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a b s t r a c t
In this paper, Ti/Sb/SnO2-SiO2 electrodes were prepared by adding SiO2 nanoparticles with high 
thermal stability as barrier substance on the Ti/Sb/SnO2 electrodes, and the electrocatalytic perfor-
mance of the Ti/Sb/SnO2-SiO2 electrode and degradation effect on Acid Red 18 (AR 18) was exam-
ined. The results showed that coating with SiO2 nanoparticles had better compactness and smaller 
crystal grains than that without SiO2, because the addition of SiO2 nanoparticles hindered the growth 
of SnO2 grains. The addition of SiO2 nanoparticles also increased the oxygen vacancies in the coat-
ing, raising the active oxygen content, which can improve the generation capacity of •OH. Compared 
with Ti/Sb/SnO2 electrode, the Ti/Sb/SnO2-SiO2 electrode had a larger specific surface area and oxy-
gen evolution overpotential, which can inhibit the occurrence of side reactions of oxygen evolution, 
improving the degradation efficiency of AR 18. The degradation process conformed to first-order 
kinetics. Meanwhile, the degradation intermediate product was inferred according to the results of 
the three-dimensional fluorescence test. In addition, the addition of SiO2 nanoparticles improved 
current efficiency and reduced energy consumption, significantly strengthening electrode stability.

Keywords:  Electrocatalytic oxidation; SiO2 nanoparticles; Ti/Sb/SnO2-SiO2 electrode; Electrochemical 
activity; Hydroxyl radicals

1. Introduction

Dyes are widely used in the textile, paper, leather, plas-
tic and food industries [1–4]. With the rapid development 
of light industry, the discharge of dye wastewater is gradu-
ally increasing. Therefore, dye wastewater has become one 
of the important research objects in wastewater treatment. 
The pollution load of dye wastewater is usually large, which 
will cause a decrease of dissolved oxygen in the water and 
have an adverse effect on the organism. Discharging dye 
wastewater directly into the water without treatment will 
seriously affect the balance of the water environment and 
destroy the ecological environment [5,6]. Due to the aromatic 

ring in the structure of azo dyes, they can cause great harm 
to the human body [4,7]. After conventional physicochem-
ical and biochemical methods have been used to treat this 
wastewater, there are still large amounts of non-degradable 
substances and colours [6], resulting in failure to meet the 
allowable emission standards. Faced with these problems, 
researchers began to study new processing technologies such 
as electrocatalysis [8], photocatalysis [9,10], the electro-Fen-
ton process [3], synergy of the above technologies, and so on 
[11,12], which are promising advanced oxidation technolo-
gies for the treatment of organic pollutants [13]. Because of 
their efficient oxidizing ability and easy operation advan-
tages, extensive research has been conducted in recent years.
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Electrocatalytic oxidation technology produces a kind 
of active oxygen with strong oxidation ability on the anode 
surface, such as hydroxyl radicals (•OH). OH can attack 
and destroy the structure of dyes and can ultimately cause 
organic pollutants to be effectively mineralized [14,15]. 
Titanium-based tin antimony electrode (Ti/Sb/SnO2) has 
low cost and high oxygen evolution potential and has thus 
attracted attention. However, it still has problems of insuf-
ficient stability and low wastewater treatment efficiency, 
which are usually solved by doping with metal particles 
[16–19]. At present, carbon nanotubes and TiO2 nanotubes 
have been widely used in the field of electrocatalysis [20–
26]. The SiO2 nanoparticles have the characteristics of small 
particle size, large specific surface area, and good thermal 
stability and are thus widely used in corrosion-resistant 
coatings [27–29]. These characteristics of SiO2 nanoparticles 
may have a good promotion effect on the performance of 
anode materials. Therefore, SiO2 nanoparticles were applied 
to prepare Ti/Sb/SnO2-SiO2 anode in this paper. The influ-
ence of SiO2 nanoparticles on the electrochemical character-
istics of the Ti/Sb/SnO2-SiO2 anode and the electrocatalytic 
oxidation performance of this electrode on the persistent 
refractory organic pollutants Acid Red 18 (AR 18) were  
investigated.

2. Experimental materials and methods

2.1. Experimental materials and media

In the experiment, pure titanium TA1 was used as the 
substrate of the anode material, components of which are 
O (≤0.15%), C (0.05%), Fe (0.15%), N (0.03%), H (0.012%), 
Si (0.1%), other (0.05%), and Ti (margin). The chemical 
reagents used in the experiment were all of analytical grade. 
Deionized water was used for solution preparation.

2.2. Electrode preparation

First, a mixed isopropanol solution of SnCl2·2H2O, 
Sb2O3, and 3 g/L SiO2 nanoparticles was prepared as the 
coating solution after mixing evenly. Second, a brush was 
used to uniformly coat the coating solution on degreased 
and acid-etched the titanium surface. The detailed steps in 
accordance with our previous preparation method [30].

2.3. Electrode surface characterization

The surface morphology and the crystal structure of the 
coatings on titanium were characterized by scanning elec-
tron microscope (SEM) and X-ray diffractometer (XRD). 
The chemical state of the electrode surface was detected 
by X-ray photoelectron spectroscopy (XPS). The coating 
thickness was measured with a coating thickness gauge.

2.4. Electrochemical test

The electrochemical test was carried out in 0.5 mol/L 
H2SO4 solution. The scanning speed of both linear scan-
ning voltammetry (LSV) and cyclic voltammetry (CV) 
was 50 mV/s. The frequency range of electrochemical 
impedance spectroscopy was from 100 kHz to 0.01 Hz.

2.5. Electrocatalytic oxidation

The electrocatalytic oxidation experiment used a 
0.4 mol/L Na2SO4 solution containing a certain AR 18 concen-
tration. The current density of the electrocatalytic oxidation 
experiment was controlled to 100 mA/cm2 by using a regu-
lated power supply. The chemical oxygen demand (COD) 
test adopted a multi-parameter water quality analyser. The 
absorbance of electrolyte is measured by an UV-Vis spec-
trophotometer. A fluorescence spectrophotometer was used 
to measure the three-dimensional fluorescence spectrum 
and hydroxyl radical intensity of fluorescence. The scan-
ning range of the excitation wavelength was 220–500 nm, 
and the emission wavelength was 220–500 nm. In the elec-
trocatalytic oxidation process, phthalic acid was used as 
a probe; it reacted with •OH to produce stable 2-hydroxy-
terephthalic acid. The intensity of 2-hydroxyterephthalic 
acid was measured by three-dimensional fluorescence 
indirectly to indicate the intensity of OH.

3. Results and discussion

3.1. Morphology and crystal structure of the electrode

Fig. 1a and b show the surface morphology of the two 
coatings. Fig. 1c and d show the atomic percentage and ele-
ment distribution of the two coatings. In Fig. 1a there are 
large, deep cracks on the surface of the Ti/Sb/SnO2 coatings. 
The cracks on the surface of the Ti/Sb/SnO2-SiO2 electrode 
are obviously reduced and relatively uniform, which indi-
cates that the addition of SiO2 nanoparticles can effectively 
improve the structure of the coating, thereby preventing 
impact of the electrolyte on the titanium substrate [31,32]. 
The energy-dispersive X-ray spectroscopy (EDS) anal-
ysis results in Fig. 1c and d shows that the main elements 
in the coating, Sn, O, Sb, and Si, are evenly distributed on 
the electrode surface. Compared with Fig. 1c, in Fig. 1d 
the same uniform distribution of Si elements can be clearly 
observed, indicating that SiO2 nanoparticles were success-
fully added on the surface of the Ti/Sb/SnO2-SiO2 electrode.

XRD was used to analyse the crystal structure of the 
coating, as shown in Fig. 2. No diffraction peak of Sb is seen 
in Fig. 2, which may indicate that Sb can enter the crystal 
lattice of SnO2 by substitution. Compared with Ti/Sb/SnO2, 
the peak of Ti/Sb/SnO2-SiO2 has a larger half-width, which 
shows that the SnO2 crystal grains in the Ti/Sb/SnO2-SiO2 
electrode coating are smaller. Thereby, more active sites can 
be provided, which can improve the electrocatalytic oxida-
tion ability of the electrode. The thermal stability of SiO2 
nanoparticles is the main reason for the smaller grain size 
of SnO2. SiO2 nanoparticles act as a physical barrier during 
SnO2 crystal formation, reducing the chance of collisions 
between SnO2 grains, resulting in smaller grains. In addi-
tion, the coating thickness of Ti/Sb/SnO2 and Ti/Sb/SnO2-
SiO2 electrodes measured by the coating thickness gauge is 
about 80 nm. But the diffraction peak of Ti becomes weaker 
after adding SiO2 nanoparticles, indicating that Ti/Sb/SnO2-
SiO2 coating has better coverage than Ti/Sb/SnO2 coating. 
This can help to improve the electrochemical activity and 
stability of the electrode [33,34].

The spectra of O 1s in the two coatings were analysed 
by XPS. It can be seen from Fig. 3 that two XPS spectra of 
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O 1s bands located at around 530.7 and 532.6 eV were 
obtained after deconvolution. The low binding energy peak 
at 530.7 eV corresponds to the oxygen atom (Olat) that forms 
the bond with the metal atom, while the high binding energy 
peak at 532.6 eV corresponds to the hydroxyl oxygen atoms 
(Oads) adsorbed on the electrode surface [34]. The content of 
Olat and Oads in the coating can be calculated based on the 
corresponding peak area. The results are listed in Table 1. 
The Oads content of Ti/Sb/SnO2-SiO2 coating (36.59%) is sig-
nificantly higher than that of Ti/Sb/SnO2 coating (22.82%). 

The electrode with higher Oads content has better hydroxyl 
radical generation ability [35], which can promote the deg-
radation of pollutants, indicating that the electrocatalytic 
oxidation ability of the electrode can be improved by add-
ing SiO2 nanoparticles. The Sb 3d3/2 orbital was divided 
into two peaks Sb3+ and Sb5+, and the content of Sb3+ in the 
coating can be calculated based on the corresponding peak 
area. It was found that the valence state of Sb in the coating 
changed greatly before and after adding SiO2 nanoparticles 
(Sb3+ content increased from 38.68% to 67.40%, Table 1). The 

 

 

 

Fig. 1. SEM image and EDS image of the two electrodes: (a,c) Ti/Sb/SnO2-SiO2 and (b,d) Ti/Sb/SnO2-SiO2
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addition of a trivalent cation such as Sb3+ to SnO2 increased 
the number of oxygen vacancies [36]. Therefore, the addition 
of SiO2 nanoparticles made the valence state of Sb atoms on 
the coating surface tend to be trivalent, so that the coating 
surface had more oxygen vacancies.

3.2. Electrochemical test

Fig. 4 shows the LSV curves of the two electrodes. The 
oxygen evolution potentials of the Ti/Sb/SnO2 and Ti/Sb/
SnO2-SiO2 electrodes are 2.06 and 2.20 V, respectively. The 
Ti/Sb/SnO2-SiO2 electrode has a higher oxygen evolution 
potential. The increase in oxygen evolution potential is 
related to the low lattice oxygen content and higher crys-
tallinity of the coating [34,35,37], indicating that the elec-
trode can better inhibit the side reaction during electro-
chemical oxidation after adding SiO2 nanoparticles, which 
can improve current efficiency.

In order to explore the effect of adding SiO2 nanopar-
ticles on the electrocatalytic activity of the electrode, the 

 
Fig. 3. XPS spectra analysis of O 1s and Sb 3d3/2 on the two electrodes.

 

Fig. 2. XRD patterns of the two electrodes.

Table 1
XPS parameters of the two electrodes

Electrode Binding energy (eV) Atom ratio

Sb 3d3/2 Olat Oads Sb3+ 
content 
(%)

Oads 
content 
(%)

Ti/Sb/SnO2 540.8 530.6 532.3 38.68 22.82
Ti/Sb/SnO2-SiO2 540.8 530.5 531.8 67.40 36.59
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surface roughness coefficients and volt-ampere charges of 
the two electrodes were compared by CV [38]. The rough-
ness coefficient reflects the actual specific surface area of the 
electrode, which can be calculated by comparing the elec-
trochemical double layer capacitance of the electrode sur-
face and the smooth SnO2 surface [39]. Fig. 5a and b show 
the CV curves of the Ti/Sb/SnO2 and Ti/Sb/SnO2-SiO2 elec-
trodes at different scan rates, respectively. According to the 
CVs of Fig. 5a and b, the relationship between the current 
density i and scan rate v is obtained, as shown in Fig. 5c, 
and the linear relationship illustrates the non-Faraday char-
acteristics of the current in this region [34]. Using Eq. (1), 
the electric double layer capacitance can be calculated:

i v Cc � � dl  (1)

where ic, v, and Cdl are the non-Faraday capacitance current, 
scan rate, and electric double layer capacitance, respec-
tively. The calculated electric double layer capacitances of 
the Ti/Sb/SnO2 and Ti/Sb/SnO2-SiO2 electrodes are 4.83 and 
14.03 µF/cm2, respectively. The roughness coefficient (r) 
can be calculated according to Eq. (2) [34]:

r
C
CS

= dl  (2)

where Cs is the electric double-layer capacitor on the 
smooth SnO2 surface, generally Cs = 8 µF/cm2 [39].

The calculated roughness coefficient of the Ti/Sb/
SnO2-SiO2 electrode is 2.9 times that of the Ti/Sb/SnO2 elec-
trode, which proves that the addition of SiO2 nanoparti-
cles can significantly improve the surface roughness of 
the electrode, enhancing the electrocatalytic activity of the 
electrode beneficially.

Fig. 5d shows the CV curves of the two electrodes at 
50 mV/s. It can be found that the area enclosed by the CV 
curve of the Ti/Sb/SnO2-SiO2 electrode is significantly larger 
than that of the Ti/Sb/SnO2 electrode. This shows that the 
volt-ampere charge (q*) of Ti/Sb/SnO2-SiO2 is larger, meaning 

that the electrochemically active area is larger. By calculat-
ing the volt-ampere charge, the electrochemically active 
area of the electrode can be further compared. Fig. 5e and 
f show the relationship between the volt-ampere charges 
of the two electrodes and the scan rate. The total volt-am-
pere charge (qT*) is related to the total electrochemically 
active area of the coating, which can be obtained by the 
relationship between q* in Eq. (3) and the scanning rate:

q q k vT
* * /� � � � � �

� �1 1

1
1 2  (3)

where k1 is the slope of the fitted curve.
The total volt-ampere charge can be divided into exter-

nal volt-ampere charges and internal volt-ampere charges. 
The external volt-ampere charge (q0*) is related to the outer 
active area where the oxidation reaction occurs and can be 
obtained by Eq. (4):

q q k vo
* * /� � �

2
1 2  (4)

where k2 is the slope of the fitted curve.
In the electrocatalytic oxidation process, the electrolyte 

can easily diffuse into the coating through the surface of the 
electrode [33]. However, due to the denser coating of Ti/Sb/
SnO2-SiO2, the electrolyte diffusion rate is relatively slow. 
The internal volt-ampere charge (qi*) can be calculated by  
Eq. (5):

q q qi T o
* * *� �  (5)

The electrochemical porosity (p) is the ratio between 
the internal volt-ampere charge and the total charge, as 
shown in Eq. (6):

p
q
q
i

T

=
*

*  (6)

The results of volt-ampere charges and electrochem-
ical porosity of the Ti/Sb/SnO2 and Ti/Sb/SnO2-SiO2 elec-
trodes are shown in Table 2. The results show that the Ti/
Sb/SnO2-SiO2 electrode with SiO2 nanoparticles has a higher 
porosity and volt-ampere charge, indicating that the addi-
tion of SiO2 nanoparticles can increase the effective electro-
chemical surface area of the electrode, which can provide 
more active sites for the electrode reaction [33].

Fig. 6 shows the electrochemical impedance spectros-
copy of the two electrodes. The electrochemical impedance 
spectroscopy of the two electrodes only shows capacitive 
reactance arcs, illustrating that the charge transfer plays 
a major role in the electrode process. The equivalent cir-
cuit in Fig. 7 is used to fit the electrochemical impedance 
spectrum, where Rs is the solution resistance, Rf is the resis-
tance of the electrode surface coating and Cf is the capac-
itance of the electrode surface coating, Cdl is the double 
layer capacitance, and Rct is the charge transfer resistance. 
Table 3 shows the fitting results. The smaller the Rct value, 
the faster the electrochemical reaction rate. As can be seen 
from Table 3, the Rct of the electrode is significantly reduced 

 

Fig. 4. LSV curves of the two electrodes.
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after adding SiO2 nanoparticles, indicating that the addi-
tion of SiO2 nanoparticles speeds up the electrochemical 
reaction. In addition, lower Rf and higher Cf mean that 
more OH may be produced on the electrode surface [40,41], 
indicating that the addition of SiO2 nanoparticles plays an 
important role in improving the electrocatalytic oxidation 
performance of the electrode, which is conducive to the 
oxidative decomposition of organic pollutants.

 

 

 

Fig. 5. CV curves of (a) Ti/Sb/SnO2 and (b) Ti/Sb/SnO2-SiO2 at different scan rates, (c) evolution of the current density at 1 V vs. 
the sweep rate, (d) CV curves of the two electrodes at 50 mV/s; data for (e) Ti/Sb/SnO2 and (f) Ti/Sb/SnO2-SiO2 were obtained 
from the cyclic voltammograms between 0 and 1.4 V at various scan rates.

Table 2
Voltametric charge and porosity of the two electrodes

Electrode qT* (mC/cm2) qo* (mC/cm2) qi* (mC/cm2) p

Ti/Sb/SnO2 7.42 6.73 0.69 0.09
Ti/Sb/
SnO2-SiO2

22.08 18.80 3.28 0.15
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3.3. Electrocatalytic oxidation of organic pollutants

Fig. 8a shows the degradation efficiency of AR 18 as 
a function of electrocatalytic oxidation time. The results 
show that the degradation efficiency of AR 18 is significant 
in the first 60 min and then gradually slows down. After 
120 min of electrocatalytic oxidation, the AR 18 degradation 
efficiency of Ti/Sb/SnO2-SiO2 is 99.93% and that of Ti/Sb/
SnO2 is 95.77%. Fig. 8b shows the first-order kinetic deg-
radation process of AR 18, which can be represented by 
ln(c0/ct) = k1t (where c0 is the initial concentration of elec-
trolyte, mg/L; ct is the concentration of electrolyte at t min, 
mg/L; t is the time, min, and k1 is the rate constant, min–1). 
The k1 of the Ti/Sb/SnO2-SiO2 electrode is greater than that 
of the Ti/Sb/SnO2 electrode, indicating that the addition of 
SiO2 nanoparticles makes the electrode have a higher deg-
radation rate. The AR 18 is obviously degraded on each 
electrode, but the degradation efficiency of the Ti/Sb/SnO2-
SiO2 electrode system is higher.

Meanwhile, the chemical oxygen demand removal rate 
in the electrocatalytic oxidation process was measured, 
as shown in Fig. 8c. The removal rate of COD on Ti/Sb/
SnO2-SiO2 electrodes is continuously higher than Ti/Sb/
SnO2 electrodes. After 120 min of electrocatalytic oxida-
tion, the COD removal rate of Ti/Sb/SnO2 is 63.9%, while 
the COD removal rate of Ti/Sb/SnO2-SiO2 reaches 81.78%. 
Fig. 8d displays the first-order kinetic removal process of 
COD, which can be represented by ln(COD0/CODt) = k2t (k2 
is the rate constant, min–1). The k2 of the Ti/Sb/SnO2-SiO2 
electrode is greater than that of the Ti/Sb/SnO2 electrode. 
However, for the same degradation time, the COD removal 
rate is lower than the AR 18 degradation efficiency, which 

may mean that the AR 18 is converted into other small 
molecular organic intermediates before being completely 
oxidized to CO2 and H2O [41,42].

The above experiment shows that the AR 18 gradually 
decomposes during the electrocatalytic oxidation process. In 
order to further verify the presence of small-molecule organ-
ics in the decomposition process of AR 18, the three-dimen-
sional fluorescence spectrum of the organics in the electrolyte 
with the electrocatalytic oxidation time was measured, and 
the type of organic matter was determined according to the 
range of excitation wavelength and emission wavelength. 
Fig. 9 shows the three-dimensional fluorescence spectrum 
of the organics in the simulated liquid before electrocatalytic 
oxidation, which shows that there are no small-molecule 
organics. Figs. 10 and 11, respectively, show the three-di-
mensional fluorescence spectra of the changes in the con-
centration of organic matter in the electrolyte with the elec-
trocatalytic oxidation time when the Ti/Sb/SnO2 and Ti/Sb/
SnO2-SiO2 electrodes undergo electrocatalytic oxidation. 
As can be seen, as the electrocatalytic oxidation process 
progresses, the AR 18 is gradually decomposed and small 
organic compounds are formed. Ex/Em is a fulvic-acid-like 
substance in the range of 220–250/400–500 nm, and Ex/Em 
is a polycarboxylate humic acid substance in the range of 
300–400/400–500 nm [43,44]. The concentration of these small 
molecule organics first increases over time. With the further 
extension of the electrocatalytic oxidation time, these small 
molecular organics are gradually oxidized and their fluo-
rescence intensities gradually weaken. However, comparing 
the fluorescence intensity changes of the organic matter in 
Figs. 10 and 11, it can be clearly seen that the small molecular 
organics in the Ti/Sb/SnO2-SiO2 electrode system are oxidized 
faster than those in the Ti/Sb/SnO2 electrode system, and 
the fluorescence intensities of the small molecular organics 
has become very low after 2 h of electrocatalytic oxidation 
in the system using the Ti/Sb/SnO2-SiO2 electrode.

Fig. 6. Electrochemical impedance spectroscopy of two elec-
trodes.

 

Fig. 7. Equivalent circuit of electrochemical impedance 
spectroscopy fitting.

Table 3
EIS fitting analysis results of the two electrodes

Electrode Rs (Ω/cm2) Cf (mF/cm2) Rf (Ω/cm2) Cdl (mF/cm2) Rct (kΩ/cm2)

Ti/Sb/SnO2 1.874 0.968 9.417 0.768 39.85
Ti/Sb/SnO2-SiO2 1.442 2.513 2.685 4.762 9.15
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In the electrocatalytic oxidation process, the degrada-
tion efficiency of organic pollutants is closely related to the 
generation rate and intensity of active oxygen. OH plays an 
important role in the electrocatalytic oxidation process due 
to its high redox potential. Therefore, the electrochemical 

activity of the electrode can be evaluated by measuring the 
concentration of·OH produced during the electrocatalytic 
oxidation process. Fig. 12 shows the intensity of OH in the 
solution before electrocatalytic oxidation. Figs. 13 and 14 
show the intensity of •OH produced in the Ti/Sb/SnO2 and 
Ti/Sb/SnO2-SiO2 electrode systems, respectively, as a func-
tion of electrocatalytic oxidation time. The ability to generate 
hydroxyl can be compared by considering the fluorescence 
intensity in Figs. 12–14. It can be seen from Figs. 12–14 that 
the fluorescence intensity increases with the increase of the 
reaction time. This indicates that the fluorescence intensity 
of •OH increases continuously with the progress of electro-
catalytic oxidation. The production capacity of •OH on the 
Ti/Sb/SnO2-SiO2 electrode is obviously stronger than that 
on the Ti/Sb/SnO2 electrode, showing that the Ti/Sb/SnO2-
SiO2 electrode with SiO2 nanoparticles can generate more 
•OH, which can provide greater electrochemical activity for 
the electrode, thereby facilitating the electrocatalytic oxi-
dation of organic matter [33,41].

3.4. Current efficiency and energy consumption assessment

The generation capacity of OH affected the current 
efficiency in the electrocatalytic oxidation process, so the 
current efficiency was monitored during the process. The 
instantaneous current efficiency (ICE) of the two electrodes 
in the degradation process is shown in Fig. 15a, which can 
be calculated by Eq. (7).

 
Fig. 8. (a) AR 18 removal efficiency and kinetic fitting of different electrodes and (b) COD removal efficiency and kinetic fitting 
of different electrodes.

 
Fig. 9. Three-dimensional fluorescence spectrum of AR 18 before 
electrocatalytic oxidation.
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Fig. 10. Three-dimensional fluorescence spectrum of the organic matter concentration in the electrolyte with time during the 
electrocatalytic oxidation of the Ti/Sb/SnO2 electrode: (a) 20 min, (b) 40 min, (c) 60 min, (d) 80 min, (e) 100 min, and (f) 120 min.
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Fig. 11. Three-dimensional fluorescence spectrum of the organic matter concentration in the electrolyte with time during the elec-
trocatalytic oxidation of the Ti/Sb/SnO2-SiO2 electrode: (a) 20 min, (b) 40 min, (c) 60 min, (d) 80 min, (e) 100 min, and (f) 120 min.
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where ΔCOD is the change value of COD (mg/L); I is the 
current (A), t is the time (h), SV is the volume (L); F is the 
Faraday constant (96,487 C/mol).

After 20 min, the ICE value of Ti/Sb/SnO2-SiO2 electrode 
is 37.29%, which is 1.45 times more than Ti/Sb/SnO2 elec-
trode. The current efficiency decreases with time, which 
may be due to a small amount of impurities adsorbed on 
the surface of the electrodes during the electrolysis pro-
cess, thus affecting the charge transfer. Compared with the 
Ti/Sb/SnO2 electrode, the Ti/Sb/SnO2-SiO2 electrode has a 
higher current efficiency during the process.

In order to evaluate the energy consumption (EC) for 
degradation of AR 18 in the electrocatalytic oxidation pro-
cess, the cell voltage of this process was recorded. According 
to Eq. (8) [45], the energy consumption (EC, kWh/(gCOD)) 
in the electrocatalytic oxidation process under constant 
current can be calculated as:

 
Fig. 12. Fluorescence intensity of OH in the electrolyte before 
electrocatalytic oxidation.

 

 

 

Fig. 13 (Continued)
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Fig. 13. Fluorescence intensity change of the electrolyte OH with the electrocatalytic oxidation time during the electrocatalytic 
oxidation of the Ti/Sb/SnO2 electrode: (a) 20 min, (b) 40 min, (c) 60 min, (d) 80 min, (e) 100 min, and (f) 120 min.

Fig. 14 (Continued)
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EC
COD

�
UIt

SV�
 (8)

where U is the cell voltage (V).
Fig. 15b analyses the EC of the Ti/Sb/SnO2 and Ti/Sb/

SnO2-SiO2 electrodes during electrocatalytic oxidation. As 
can be seen from Fig. 15b, the EC of the Ti/Sb/SnO2-SiO2 
electrode gradually stabilized after 1 h of electrocatalytic 
oxidation. When the electrocatalytic oxidation is carried 
out for 2 h, the EC of the Ti/Sb/SnO2 electrode is 1.5 times 
that of the Ti/Sb/SnO2-SiO2 electrode, indicating adding SiO2 
nanoparticles can significantly reduce the energy consump-
tion in the electrocatalytic oxidation process, improving the 
stability of the electrode [46].

4. Conclusion

In this work, a novel SiO2 nano-composite Ti/Sb/SnO2-
SiO2 anode was successfully prepared. For the Ti/Sb/SnO2 

electrode added with SiO2 nanoparticles, since the SiO2 
nanoparticles act as a physical barrier during the thermal 
decomposition of the coating, the SnO2 grains could not con-
tact smoothly and formed long-range continuous crystals. 
This results in finer grains and denser coatings. The addition 
of SiO2 nanoparticles increased the oxygen vacancies in the 
coating and raised the content of active oxygen. The Ti/Sb/
SnO2-SiO2 electrode had a higher oxygen evolution poten-
tial, more active sites and volt-ampere charges, which effec-
tively inhibited the side reactions of oxygen evolution and 
enhanced the catalytic performance of the electrode. After 
adding SiO2 nanoparticles, the AR 18 and the COD maxi-
mum degradation efficiency of Ti/Sb/SnO2-SiO2 electrode 
can reach up 99.93% and 81.78% after 120 min of degrada-
tion, respectively. The degradation process of AR 18 con-
formed to the first-order kinetic reaction. In addition, the OH 
generation ability of Ti/Sb/SnO2-SiO2 electrode enhanced, 
which can effectively improve the current efficiency and 
reduce the energy consumption, thereby enhancing the 
stability of the Ti/Sb/SnO2-SiO2 electrode.

 
Fig. 15. (a) ICE and (b) EC of the two electrodes in the electrolysis process, respectively.

 

 

 
Fig. 14. Fluorescence intensity change of the electrolyte OH with the electrocatalytic oxidation time during the electrocatalytic 
oxidation of the Ti/Sb/SnO2-SiO2 electrode: (a) 20 min, (b) 40 min, (c) 60 min, (d) 80 min, (e) 100 min, and (f) 120 min.
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