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The performance of electrode for the electrochemical treatment of organic contaminants was improved
using Ce-doped Ti/SnO,-Sh electrodes prepared by a thermal deposition method. Cyclic voltammetry
(CV) and Amperometric i-t Curve were measured showing an improvement of electrochemical feature
for the Ti/SnO,-Sh-Ce electrode. The electrochemical oxidation performance of the prepared electrode
was investigated using aniline as a model pollutant. The aniline removal of 98.3% was achieved with
the Ti/SnO,-Sb-Ce electrode after 2 h electrolysis while it was only 82.7% for the Ti/SnO,-Sb
electrode. The removal of chemical oxygen demand (COD) was 80.5% on the Ti/SnO,-Sh-Ce
electrode which was also higher than that on the Ti/SnO,-Sb electrode (58.4%). The electrode was
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), electron dispersive
spectrometry (EDS), and X-ray photoelectron spectroscopy (XPS). The results show that the coating
had larger surface area and higher active O,¢s content due to Ce doping, which could provide with
more active sites for electrochemical oxidation of organic pollutants.
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1. INTRODUCTION

Industrial wastewaters containing some recalcitrant organic contaminants, such as aromatic
hydrocarbons, phenolic compounds and pesticides, due to their toxicity and difficulty to be degraded,
becomes intractable problem to environment and potential hazard towards humans and animals health
[1,2]. Many technologies have been employed in treatment processes of industrial wastewaters [3-6].
Recently, electrochemical oxidation is becoming a preferable alternative because of its strong
oxidation performance, non-selective oxidation and environmental compatibility [7-11]. Organic
contaminants can be destroyed electrochemically and effectively degraded to CO; or aliphatic
products. Research into electrochemical methods for the treatment of organic contaminants has
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focused on anodes with excellent oxidation performance. The electrochemical characteristics of the
anode are mainly related to the material and structure of the coating. In the past years, numerous types
of metal oxide electrodes, such as SnO,, PbO, and composite oxides, have been developed for
electrochemical oxidation of organic pollutants [12-17]. It is well known that doping for these oxides
coating will achieve better electrochemical activity [18-20].

Rare earth elements have been proved to enhance catalytic performance by either acting as a
catalyst or assisting catalytic processes [21,22]. In electrochemical processes, the doping of rare earth
into the film could improve the surface structure and enhance the electrode capability on
mineralization of pollutant compounds. It is worthy of mention that the Ce species are active and
inexpensive material and are widely used [23]. Recent studies indicate that a better performance is
obtained for co-doped electrodes. In this work, we selected rare earth Ce as co-dopant to introduce into
Ti/SnO,-Sb by thermal decomposition and examined electrochemical properties of the Ti/SnO,-Sh-Ce
electrode.

2. EXPERIMENTAL

2.1. Electrode coating preparation

The electrode coatings were prepared using thermal decomposition technique. Titanium plates
(4.0 cm x 4.0 cm x 0.1 cm) were introduced as the base metal for all oxide-coated electrodes. The Ti
substrates were polished using sand papers, treated in 10 % boiling oxalic acid for 2 h and washed. The
metal precursors were prepared using the following metal salt compounds: SnCl,-5H,0, SbCl; and
Ce(NOg)3, with Sn:Sh:Ce (molar ratio 100:6:3) for the Ti/SnO,-Sb-Ce and Sn:Sb (molar ratio 100:6)
for the Ti/SnO,-Sb. The precursor solutions were obtained by dissolution of citric acid in 5 ml ethylene
glycol and 30 ml ethanol mixing solution. The metal precursor was added and kept under ultrasonic
dissolution. The molar ratio of the metal: citric acid: ethylene glycol was 1:3:3. The precursor solution
was spread on Ti substrate, and then dried for solvent evaporation in an infrared oven at 60 °C for 30
min, and fired in a muffle oven under air at a temperature of 550 °C for 15 min. This procedure
(spreading, drying and pyrolysis) was repeated 10 times and finally, the electrodes were heated at 550
°C for 3 h.

2.2. Electrochemical measurement

The coatings of the electrodes were measured by means of CV and Amperometric i-t Curve to
evaluate the electrochemical performance. All electrochemical measurements were carried out with a
Zahner IM6ex electrochemical station using a three-electrode system. Ti/SnO,-Sh-Ce and Ti/SnO,-Sb
were used as the working electrode, respectively. Ti plate was used as an auxiliary electrode, and the
saturated calomel electrode (SCE) was used as a reference electrode.
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2.3. Electrochemical oxidation

The fabricated electrode was used as an anode and a Ti plate with the same area as a cathode,
and the distance between the anode and cathode was 15 mm. 100 ml synthetic wastewater was charged
in an electrolysis cell. The concentration of aniline was monitored by HPLC during electrochemical
oxidation process, which was carried out on a Perkin Elmer Series 200 LC. Chromatographic
separation was performed using an ODS-18 reversed phase column. The mobile phase consisted of
methanol/water (40/60, v/v) at a flow rate of 1 mL min™, and 15 pL of sample was injected. The UV
detector was set at 275 nm. The COD of the electrolyte was determined using the standard dichromate
method (China GB11914-89). The instantaneous current efficiency (ICE) for the anodic oxidation of
phenol has been calculated from the values of COD using the following relation [24]:

) _ (CODt _CODHAt) FV

ICE(%
8lt

)

where (COD); and (COD)wx; are the chemical oxygen demands at times t and t+At (in g dm™),
respectively, | is the current (A), F is the Faraday constant (96487 C mol™), V is the volume of
electrolyte (dm®) and 8 is the equivalent mass of oxygen (g eq ™).

2.4. Characterization of coating

The morphology of the electrode coating was characterized using a SEM (FEI Sirion 200)
equipped with an EDS. XRD patterns were used for the crystalline structure identification of the
samples and obtained using a D-MAX 2200 VPC instrument with Cu Ka radiation. XPS
measurements of the coatings were performed on a PHI 5000 (ULVAC-PHI) system with an Al Ka
source. All the binding energies were referenced to the Cls peak at 284.6 eV from the surface
adventitious carbon.

3. RESULTS AND DISCUSSION

3.1. Electrochemical measurement

CV was used to evaluate electrochemical performance of the electrode surface. Fig. 1 shows
the voltammograms of the Ti/SnO,-Sh-Ce and Ti/SnO,-Sb electrodes in 0.1 M KCI solution containing
5 mM K4[Fe(CN)g]. CVs were recorded between -0.2 V and 0.6 V vs SCE, and covered the potential
region before the beginning of oxygen evolution reaction (OER, 1.6 V vs SCE). In this potential region
the observed voltammetric current is the sum of the electrode surface redox transitions and the double
layer charging [25]. The CVs displays a pair of the peaks of Fe(CN)s>™* redox, and also showed quasi-
reversible processes. Oxidation current peak and deoxidization current peak corresponding to
Fe(CN)>™ redox transition are observed at about 0.34 V and 0.09 V versus SCE, respectively. The
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scan curve of Fig. 1a shows a higher current peak of redox transition, indicating that the Ce-doped
coating effectively enhances the electron transfer from ferricyanide to the electrode. Integration of the
i—E curve provides the voltammetric charge, which is proportional to the number of electrochemically
surface active sites [26]. CV scans showed that the voltammetric charge on the Ti/SnO,-Sh-Ce
electrode was more than that on the Ti/SnO,-Sb electrode, which is attributed to the increase of whole
active surface of the Ti/SnO,-Sb-Ce electrode.
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Figure 1. CVs obtained with the Ti/SnO,-Sb-Ce electrode (a) and the Ti/SnO,-Sb electrode (b) in 0.1
M KCI solution containing 5 mM K4[Fe(CN)] at a scan rate of 100 mV/s
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Figure 2. Amperometric i-t Curves of the coating electrodes in a 0.05 M Na,SO, solution under 2.5 V.
Ti/SnO,-Sb (a) and Ti/SnO,-Sb-Ce (b) without 500 mg L™ aniline. Ti/SnO»-Sb (c) and
Ti/Sn0O,-Sh-Ce (d) with 500 mg L™ aniline

The electrochemical property of the two electrodes was studied through Amperometric i-t
Curve. Fig. 2 shows the evolution of the current densities on the two electrodes under 2.5 V. It can be
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seen that the current densities of the Ti/SnO,-Sb and Ti/SnO,-Sh-Ce electrodes are about 3.9 and 4.8
mA cm™ in a 0.05 M Na,SO, solution without 500 mg L™ aniline, respectively. The current densities
of the two electrodes are all increased after addition of aniline to the solution. On Ti/SnO,-Sb, the
current density increases to 7.4 mA cm, and the current density increases to 10.7 mA cm™ on
Ti/SnO,-Sb-Ce. The increase of the current density can be attributed to the electrochemical oxidation
of aniline on the electrodes. The current density increase on Ti/SnO,-Sh-Ce is higher than that on
Ti/SnO,-Sh, and this could be partially attributed to an improvement of the oxidation of organic
compounds by Ce doping.

3.2. Electrochemical oxidation

Two different electrodes have been compared as the anode in electrochemical degradation of
aniline to further evaluate the effect of the Ce doping for electro-catalysis oxidation. As Fig. 3 showed,
it can be noticed from the graph that the steep increase for aniline removals with Ti/SnO,-Sb-Ce
electrode was obtained in electrolysis reaction time of 1 h, and aniline removal was obviously faster on
the Ti/SnO,-Sh-Ce than that on the Ti/SnO,-Sb electrode. The aniline removals are 98.3% and 82.7%
for the two electrodes at reaction time of 2 h, respectively.

COD removals of aniline solution by the two electrodes were compared in electrochemical
oxidation (Fig. 4). The COD was removed more rapidly on the Ti/SnO,-Sh-Ce electrode than that on
the Ti/SnO,-Sb electrode.
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Figure 3. Comparison of aniline removal between (m) the Ti/SnO,-Sb-Ce and (®) the Ti/SnO»-Sb in
500 mg L™ aniline and 0.05 M Na,SOy, solution. Current density 30 mA cm™

For two electrodes, 80.5 and 58.4% of COD removal were achieved in 2 h, respectively, which
shows that organic compounds are more effectively oxidized on the Ti/SnO,-Sb-Ce anode. Those are
associated with oxidation of aniline into intermediate compounds, and then some intermediate
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compounds were further converted to CO; and H,O. The instantaneous current efficiency (ICE) of the
electrolysis was calculated by the ICE equation. ICE on the two electrodes gradually decreased during
electrolysis, but it was obviously higher on the Ti/SnO,-Sh-Ce electrode than that on the Ti/SnO,-Sb
electrode. The ICEs are 36.5% and 26.5% at 2 h for the Ti/SnO,-Sb-Ce and Ti/SnO,-Sb electrodes,
respectively. These results show that it is more efficient for aniline oxidation on the Ti/SnO,-Sb-Ce
electrode than that on the Ti/SnO,-Sb electrode.
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Figure 4. COD removal and ICE in 500 mg L™ aniline and 0.05 M Na,SO, solution during
electrolysis. Current density 30 mA cm™. (m) Ti/SnO,-Sh-Ce, (®) Ti/SnO,-Sh

3.3. Characterization of coating

Fig. 5 shows the SEM microstructures of the Ti/SnO,-Sb-Ce and Ti/SnO,-Sb electrodes.
Nano-scale particles were found on the coating surface of the two electrodes.
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Figure 5. SEM surface images of the Ti/SnO,-Sh-Ce electrode (a) and the Ti/SnO,-Sb electrode (b)
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Particle sizes of the Ti/SnO,-Sh-Ce become smaller than that of the Ti/SnO,-Sb due to Ce
doping, and the coating particles of the Ti/SnO,-Sh-Ce appeared to be more uniformly distributed.
Particle sizes of the Ti/SnO,-Sb-Ce and Ti/SnO,-Sb electrodes are about 10-20 nm and 20-50 nm,
respectively. The Ti/SnO,-Sb-Ce electrode had larger surface areas and could provide with more active
sites for electrochemical oxidation. EDS confirmed the presence of Sn, Sb and Ce in the Ce-doped
electrode (Fig. 6).
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Figure 6. EDS of the Ti/SnO,-Sh-Ce electrode

Fig. 7 records the XRD patterns of the Ti/SnO,-Sh-Ce and the Ti/SnO,-Sh, which only show a
series of diffraction peaks of the SnO, structure and metal Ti substrate. The peaks corresponding to 26
~ 26.7°, 33.8°and 51.9° were assigned to the (110), (101) and (211) planes of SnO,. The peak positions
agreed well with the reflections of SnO,, indicating a tetragonal rutile structure. No diffraction peak of
Ce and Sb metal oxides was clearly found from the XRD spectra, which indicates that the doping ions
substituted for Sn** in the SnO, crystal lattice or Ce and Sb phases were particularly well-dispersed on
the coatings [27]. The average crystallite size of SnO, was estimated using the Scherrer equation [28].
The average crystallite sizes of the (110) plane of SnO, were about 14.4 and 8.9 nm for the Ti/SnO,-Sb
and Ti/SnO,-Sh-Ce, respectively. The decrease of the crystallite size can be ascribed as the growth of
the crystal phase is hindered by the high distortion effects owing to Ce-doping in the lattice shape.
Smaller crystallite sizes are favorable to improve electrochemical capability of the electrode.
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Figure 7. XRD patterns of the Ti/SnO,-Sb electrode (a) and the Ti/SnO,-Sbh-Ce electrode (b)
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Figure 8. Fitted curves of Ols and Sh3ds;; XPS spectra on the coating surfaces of theTi/SnO,-Sh (a)
and Ti/SnO,-Sb-Ce (b) electrodes
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Table 1. XPS analysis of on the Surfaces of the Ti/SnO,-Sb and Ti/SnO,-Sb-Ce electrodes

Binding energy[eV] Oads Olat
content[%] content[%0]

Sn3ds,  Sb3ds,  Ols(ads) Ols(lat)

Ti/SnO,-Sb 486.71  530.99 531.86  530.36 29.13 70.87
Ti/SnO,-Sb-Ce  486.97  530.92  531.80  529.95 62.17 37.83

XPS was employed to study the surface composition and element chemical state of the coating.
The XPS investigation was focused mainly on the detailed analysis of O elements. The XPS spectra of
Sb3ds; and O1s are overlapped. They were fitted as shown in Fig. 8. The mixed spectra was fitted into
three peaks, which correspond to different species, and the deconvoluted values are given in Table 1.
The banding energy of Sb3ds, was around 531.0 eV for two electrodes, in agreement with other
researchers for Sb®" [29]. Two Ols peaks appeared after deconvolution. The lower binding energy
peak (about 530 eV) is assigned to the lattice oxygen Oy Which are incorporated into SnO, crystal
lattice, and the higher binding energy peak (about 532 eV) may be ascribed to adsorbed oxygen species
Oags Which are adsorptive O, and/or weekly bonded oxygen species (e.g. hydroxyl group) [30,31]. The
relative content of different kinds of oxygen species could be calculated by their XPS intensities and
sensitivities. Table 1 shows content of different chemical states of the O element on the surface of the
different electrodes. O,qs content is 62.17% for the Ti/SnO,-Sb-Ce electrode and 29.13% for the
Ti/SnO,-Sb electrode. The Ogqs is the most active oxygen species and plays an important role in
oxidation process [32]. Electrochemical oxidation of organic pollutants can be detailed shown as
below [33,34].

SnO; + H;O — SnO,(-OH), + xH" + xe” )
SnO,(:OH)x — SN0+ XH' + xe” 3)
R+ SnO,(-OH)y — CO, + SnO, + XxH™ + xe’ (4)
R + SnOzx — SnO, + RO (5)

The oxidation of water molecule on the electrode surface gives rise to formation of physisorbed
hydroxyl radicals (SnO,(-OH)y, Oags). SNO,(-OH)y can oxidize the crystal lattice of SnO; to a higher
state forming higher oxide SnO,.«. The physisorbed hydroxyl radicals (SnO,(-OH)y), because of their
high reactivity toward most organic compounds, are readily reacting with organic substrates close to
anode surface to form carbon dioxide and water. RO represents the incomplete oxidation of organic
compounds. Oggs contents on the surface of the Ti/SnO,-Sb-Ce electrode were much higher than that
on the Ti/SnO,-Sb electrode. Therefore, complete oxidation of organic compounds (reaction 4) occurs
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much more easily. Ce doping in SnO; coating enhanced the physisorbed capacity of *OH on electrode
surface, which was beneficial to the electrochemical oxidation of organic compounds.

Electrochemical oxidation could proceed through several steps such as mass transport,
adsorption and direct or indirect reaction at the anode surface. Direct or indirect reaction can be
considered as electrochemical conversion and electrochemical combustion [35]. The active sites of the
Ce doped Ti/SnO,-Sb electrode increase, and the introduction of Ce strengthens the capacity of
physical adsorption for hydroxyl radicals on the electrode surface. Those lead to a quantitative increase
of physisorbed hydroxyl radicals on the Ti/SnO,-Sb-Ce electrode surface. When organic compounds
came close to electrode surface, oxidation reaction with adsorbed active radicals was easy to occur.
Complete combustion is more on the surfaces of the Ce doped Ti/SnO,-Sb electrode than that on the
Ti/SnO,-Sb electrode, and so the degradation of phenol is of higher efficiency on the Ti/SnO,-Sh-Ce
electrode than that on the Ti/SnO,-Sb electrode.

4. CONCLUSION

Crystallite sizes of the coating became smaller on the Ti/SnO,-Sh-Ce electrode than that on
the Ti/SnO,-Sb electrode, and so the electroactive surface area of the Ti/SnO,-Sb-Ce was increased
and accompanied by an improvement of electrochemical properties of the Ti/SnO,-Sh-Ce electrode. Ce
doped in the coating of the electrode enhanced the physical adsorption capacity of electrode surface for
active oxygen species, which led to improved effectiveness on aniline mineralization. The rates of
aniline elimination and COD removal were higher on the Ti/SnO,-Sh-Ce electrode than that on the
Ti/SnO,-Sb electrode.
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