1d, Fig. le). In the composite electrode, TiO, nanotube
arrays could act as a tubal template; Sb-SnO, coating was
employed as an interlayer to enhance the electrocatalytic
activity and electrochemical stability of PbO, coating; a-PbO,
coating was applied to provide better contact between the
particles because of its compact structure; B-PbO, coating was
used as a surface layer to enhance the electrocatalytic activity
and service lifetime. This well-aligned multilayer structure was
expected to improve the specific surface area and loading
amount of the composite electrode. Therefore, this thesis

proposes a novel B-PbO,/a-PbO,/Sb-Sn0O,/TiO, nanotube

arrays electrode combining the microwave and electrodepositon
in order to increase its electrochemical performance and
stability.
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Fig. 1 The principle diagram of the B-PbO,/a-Pb0,/Sb-Sn0,/TiO; nanotube arrays
electrode. (a) Ti foil; (b) TiO, NTAs; (c) Sb-Sn0,/TiO, NTAs; (d) a-PbO,/Sb-
Sn0,/TiO, NTAs; (e) B-PbO,/a-Pb0,/Sb-Sn0,/TiO, NTAs.

The aim of this work is focused on the electrocatalytic
performance and stability of B-PbO,/a-PbO,/Sb-SnO,/TiO,
nanotube arrays electrode. Acid Red G (ARG) was employed as
a model organic pollutant for electrochemical degradation for
the purpose of evaluating its electrocatalytic activity. The
colour removal efficiency of ARG was studied by UV-Vis
analysis. It was discussed as a function of several experimental
variables, such as initial concentration, current densities, initial
pH values, temperature of electrolyte and chloride ions.
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2. Experimental details

2.1 Materials

All chemicals were of analytical grade and were employed
without any further purification. All aqueous solutions were
prepared with deionized (DI) water. The titanium foil (>99.6%
purity, BaoTi Co. Ltd, China, 0.5 mm) was cut into pieces with
a dimension of 2x4.5 cm before experiments.

2.2 Synthesis of TiO, nanotube arrays

Highly oriented TiO, nanotube arrays were formed on the
titanium foil by anodization method. Prior to electrochemical
anodization, samples were degreased by ultrasonicating
(SG5200HPT, Shanghai Guante Co. Ltd, China) in isopropanol,
acetone and ethanol, followed by rinsing with DI and drying in
air without any additional surface polishing. Anodization was
carried out in the two-electrode configuration with the Ti sheet
as both cathode and anode at room temperature. The distance
between the two electrodes was 2.5 cm. Anodization was
conducted for 1 h with magnetic stirring at a voltage of 50 V
(JBP15005, Jiangbo Co. Ltd, China) in the ethylene glycol (EG)
containing 0.3 wt% NH,F (99.5%) and 3 vol% H,O electrolyte.
After anodization, the sample was washed thoroughly with DI
and then exposed to ultrasonication (100 W, 59 kHz) to remove
the sediment. These obtained TiO, nanotube arrays were
annealed (GMF1100, Hefei Kejin Co. Ltd, China) in air at 500
‘C for 2 h to induce crystallization, with a heating and cooling
rate of 1°C/min.

2.3 Fabrication of Sb-SnO,/TiO, nanotube arrays

Sb and Sn were deposited into TiO, nanotube arrays by
microwave approach (Multiwave 3000, Anton Paar). The
precursor solution of SnCly;:SH,O and SbCl; was freshly
prepared by dissolving 0.05 M SnCl,;-5H,0 and 0.005 M SbCl;,
in absolute ethanol with magnetic stirring (IKA colour squid).
These as-prepared TiO, nanotube arrays were fixed in Teflon
lined microwave digestion vessel containing synthesis solution
and ultrasonic immersing for 20 min (50 W, 59 kHz).
Experimental parameters were set as follows: pressure of 30
bar, 600 W in power, temperature of 180°C, heating time of 15
min, retention time of 90 min and cooling time of 15 min. After
resulted Sb-SnO,/TiO,
electrodes were washed thoroughly with ethanol and deionized
water and then dried in air. Finally, obtained Sb-SnO,/TiO,
nanotube arrays electrodes were annealed at 500°C for 1 h with
a heating and cooling rate of 5°C/min in air atmosphere.

reaction, these nanotube arrays

2.4 Deposition of PbO, onto Sb-SnO,/TiO, nanotube arrays

In this procedure, PbO, coating was fabricated on Sb-
SnO,/TiO, nanotube arrays by electrodeposition of an inner
layer (a-PbO,) and an outer layer (B-PbO,). The inner layer o-
PbO, was carried out to prepare an interlayer between the Sb-
SnO, coating and the surface B-PbO, layer. It is helpful for
stability and contact of the entire PbO, coating. The deposition

solution was composed of 3.5 mol-L"' NaOH and 0.11 mol-L"'

This journal is © The Royal Society of Chemistry 2012
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PbO. This procedure employed a two-electrode system, in
which copper sheet was employed as cathode and Sb-
SnO,/TiO, nanotube arrays electrode was used as anode. This
deposition process was conducted in a cylindrical reactor under
a current density of 10 mA-cm™ for 30 min. The deposition
solution was maintained at 40°C with constant temperature
water-bathing (501A, Shanghai Co. Ltd, China) and stirred by
magnetic stirring in this process. The resulted o-PbO,/Sb-
SnO,/TiO, nanotube arrays electrode was washed thoroughly
with DI water and dried in air. Finally, outer layer B-PbO, was
deposited on 0-PbO,/Sb-SnO,/TiO, nanotube arrays electrode
with a current density of 10 mA-cm™ for 120 min under 65°C
by electrodeposition. This deposition solution consisted of 0.01
mol-L"! NaF, 0.2 mol'L"" Cu(NO3), and 0.5 mol-L"! Pb(NO;),
and the pH was adjusted to 2.0 by using concentrated HNOj;.
The as-prepared electrode was denoted as -PbO,/a-PbO,/Sb-
SnO,/TiO, nanotube arrays electrode and was rinsed
thoroughly with deionized water.

2.5 Characterization

Field-emission scanning electron microscopy (FE-SEM, JEOL,
JSM-6700F) equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector was employed to investigate the
surface morphology of prepared sample. X-ray diffraction
(XRD) measurements were performed on an X’pert PRO MRD
diffractometer using Cu-Ko source (A=0.15416 nm), with a
scanning angle (20) range of 10-80°.

Electrochemical performance of as-prepared [B-PbO,/a-
PbO,/Sb-Sn0O,/TiO, nanotube arrays electrode was performed
on a CHI 660D eclectrochemical workstation (Chenhua,
Shanghai) using a traditional three-electrode system. A
saturated Ag/AgCl electrode was employed as reference
electrode and a Pt sheet as counter electrode. Linear sweep
voltammetric (LSV) characterization was conducted in 0.5
mol-L! H,SO, aqueous solutions at a scan rate of 50 mV-s.
Moreover, cyclic voltammetry (CV) measurements were also
carried out in 0.5 mol-L' H,SO, aqueous solutions between
different potential limits at a scan rate between 10 and 100
mV-s'. Voltammetric charge (q°) were determined by
integrating the area of cyclic voltammograms.

Electrochemical impedance spectroscopy (EIS) measurements
were conducted to understand the charge transport performance
of the composite electrode. The frequency range used is 100
kHz to 0.01 Hz and the amplitude of sinusoidal wave is 10 mV.
Accelerated life measurements were carried out to investigate
electrochemical lifetime of B-PbO,/a-PbO,/Sb-Sn0O,/TiO,
nanotube arrays electrode in 0.5 mol-L' H,SO, aqueous
solutions with a current density of 0.5 A-cm™. In this step, the
experiment was supposed to be finished when the cell voltage
was higher than 10 V.

2.6 Electrocatalytic degradation process

Electrocatalytic degradation experiment was carried out in a
cylindrical cell equipped with a magnetic stirrer using a two-
electrode system, as shown in Fig. 2. The as-prepared -
PbO,/0-PbO,/Sb-SnO,/TiO, nanotube arrays electrode was

This journal is © The Royal Society of Chemistry 2012
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employed as anode and copper foil was used as cathode. These
dye solutions containing acid red G (ARG) were fabricated by
dissolving ARG dye in 200 mL of 0.1 M Na,SO,. Influence of
initial dye concentrations, initial pH values, current densities,
temperature of electrolyte and chloride ions were investigated
to discuss the degradation efficiency of the dye. Initial dye
concentrations of 20, 40, 60, 80, and 100 mg-L'1 were
employed to examine the effect of different concentrations on
the colour removal efficiency of the dye. Current densities of
10, 20, 30, 40, and 50 mA-cm™ were used to discuss the impact
of charge transfer. Different initial pH values (2.0, 7.0, and
11.0) of dye solution were obtained by adding an appropriate
amount of NaOH or H,SO,. Different temperatures (0, 10, 15,
and 20°C) of electrolytes were employed to investigate the
effect of temperature on degradation efficiency, which was
controlled by the constant temperature water-bathing.
Moreover, effect of chloride ions was also discussed to explore
the degradation efficiency of the dye. During experiments,
samples were taken out from the cell every 10 min for UV-Vis
(Agilent 8453).The adsorption
wavelength of ARG is 505 nm and the colour removal
efficiency of ARG was calculated as follows:

measurement maximum

ABS,—ABS;

Colour removal efficiency (%) = 55
0

x 100 (1)
where ABS, and ABS, are the absorbance values in 505 nm
before electrolysis and after an electrolysis time ¢, respectively.
The average energy consumption per gram ARG (EGC,,
kWh-gARG™") was calculated according to equation (2):

ECp — i x UceuXIXt ?)
18 7 CoXVx7n

where [ is the current during reaction (A); U, is the average

cell voltage (V); ¢ is the electrolysis time (s); ¥ is the volume of

treated solution (mL); C, is the initial dye concentration of

ARG (mg-L™"); 5 is the removal efficiency of ARG and 5/18 is

the conversion coefficient of Joule to kWh.
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Fig.2 The sketch of electrocatalytic degradation experiment.

3. Results and discussion
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3.1 Surface morphology characterization

Fig.3 shows FE-SEM of the as-prepared TiO, nanotube arrays
electrode, Sb-Sn0O,/TiO; nanotube arrays electrode, a-PbO,/Sb-
SnO,/TiO, nanotube arrays and B-PbO,/a-PbO,/Sb-SnO,/Ti0O,
nanotube arrays electrode. It can be observed from Fig. 3a that
there were highly ordered and uniform TiO, nanotube arrays
grown vertically on Ti substrate, with a wall thickness of 10-15
nm and an average inner tube diameter of 115-125 nm. The
cross-sectional image inset in Fig. la states that TiO, nanotube
arrays were well aligned, with an average nanotube length of
approximately 11 um. We used microwave method to dope
TiO, nanotube arrays with Sb-SnO,, as is shown in Fig. 3b. The
bottom section image of TiO, nanotube arrays in Fig. Sla and
S1b indicate that Sb and Sn were implanted into channels of
TiO, nanotube arrays. Moreover, it can be clearly seen that the

Journal Name

surface is thoroughly covered by Sb-SnO, coating and
presented a flower-like pattern. Fig. 3¢ displays SEM of the a-
PbO,/Sb-Sn0O,/Ti0, nanotube arrays electrode, from which we
can see that the top surface is covered by many spicules. These
spicules made the surface more uniform (Fig. 1Sc). After being
decorated with B-PbO,, as shown in Fig. 1Sd, a hill-like surface
was observed at the macroscopic level. From microscopic
perspective, the morphology of deposited PbO,
tetrahedron-shaped, as shown in Fig. 3d. In the visual
appearance change from the acicular shape to the tetrahedron
shape, a relatively homogeneous appearance and compact
surface coverage were obtained. This columnar-type inset
greatly increased its effective area, which was expected to
result in a better electrocatalytic activity during the oxidation
reaction of organic dye molecules.

was

X5,000

5um

Fig. 3 FE-SEM (a) top view and cross-sectional view of plain TiO, NTAs; (b) top view of Sb-Sn0,/TiO, NTAs; (c) top view of a-Pb0,/Sb-Sn0,/TiO, NTAs; (d) top view of B-

PbO,/a-Pb0,/Sb-Sn0,/TiO, NTAs.

3.2 X-ray diffraction analysis

XRD of as-prepared TiO, nanotube arrays electrode, Sb-
Sn0O,/Ti0, nanotube arrays electrode, a-PbO,/Sb-SnO,/TiO,
nanotube arrays electrode and B-PbO,/a-PbO,/Sb-SnO,/TiO,
nanotube arrays electrode is shown in Fig. 4. It was found that
bare TiO, nanotube arrays exhibited the reflections of anatase
TiO,. After embed with Sb-SnO,, Sb-SnO,/TiO, nanotube

4| J. Name., 2012, 00, 1-3

arrays electrode displays the characteristic reflections of SnO,
cassiterite with a tetragonal structure. No peaks of Sb are
observed due to the formation of a solid solution between Sn
and Sb by substitution of Sn ions in cassiterite structure by Sb
ions. In addition, no peaks corresponding to TiO, were
detected, pointing out that the coating had a better coverage.
When a-PbO, films were decorated on the surface of Sb-
Sn0O,/Ti0, nanotube arrays electrode, there were no peaks

This journal is © The Royal Society of Chemistry 2012
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corresponding to SnO, cassiterite arising from the fact that
SnO, interlayer was fully covered by the thick layer of a-PbO,
film on electrode surface. In addition, XRD recorded on B-PbO,
films deposited on a-PbO,/Sb-SnO,/TiO, nanotube arrays
substrates is also shown in Fig. 4. The diffraction peaks
observed at 20=25.4°, 32.0°, 36.2°, 49.0°, 58.9°, 60.7°, 62.5°,
74.4° are assigned to (110), (101), (200), (211), (310), (112),
(301) and (321) plane of B-PbO,. The average grain sizes of j3-
PbO, crystals calculated by Debye-Scherrer equation were 14.7
nm, which is smaller than a-PbO, (21.7 nm). Chen et al. [45]
reported that average crystal sizes of PbO, by one-step
electrodeposited is 29.1nm. This indicates smaller crystals sizes
of PbO, can be obtained by the two-step electrodeposited,
which means that PbO, is dispersed more effectively on the
electrode surface. It should be noted that there were no a-PbO,
peaks detected after deposition with B-PbO, due to the
completely covered by p-PbO, coating. The results are in
accordance with SEM image.

S .
20000 & ——TiO,NTAs
——Sb-Sn0,/TiO, NTAs
a-PbO,/Sb-Sn0/TiO, NTAs
16000 —— B-PbO /a-PbO,/Sb-SnO/TiO, NTAs
=
&
>
£ 12000
»n
=
D
-
=
= 8000 -
4000
0 T T 3 T T T = A_I‘ =
10 20 30 40 50 60 70 80
20/°

Fig. 4 XRD pattern of the different samples.

3.3 Electrochemical analysis

Fig. 5 shows linear sweep voltammetric (LSV) of the B-PbO,/a-
PbO,/Sb-Sn0O,/Ti0O, nanotube arrays electrode in the 0.5 M
H,SO, solution. The onset potential for oxygen evolution
potential (OEP) on electrode was 1.7V (Vs.Ag/AgCl). As
shown in Fig. 2S, a cathodic peak and anodic peak are appeared
due to the reaction of Pb on the electrode surface. We all know
that voltammetric charge (q*) of an electrode is related to its
electroactive surface area. Total charge (qr ) and outer charge
(qo) are calculated by the equation (3) and the equation (4),
respectively [42].

q = q5 + kv 0® 3)
q 7t =gt + kv )

where k; and k, are constants; v is the scan rate. Fig. 5b and Fig.
Sc are the fitting of these results. It is observed that qT’k and qo’k
was 73.5 C-cm™ and 0.09 C-cm™, respectively.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a) LSV curve for the B-PbO,/a-Pb0O,/Sb-Sn0,/TiO, NTAs electrode at a sach
rate of 50 mV-sin 0.5 M H,S0, solution. (b) Extrapolation of qo* for B-PbO,/a-
Pb0O,/Sb-Sn0,/TiO, NTAs from the representation of q‘ versus v'l/z.(c)
Extrapolation of qr* for B-Pb0O,/a-Pb0,/Sb-Sn0,/TiO, NTAs from the
representation of (q*)'1 versus vl/z; data obtained from the cyclic voltammograms
obtained between 0 and 2 V versus Ag/AgCl at various scan rates in 0.5 M H,SO,
solution (Fig. 2S).

EIS measurements were performed to explore charge transfer
on electrode surface, as shown in Fig. 3S. The simulated circuit

J. Name., 2012, 00, 1-3 | 5
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consisted of solution resistance (R;), double layer capacitance
(Cq), diffusion resistance (Z,,) and charge transfer resistance
(R.). The change of R, could reflect the charge transfer on
electrode surface. When the voltage was lower than OEP, there
was no reaction on the electrode surface. If the voltage
exceeded the OEP, O, would be generated on the electrode
surface. The simulated data is shown in table. 1S, from which
we found that charge transfer resistance decreased from 56.0
ohm-em™ to 20.1 ohm-em™. This can be explained by the
formation of O,, which enhanced the charge transfer.

The accelerated life test was conducted to evaluate
electrochemical stability of the B-PbO,/a-PbO,/Sb-Sn0O,/TiO,
nanotube arrays electrode. Fig. 6a shows the time course of cell
potential in accelerated life test under 0.5 mol-L"! H,SO,
aqueous solutions with a current density of 0.5 A-cm™. It was
observed that the electrode displayed a lifetime of 815 h.

Journal Name

Moreover, it should be noted that there existed two platforms in
the curve. The first platform (4V) was attributed to the anti-
corrosion of outer B-PbO,/a-PbO, coating. The second platform
(8.5V) arose from the formation of solid solution by B-PbO,/a-
PbO, and Sb-SnO,, which made the electrode have stronger
anti-corrosion.

SEM image of deactivated B-PbO,/a-PbO,/Sb-Sn0,/TiO,
nanotube arrays electrode is shown in Fig. 6b and 6c¢. It was
found that some coatings fell off from the substrate, which
made the composite electrode lost its activity. Fig. 6¢ shows the
magnified image of Fig. 6b, from which we observed that a
solid solution was formed on the substrate. This phenomenon
further demonstrated the formation of the second platform.
EDS measurement proved that there existed two distinct
regions on the electrode surface and stated the formation of the
solid solution (Fig. 4S).

10

Potential/ V

4 . ‘-/,

— T
0 100 200 300

1
400

0 T °
500 600 700 800
Timea/h

10pm

X1,000

Fig. 6 (a)Variation of the cell potential with the testing time in the accelerated life test for the B-PbO,/a-Pb0,/Sb-Sn0,/TiO, NTAs electrode in 0.5 M H,SO, (current
density: 0.5 A-cm™); FE-SEM (b) top view of the deactiviated B-PbO,/a-Pb0,/Sb-Sn0,/TiO, NTAs electrode; (c) magnified image of (b).

To investigate the charge transfer on the normal electrode and
the deactivated electrode, EIS measurements were conducted in
H,SO, solution aqueous, as shown in Fig. 7. It can be seen that
the normal B-PbO,/a-PbO,/Sb-SnO,/TiO, nanotube arrays
electrode had smaller semicircle than the deactivated electrode,
indicating a fast charge transfer. In addition, simulated data

6 | J. Name., 2012, 00, 1-3

showed that the charge transfer resistance increased from 20.1
ohm-cm? (normal electrode) to 122.5 ohm-cm™ (deactivated
electrode) (Table. 2S). These results implied that the electrode
might suffer a large resistance after losing its activity, which
greatly weaken its electro-catalysis.

This journal is © The Royal Society of Chemistry 2012
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3.4 Influence of initial dye concentration and current density

Industrial wastewater often contains different concentrations of
ARG, it is necessary to investigate the influence of initial dye
concentration on the performance of electrocatalytic oxidation
process. Fig. 8a shows that as initial dye concentration
increased from 20 mg-L™' to 100 mgL", the time of total
decolourization was enhanced significantly. According to
literature [47], the electrocatalytic oxidation process is limited
by mass transfer control. The electrochemical reaction was
faster than diffusion at low concentrations and the dye could be
degraded entirely on the interface. With the increase of initial
concentration, hydroxyl radicals produced on electrode surface
were not enough for readily degrading pollutants. Therefore,
decolourization efficiency decreases with the increasing of
initial concentration. We employed pseudo first-order kinetics
model to simulate ARG degradation. The apparent kinetic
coefficient is shown in the right corner of Fig. 8a. It is obvious
that the apparent kinetic coefficient decreased with the
increasing of initial concentration. This was in accordance with
decolourization efficiency. Fig. 8b shows the average energy
gram ARG (EC,) of different dye
concentration. It was observed that there was a positive
correlation between

consumption per
initial dye concentration and EC,.
Moreover, the final EC, is increased with initial dye
concentration due to a long degradation time. It was also found
that there were two curves overlapped in Fig. 8b due to the
similar removal efficiency may reach a similar EC,, as shown
in Fig. 8a.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Influence of initial dye concentration on the colour removal efficiency (a)
and the average energy consumption per gram ARG (b). (Current density, 20
mA-cm’%; concentration of supporting electrolyte (Na,S0O,), 0.1 M)

Fig. 9a shows the curve of colour removal efficiency with the
degradation time for different current densities. Improving the
current density had a positive influence on the colour removal
efficiency of ARG in the range of 10-50 mA-cm™. The reason
was that a higher current density resulted in a higher generation
of -OH radicals formed in water oxidation [48, 49]. It should be
pointed out that the increase of colour removal efficiency was
retarded when current density was higher than 40 mA-cm™. At
low current density, ‘OH radicals were not enough, the colour
removal efficiency increased with the current density. At high
current density, though there were excessive ‘OH radicals,
organic matter primarily reacted with the adsorbed -OH radicals
on the electrode surface. The mass transfer of contaminants
from bulk solution to electrode surface probably became the
limiting procedure. Therefore, further increasing of the current
density had little influence on removal efficiency. From the
value of apparent kinetic coefficient in the right corner of Fig.
9a, we can conclude that higher current density was beneficial
for the electrocatalytic oxidation process. Fig. 9b shows the
average energy consumption per gram ARG (EC,) of various
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current densities. As shown in Fig. 9b, we found that higher
current density resulted in a larger EC,. In other words, current
density had a positive impact on the energy consumption per
gram ARG. Considering the EC,, exceeding current density is
not rational in practical industry. Fig. 10 is the digital image of
decolourization at the current density of 50 mA-cm? for
different degradation time. It is clear to see the change of
decolourization. Hence, we concluded that the current densities
played a significant role in the electrocatalytic oxidation
process.
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Fig. 9 Influence of the current density on the colour removal efficiency (a) and
the average energy consumption per gram ARG (b). (Initial dye concentration of
ARG, 100 mg-L'l; concentration of supporting electrolyte (Na,SO,), 0.1 M)

| i

Fig. 10 The digital image of decolourization. (Initial dye concentration of ARG,
100 mg-L’l; current density, 50 mA-cm™; concentration of supporting electrolyte
(NaS0,), 0.1 M)
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3.5 Influence of initial pH, temperature of electrolyte and
chloride ions

Initial pH can impact the morphology of coexisting ions or
organic matter. Hence, the effect of initial pH was investigated
to obtain more extensive application prospect in practical
wastewater. Fig. 1la shows the curve of colour removal
efficiency with the degradation time for different initial pH. It
was obvious that the ultimate colour removal efficiency had
little distinction. From the value of apparent kinetic coefficient
in the right corner of Fig. 1la, we obtained similar results.
However, there exists a significant distinction at the beginning
of degradation time. The alkaline conditions had the higher
colour removal efficiency than neutral and acidic conditions.
The possible explanation was that more -OH radicals were
formed in alkaline conditions, which caused a remarkable
improvement of colour removal efficiency at the beginning of
the degradation time [48]. Fig. 11b exhibits the average energy
consumption per gram ARG (EC,) of different initial pH. It was
found that neutral condition had the smallest EC, among these
three conditions. Hence, pH adjustment was not necessary in
the processing for the degradation of ARG, and the electro-
catalysis could work well in a wide pH range.
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Fig. 11 Influence of initial pH on the colour removal efficiency (a) and unit energy
consumption (b). (Initial dye concentration of ARG, 100 mg-L'l; current density,
20 mA-cm’; concentration of supporting electrolyte (Na,SO,), 0.1 M)

Most of reactions are related to the temperature, thus it is
necessary to investigate influence of temperature. We employed
the constant temperature bath to control the temperature of
electrolyte. As shown in Fig. 12a, temperature had little effects
on electrocatalytic oxidation between 0°C and 20 °C. The
possible reason was that temperature could not
significantly affect the amount of -OH radicals which were
absorbed on the electrode surface. However, the specific
mechanism was not clear, so further study was needed. Fig. 12b
shows the average energy consumption per gram ARG (EC,) of
different temperatures. It was found that temperature had a
negative influence on EC,. Meanwhile, the increase of
temperature needs to consume the extra heat. Thus, whether the
adjustment of temperature was worthy for dye wastewater
treatment should be carefully weighed.
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Fig. 12 Influence of temperature on the colour removal efficiency (a) and unit
energy consumption (b). (Initial dye concentration of ARG, 100 mg-L’l; current
density, 20 mA-cm’%; concentration of supporting electrolyte (Na,S0O,), 0.1 M)
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As we all known, wastewater from print industry and textile
industry often contains chloride ions, thus the influence of
chloride ions on the colour removal efficiency should be
discussed. Fig. 13 reveals that chloride ions have a significant
positive effect on the colour removal efficiency for many active
chlorine species can be generated via direct oxidation of
chloride ions on the electrode surface [50]. Because of the high
oxidation performance of the active chlorine, there was a
significant difference in the colour removal efficiency. Other
researchers have obtained similar conclusions [43]. Fig. 13b
shows the average energy consumption per gram ARG (EC,) of
two conditions, from which we found that the addition of
chloride ions was greatly decreased EC,. However, the cost of
potential pollution should be considered. Hence, whether to add
the chloride ions to dye wastewater treatment is still a problem
which should be carefully weighed.
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Fig. 13 Influence of the chloride on the colour removal efficiency (a) and unit
energy consumption (b). (Initial dye concentration of ARG, 100 mng'l; current
density, 20 mA-cm’%; concentration of supporting electrolyte (Na,SO,), 0.1 M)

3.6 UV-Vis analysis of the degradation process

UV-Vis absorbance spectrum of the ARG degradation process
is shown in Fig. 14. It was learned from Fig. 14 that ARG
consisted of benzene ring, naphthalene ring, and azo group. As
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the electrochemical degradation proceeded, benzene ring and
naphthalene ring disappeared successively due to the free
radical attack and then decomposed to form some small organic
molecules [43]. Meanwhile, it could be found that azo group in
the dye molecule was worn off within 80 min, indicating the
destruction of —N=N- group. However, further studies
regarding the specific degradation mechanism in the
electrocatalytic oxidization are required and relevant research
work is under investigation.
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Fig. 14 UV-Vis absorbance spectrum of the degradation process.(Initial dye
concentration of ARG, 100 mng'l; current density, 50 mA-cm'z; concentration of
supporting electrolyte (Na,SO,), 0.1 M)

4, Conclusion

A novel B-PbO,/0-PbO,/Sb-SnO,/TiO, nanotube
electrode was fabricated by combining the microwave and
electrodepositon method. The composite electrode has an
ordered multilayer structure with TiO, nanotube arrays as a
tubal template and Sb-SnO, coating as an interlayer. This
special microstructure exhibited an enhanced electrocatalytic
activity and a high oxygen evolution reaction potential (1.7 V).
In addition, the ordered multilayer structure significantly
improved the service lifetime (815 h) of the composite
electrode. Acid Red G (ARG) was employed as a model
organic pollutant for electrochemical degradation to evaluate its
electrocatalytic activity. Several operation variables, such as
initial concentration, current densities, initial pH values,

arrays

temperature of electrolyte and chloride ions were investigated
to explore the removal efficiency of ARG. It was found that
initial concentration, chloride ions and current densities could
significantly affect the colour removal efficiency. However,
initial pH values and temperature of electrolyte had little
influence on colour removal efficiency. It is known that the
addition of chloride ions can largely improve the colour
removal efficiency, but whether it is worthy to add chloride
ions should be carefully weighed. In summary, the novel B-
PbO,/0-PbO,/Sb-SnO,/TiO,  nanotube  arrays electrode

exhibited an enhanced electrocatalytic activity and

10 | J. Name., 2012, 00, 1-3

electrochemical stability. Further studies on exploring the
composite electrode will be conducted in the future.
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