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The Sb-doped SnO2 electrode is modified by TiN nanoparticles and has higher 

stability and significantly enhanced electrochemical decolorization activity.  
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The Sb-doped SnO2 electrode is modified by TiN nanoparticles and has higher 

stability and significantly enhanced electrochemical decolorization activity.  
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Abstract: Ti/Sb-SnO2 electrode modified with titanium nitride (TiN) nanoparticles 

was prepared by the pulse electro-codeposition method. X-ray diffraction and 

scanning electron microscopy show that compared with Ti/Sb-SnO2, Ti/Sb-SnO2-TiN 

electrode has a small unit cell volume of tetragonal SnO2 and a refined, compact 

particle film. X-ray photoelectron spectroscopy analysis shows that introducing 

titanium nitride nanoparticles facilitates the formation of Sb5+. And the adsorbed 

hydroxyl oxygen species content of Ti/Sb-SnO2-TiN (43.07 %) is higher than that of 

Ti/Sb-SnO2 (21.85 %), indicating that Ti/Sb-SnO2-TiN electrode has more active sites 

for electrochemical oxidation of organic pollutants. In 0.25 M Na2SO4 solution, the 

charge transfer resistance of Ti/Sb-SnO2-TiN (150 ohm) is much smaller than that of 

Page 3 of 43 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 3 

Ti/Sb-SnO2 (1334 ohm). With a constant current density of 100 mA cm-2, the 

accelerated service lifetime of Ti/Sb-SnO2-TiN is improved significantly, which is 

15.7 times as long as that of Ti/Sb-SnO2. Ti/Sb-SnO2-TiN electrode is demonstrated to 

have a prominent ability for oxidative decolorization of methylene blue. The results 

also confirm that Ti/Sb-SnO2-TiN electrode has higher decolorization efficiency and 

kinetic rate constant, which are 1.54 and 3.24 times as efficient as those of Ti/Sb-SnO2, 

respectively.  

Keywords: Titanium nitride; Sb-doped SnO2; Voltammetric characterization; 

Accelerated life model. 

 

1. Introduction  

Electrochemical oxidation is an effective approach for treating organic 

wastewater, on account of its prominent oxidation performance, ease of operation and 

environmental compatibility.1-3 For the application of electrochemical oxidation 

technology, appropriate electrodes with high electrochemical activity and long service 

life are essential.4 There are different kinds of electrodes for electrochemical 

decomposition of organic pollutants, such as Pt, BDD, RuO2, IrO2, PbO2, and MnO2 

electrodes. As one of semiconductor electrodes with a long history, Sb-doped SnO2 

electrode is early reported by Comninellis et al.5 and is well known for its low cost, 

high oxygen evolution potential and electro-generation of hydroxyl radicals.6 Higher 

oxygen evolution potential can restrain the subsidiary reaction of oxygen evolution, 
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and hydroxyl radicals can effectively suppress the electrode fouling and restore 

electrode activity.7 Consequently, Sb-doped SnO2 electrode is one of the most 

promising electrodes for electrochemical oxidation of organic pollutants.  

Although Sb-doped SnO2 electrode presents a superior electrocatalytic 

performance, it has a low stability for the irreversible deactivation, which is probably 

caused by substrate passivation and active substance consumption.8,9 To overcome 

this disadvantage, some efforts for modifying electrodes have been taken considerably, 

including introduction of rare earths (Ce, Nd, Gd, Eu, Dy, Y, etc.) 10-13, doping with 

noble metals (Pt, Ru, Ir, etc.) 14-16, addition of other metals (Fe, Co, Ni, Bi, etc.) 17-20
, 

and modification with interlayer21. Yang et al.19 has studied the effects of rare earth 

(Ce), noble metals (Ru and Pd) and iron group metals (Fe, Co and Ni) on the 

performance of Sb-doped SnO2 electrodes. And the results suggest that, in spite of the 

superior catalytic performance of nickel-modified electrode, the doping of rare earth 

Ce do not achieve a significant improvement for electrode activity, and that the 

introduction of Pd and Ru leads to a decrease of oxygen evolution potential which is 

unfavorable. Regarding the interlayer method, Wu et al.22 have prepared 

Ti/TiN/Sb-SnO2 electrodes with plasma sprayed TiN interlayer, but the conditions of 

interlayer fabrication is complicated. Considering about the factors mentioned above, 

there are some restrictions for these modification methods, and it is significant to 

explore some new ideas.  

Recently, doping nanomaterials into active coatings has become a new focus for 

the modification of electrocatalytic electrodes. Hu and his co-workers23,24 have 
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studied the impacts of carbon nanotubes and chromium carbides on Sb-doped SnO2 

electrodes, and it is satisfactory that the stability and activity of electrodes can both be 

improved. Zhang et al.25 have prepared Sb-doped SnO2 electrode modified with 

carbon nanotubes and have investigated the performance of electrochemical dye 

wastewater oxidation, and the results demonstrate a prominent enhancement for the 

stability and electrocatalytic activity.  

Herein, titanium nitride nanoparticles are introduced to modify the 

electrocatalyitc electrodes. As one kind of metal nitrides, titanium nitride possesses 

some characteristics such as extreme hardness, high fire resistance, good electric 

conductivity, chemical stability, catalytic activity and relatively low costs.26 Therefore, 

it is a desirable electrode material and can be good candidates for various applications 

including heterogeneous catalysis27,28, hydrogen evolution electrocatalysis29
, water 

splitting photocatalysis30, fuel cells31,32, electrochemical capacitors33, and solar cells34. 

However, the application of titanium nitride in the environmental field especially 

electrochemical wastewater treatment has not been reported widely. Nakayama et al.35 

have reported the application of titanium nitride for electrochemical inactivation of 

marine bacteria. And Su et al.36 have reported the application of titanium nitride for 

electro-reduction debromination. The modification of electrocatalytic electrodes with 

titanium nitrides has not been reported frequently, either. On account of the 

electrochemical applications of titanium nitride, it is expected to apply to improving 

the stability and to promoting the performance for electrocatalytic electrodes through 

compositing titanium nitrides.  
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In this work, Ti/Sb-SnO2-TiN electrode was fabricated by the pulse 

electro-codeposition method. Some characterizations, containing X-ray diffraction 

(XRD), scanning electron microscope (SEM), energy dispersive X-ray spectrometer 

(EDS) and X-ray photoelectron spectroscopy (XPS), were performed to test the 

crystal structure, morphology, surface composition and chemical states of oxygen 

element for Ti/Sb-SnO2-TiN electrode. And the electrochemical experiments, 

including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) 

and chronopotentiommetry, were conducted to analyze the electrochemical activity 

and stability. The electrochemical oxidation decolorization of methylene blue was 

investigated to confirm the enhanced electrocatalytic performance of Ti/Sb-SnO2-TiN 

electrode. Finally, an S-shaped curve equation was employed to evaluate the 

accelerated lifetime of electrode.  

 

2. Experimental  

2.1. Chemicals 

All reagents were analytical grade and used without further purification. Titanium 

nitride nanoparticles (size 20 nm) were purchased from Aladdin Chemicals (Shanghai, 

China). Graphite rods (spectrum grade, diameter 8 mm) were from Sinopharm 

chemical reagent Co. Ltd (Shanghai, China).  
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2.2. Preparation of Ti/Sb-SnO2-TiN composite electrodes  

Ti sheets (0.5 mm thickness, 99.6 % purity) went through mechanically polishing, 

degreasing in a 10 % NaOH solution at 85 °C for 1 h, and etching in a 10 % oxalic 

acid solution at 85 °C for 2 h. Then pretreated Ti sheets were preserved in a 3 % 

oxalic acid solution.  

0.024 g titanium nitride nanoparticles (20-50 nm) were mixed into the 100 mL 

electrodeposition solution consisting of 0.1 M SnCl4˙5H2O, 0.1 M citric acid and 

0.011 M SbCl3, and the mixed solution was ultrasonically dispersed for 5 min to 

obtain a homogeneous suspension with 0.24 g L-1 titanium nitride. Then 

ethylenediamine tetramethylenephosphonic acid was added dropwise to the 

electrolyte to obtain a 1 mM concentration. A graphite rod was employed as the anode, 

and Ti sheet as the cathode. Cathodic pulse electro-codeposition was performed for 

0.5 h in the pulse conditions of 10 Hz frequency and 50 % duty percentage with an 

average current density of 5 mA cm-2. To avoid the effect of temperature instability, 

the electrodeposition bath was kept at 23 °C. Deposited Ti sheets were washed by 

distilled water, then dried at 100 °C, and finally annealed in a muffle furnace at 

500 °C for 1 h to obtain Ti/Sb-SnO2-TiN electrodes. Scheme 1 shows the preparation 

of Ti/Sb-SnO2-TiN electrode, and it is expected to obtain rough surface and improved 

electrode stability. The procedure to prepare Ti/Sb-SnO2 electrode was the same as 

mentioned above, except adding titanium nitride nanoparticles.  
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Scheme 1 Schematic illustration for the preparation of Ti/Sb-SnO2-TiN electrode.  

2.3. Characterization of electrodes 

The morphologies of Ti/Sb-SnO2-TiN composite electrodes were scanned and the 

elemental compositions were examined by scanning electron microscope (SEM; 

INSPECT S50, MAKE FEI, America) equipped with an energy dispersive X-ray 

spectrometer (EDS). X-ray diffraction (XRD; Rigaku D/Max2500, Japan) was 

performed with a Cu Kα radiation at 40 kV and 150 mA to obtain the crystalline 

patterns of tin oxide. X-ray photoelectron spectroscopy (XPS) measurements were 

performed on a Thermo ESCALAB 250 Electron Spectrometer (UK; Al Kα radiation, 

hν =1486.6 eV). The binding energy of C1s level from adventitious carbon at 284.6 

eV was used as internal reference to calibrate the spectra.  

 

2.4. Electrochemical experiments 

Electrochemical experiments were performed in a conventional three-electrode 

cell recorded by a CHI760C electrochemical workstation (CH Instruments, China). 

The Ti/Sb-SnO2-TiN composite electrode served as the working electrode with a test 
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area of 1 × 1 cm2. A platinum sheet (2 × 2 cm2) and saturated calomel electrode (SCE) 

were used as a counter and reference electrode, respectively. The electrolyte was 0.25 

M Na2SO4 solution. Electrochemical impedance spectroscopy (EIS) measurements 

were conducted in a range of 105 Hz - 0.1 Hz and at a potential of 2.0 V (vs. SCE) 

with an amplitude signal of 5 mV, and the results ware fitted using the ZView 

software. Cyclic voltammetry (CV) was performed between 0.6 and 0.8 V with 

different sweep rates. Before each measurement, the system was stabilized at open 

circuit voltage for 5 - 10 min.  

The accelerated service life tests were conducted using chronopotentiommetry 

with an anodic current density of 100 mA·cm-2 in the three-electrode system. The 

electrolyte was 0.25 M Na2SO4 solution. The anode potential was recorded as a 

function of time, and it indicated that the electrode was deactivated when the potential 

increased 5 V from its initial value.37  

 

2.5. Dye decolorization tests  

The electrochemical decolorization experiments for dyes (methylene blue-MB, 

methyl orange-MO, and orange II-OII) were performed in 50 mL 50 mg L-1 dye 

solution with the supporting electrolyte of 0.25 M Na2SO4 solution. The electrolysis 

was performed in the galvanostatic condition of 20 mA cm-2 with a working electrode 

area of 1 × 2 cm2. The electrochemical decolorization process of dyes was monitored 

by the UV-Vis absorbance spectroscopy, and dye solution concentrations were 
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 10 

measured by the absorbance intensity at the characteristic wavelength of 664 nm 

(MB), 463nm (MO) and 484 nm (OII).  

 

3. Results and discussion 

3.1. Characterization of Ti/Sb-SnO2 electrodes  

The XRD patterns of Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes are shown in 

Fig. 1. The diffraction peak positions for both samples coincide roughly with those of 

tetragonal rutile SnO2 (PDF#41-1445) with the diffraction peaks appearing at (110), 

(101), (200), (211), (220), (310), (112), and (301). And several peak positions for both 

samples are related to the orthorhombic SnO2 (PDF#29-1484). Regarding of 

orthorhombic SnO2 phase, its formation is owed to a high stress inside the particle 

layer during oxidation.38 Nevertheless, the additional peaks corresponding to 

antimony oxide are not found; this may be connected with either the low content of 

antimony element or the doping of antimony ions into the stannic oxide phase. No 

peaks for titanium oxides are observed, showing that the pulse electrodeposition 

process can produce a good coverage of the Ti matrix.  

In Fig. 1(b), a significant increase arises up from the peak intensities of 

orthorhombic SnO2. The weight ratio of orthorhombic to tetragonal SnO2 can be 

estimated from the intensity ratio of the strongest orthorhombic peak to the intensity 

of the strongest tetragonal peak.39 Thereby the content of orthorhombic SnO2 for 

Ti/Sb-SnO2-TiN is higher than that for Ti/Sb-SnO2; this can be ascribed to a higher 
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stress caused by titanium nitrides. In addition, compared with that of Ti/Sb-SnO2 

electrode, the half peak widths at (110), (101) and (211) peaks for tetragonal SnO2 of 

Ti/Sb-SnO2-TiN electrode increase. As known by Scherrer’s formula, the half peak 

width is inversely proportional to crystalline grain size, thus Ti/Sb-SnO2-TiN 

electrode has a smaller crystal grain size. This result confirms that applying 

nanoparticles can refine the crystal grains, and thereby increase the specific surface 

area and active sites.  

The lattice parameters (a=b and c) for Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes 

were calculated by Bragg’s formula based on the main diffraction peaks of tetragonal 

SnO2 phase:  

2 2 2 2 2

1

(( ) / ) ( / )
hkl

d
h k a l c

=
+ +

                 (1) 

where dhkl is the crystal face space, h, k and l are crystal face index, and a and c are the 

unit-cell parameters.  

The lattice parameters for Ti/Sb-SnO2 electrode are a = b = 4.730 Å and c = 3.187 

Å, and those for Ti/Sb-SnO2-TiN electrode are a = b = 4.730 Å and c = 3.178 Å. The 

unit cell volume (V) was calculated by the formula 2V a c= × , and the results for 

both electrodes are 71.30 and 71.10 Å3, respectively. This result shows that the lattice 

parameters and for both electrodes are smaller than those of the standard SnO2 

(cassiterite, a = b = 4.738 Å, c = 3.187 Å and V = 71.54 Å3), which can be ascribed to 

the SnO2 lattice distortion. Due to the fact that the radius of Sb5+ ion is smaller than 

that of Sn4+ ion, doping antimony ions into the stannic oxide crystalline lattices leads 

to the contraction of SnO2 lattice parameters. Furthermore, with adding titanium 
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 12 

nitride nanoparticles, the unit cell volume of SnO2 decreases from 71.30 Å3 to 71.10 

Å3, suggesting more lattice distortions.  

  

Fig. 1 XRD patterns of (a) Ti/Sb-SnO2 electrode and (b) Ti/Sb-SnO2-TiN electrode. 

 

Fig. 2(a) and (b) show the SEM images of Ti/Sb-SnO2 electrode and 

Ti/Sb-SnO2-TiN electrodes. With increasing titanium nitride nanoparticles, particles 

of Ti/Sb-SnO2-TiN electrode appear to be much smaller and more compact. Smaller 

particles have larger specific surface area and are expected to provide with more 

active sites for electrocatalytic oxidation. And a compact grains layer can cover Ti 

substrate and suppress the substrate oxidation so as to improve the electrode stability. 

Hence, Ti/Sb-SnO2-TiN electrode can be expected to possess better electrochemical 

performance and stability. To observe the distribution of titanium nitrides in the 

deposited layer and to avoid Ti substrate disturbance, the EDS measurement of 

deposited layer on a copper foil was conducted (shown in Fig. 2(c) and (d)). The EDS 

result in Fig. 2(c) suggests the presence of O, Sn, Sb, Ti and N. The peaks of O, Sn 

and Sb elements are clearly observed, but Ti and N peaks can be insignificantly 
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observed. The atom percentages of O, Sn, Sb, Ti and N elements are 61.34 %, 

30.99 %, 5.74 %, 1.08 % and 0.85 %, respectively. The lower content of N element 

than that of Ti element can be due to the thermal oxidation of titanium nitrides in air. 

X-ray dot-mapping is used for analyzing the distribution of layer elements, and Fig. 

2(d) shows the Ti element distribution on the deposited layer. Titanium nitride 

nanoparticles are successfully doped in and relatively uniformly distributed on the 

deposited layer.  

 

Fig. 2 SEM images of (a) Ti/Sb-SnO2 electrode and (b) Ti/Sb-SnO2-TiN electrode; (c) EDS result of 

the composite deposited layer and (d) X-ray dot-mapping of Ti element distribution on a copper 

substrate. 
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XPS is a surface analysis technique which can provide a good understanding of 

changes on the electrode surface, and thus XPS measurements of Ti/Sb-SnO2 and 

Ti/Sb-SnO2-TiN electrodes were conducted to analyze the chemical states of elements 

on the electrode surface. Survey spectra were recorded initially followed by narrow 

scan XPS spectra of Ti, Sn, Sb and O elements. Fig. 3 shows the element core-level 

spectra of the Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes. They were fitted with the 

XPS Peak Processing software using Lorentzian-Gaussian peak shapes, and the fitted 

values were given in Tables 1 and 2.  

The Ti 2p peaks of Ti/Sb-SnO2-TiN electrode are shown in Fig. 3(a), where the 

high-resolution Ti 2p spectra shows four Ti 2p peaks arising at 456.91, 458.67, 461.06 

and 465.27 eV, respectively. According to Avasarala and Haldar40-41, the binding 

energies of Ti 2p3/2 and Ti 2p1/2 of electrode are assigned to titanium nitride, with 

456.91 and 461.06 eV as their respective peak positions. Some titanium nitride 

nanoparticles undergoes a thermodynamically oxidation reaction when exposed to 

air42:  

2 2 22 2 2TiN O TiO N+ → + ↑                  (2) 

Most of the substituted nitrogen is released in the interstitial positions of surface oxide 

layers as molecular nitrogen. Due to strongly thermal oxidation in air, the component 

of titanium oxide formed and the corresponding peaks are located at 458.67 and 

465.27 eV, respectively. The inset of Fig. 3(a) shows the N 1s peak of 

Ti/Sb-SnO2-TiN electrode, demonstrating the existence of titanium nitrides. However, 
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possibly due to too low content of titanium nitride, the titanium nitride phase is not 

observed in the XRD (shown in Fig. 1).  

Considering the effect of doping titanium nitride nanoparticles, further 

investigations were carried out. A comparison of the Sn 3d spectra of Ti/Sb-SnO2 and 

Ti/Sb-SnO2-TiN electrodes was shown in Fig. 3(b). The spectra reveal the spin-orbit 

of Sn 3d5/2 ground state in binding energy region of 486.7-486.8 eV while the Sn 3d3/2 

excited state is observed in binding energy region of around 495.1-495.3 eV (Table 1), 

which is ascribed to Sn4+ in SnO2.
43 The gap between the Sn 3d5/2 and Sn 3d3/2 levels 

is about 8.4 eV, which closely corresponds to the O in SnO2 and Sn in SnO2, 

respectively.44 It is observed that the binding energy of Sn 3d for Ti/Sb-SnO2-TiN 

electrode is slightly higher than that for Ti/Sb-SnO2 electrode, indicating a lower 

electron density around the Sn4+ in Ti/Sb-SnO2-TiN as a result of more lattice O2- 

existing in the crystal lattice.12  

The XPS spectra of Sb 3d5/2 and O 1s are overlapped, thus they were fitted and 

split into three peaks, and the fitted values are given in Table 1 and Table 2. And to 

investigate the doping effect on the chemical state of Sb, the Sb 3d3/2 peak was split 

into two peaks assigned to Sb3+ and Sb5+, respectively, which are displayed in the 

insets of Figs. 3(c) and (d). Observed from Table 1, the atom ratio of Sn and Sb for 

both electrodes is around 4.2, showing that introducing nanoparticles dose not 

influence evidently the content of Sn and Sb in the active layer; EDS result shows that 

the atom ratio of Sn and Sb for electrode before annealing is 4.9 which is higher than 

that after annealing. This phenomenon can be ascribed to the segregation of antimony 
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element on the electrode surface45. However, the atom ratio of Sb5+ and Sb3+ is 

boosted from 2.2 to 6.5 with doping titanium nitrides. This result can give an 

explanation for the unit volume decreasing of Ti/Sb-SnO2-TiN electrode.  

It is generally considered that the O 1s peak is observed in binding energy region 

of 529-535 eV. Two O 1s peaks, which are a lower binding energy peak at about 

530.3-530.4 eV and a higher binding energy peak at about 531.6-531.8 eV, can be 

observed. Babar et al.44 attributed the lower energy binding peak to the lattice oxygen 

species (OL), and Srinivas et al.46 assigned the higher energy binding peak to adsorbed 

hydroxyl oxygen species (Oad). The relative content of two kinds of oxygen species 

was estimated preliminarily by the peak-area ratio method. The molar ratio of 

adsorbed hydroxyl oxygen and lattice oxygen for the Ti/Sb-SnO2-TiN electrode is 

75.67 %, which is higher than that for Ti/Sb-SnO2 electrode. And with doping 

titanium nitride nanoparticles, the atom ratio of Oad and OL increases from 21.85 % to 

43.07 %. Oad plays a prominent role in the oxidation process and influences the 

catalytic activity of electrodes.47 Therefore, the increased Oad content implies that the 

electrochemical activity of Ti/Sb-SnO2-TiN electrode will be considerably influenced 

by titanium nitrides.  
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Fig. 3 (a) Ti 2p core-level XPS for Ti/Sb-SnO2-TiN electrode, (b) Sn 3d core-level XPS for Ti/Sb-SnO2 

and Ti/Sb-SnO2-TiN electrodes, (c) and (d) O 1s and Sb 3d core-level XPS for Ti/Sb-SnO2 and 

Ti/Sb-SnO2-TiN electrodes. The inset is the N 1s core-level XPS for Ti/Sb-SnO2-TiN electrode.  

 

Table 1 XPS data of chemical states of tin and antimony elements on the electrode surface. 

Sample 

Binding Energy / eV Atom ratio of 

Sn: Sb 

Atom ratio of 

Sb5+: Sb3+ Sn 3d5/2 Sn 3d3/2 Sb 3d5/2 Sb 3d3/2 

Ti/Sb-SnO2 486.73 495.16 530.67 540.05 4.21 2.21 

Ti/Sb-SnO2-TiN 486.80 495.24 530.86 540.13 4.13 6.51 

 

Table 2 XPS data of chemical states of oxygen element on the electrode surface.  

Sample Binding energy / eV Atomic ratio of Oad: OL / % Oad content / % 
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O1s (OL) O1s (Oad) ( 100%ad

ad L

O

O O
Content += × ) 

Ti/Sb-SnO2 530.41 531.82 27.96 21.85 

Ti/Sb-SnO2-TiN 530.35 531.67 75.67 43.07 

 

3.2 Effects of the amount of titanium nitride nanoparticles  

EIS is a good approach to study the interfacial phenomenon, and herein is 

employed to investigate the electrochemical performance of various titanium nitride 

modified tin dioxide based electrodes. EIS experiments were performed at room 

temperature with a potential of 2.0 V (vs. SCE). Fig. 4 shows the experimental and 

fitted EIS spectra for various Ti/Sb-SnO2-TiN electrodes. In order to interpret the EIS 

spectra, the equivalent circuit was used to fit and to model the EIS behavior shown in 

the inset of Fig. 4(a). The Nyquist plots for all electrodes are similar in form, and are 

characterized by one resistance in higher frequency region, one capacitive-resistive 

semicircle in high frequency region and the other depressed capacitive-resistive 

semicircle in low frequency region. The resistance in higher frequency region 

corresponding to resistance (R1) in the model represents the solution resistance. The 

semicircle in high frequency region, which corresponds to the capacitance (C2) and 

resistance (R2) in the model, is supposed to represents the electrochemical behavior of 

the growth of a resistive hydrated layer at the oxide/solution interface48. It is 

considered to be associated with the properties of layers49 with no well understanding.  

The depressed semicircle in low frequency, which behaves as the constant phase 
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element (CPE3) and charge transfer resistance (R3) in the equivalent circuit, represents 

the electrochemical discharge process, and its behavior demonstrates the 

electrochemical performance of electrodes. A high capacitance (corresponding to 

CPE3) in the depressed semicircle can arise from a rough surface and reflect a high 

specific area50, and a low charge transfer resistance (corresponding to R3) can reflect a 

good electrochemical activity. Simulation parameters of EIS data were listed in Table 

3. As can be seen from Table 3, the CPE3 and R3 values for different Ti/Sb-SnO2-TiN 

electrodes vary with the amount of titanium nitrides. When the concentration of 

titanium nitrides is 0.24 g L-1, the electrochemical activity of electrode is optimal. The 

CPE3 value for Ti/Sb-SnO2-TiN electrode is 2.04×10-3 F, 5.1 times of that for 

Ti/Sb-SnO2 electrode, implying a significant enhancement of specific area. And the R3 

value of Ti/Sb-SnO2-TiN (0.24) electrode is only 150 ohm while that for Ti/Sb-SnO2 

electrode is 1334 ohm, showing a prominent improvement of electrocatalytic 

performance for electrodes. These results may be ascribed to the decreased unit cell 

volume of SnO2 caused by the introduction of titanium nitrides, and thus reveal the 

contribution of titanium nitrides to the improved electrode activity.  
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Fig. 4 (a) Electrochemical impedance spectra (Nyquist plots) of Ti/Sb-SnO2-TiN electrodes with 

different nano-TiN amounts in a 0.25 M Na2SO4 solution, and (b) corresponding local amplificatory 

plots. The inset is fitted equivalent circuit model.  

 

Table 3 EIS analysis results of Ti/Sb-SnO2 electrodes with different titanium nitride compositing 

amounts.  

TiN concentration / g L-1 R1/ohm R2/ohm C2/F R3/ohm CPE3/F n 

0 1.28 5.05 5.58×10-7 1334 4.00×10-4 0.85 

0.06 1.28 3.73 7.19×10-7 159 1.94×10-3 0.82 

0.24 1.17 3.28 7.07×10-7 150 2.04×10-3 0.83 

0.48 1.27 3.92 7.38×10-7 276 1.61×10-3 0.86 

0.72 1.23 3.98 8.04×10-7 472 1.00×10-3 0.88 

 

To investigate the effects of amounts of titanium nitrides on the electrocatalytic 

activity of electrodes, electrochemical decolorization of methylene blue were 

performed on different Ti/Sb-SnO2-TiN electrodes for 1 h electrolysis time. And the 
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electrolysis was performed in 50 mL 50 mg L-1 methylene blue and 0.25 M Na2SO4 

mixed solution with the galvanostatic condition of 20 mA cm-2, and the electrode area 

is 1 × 2 cm2. Fig. 5 shows the variations of one-hour methylene blue decolorization 

efficiency with TiN concentration. The decolorization percentage of Ti/Sb-SnO2 

electrode without titanium nitrides is only 34.3 %. However, it significantly increases 

with doping titanium nitride nanoparticles. With increasing the amount of titanium 

nitride nanoparticles, the methylene blue decolorization efficiency presents a parabola 

change. And the 0.24 g L-1 group presents an optimal decolorization efficiency of 

61.2 %, revealing the most significant electrocatalytic activity. The decolorization 

process for methylene blue will be further discussed in the following analysis.  

 

Fig. 5 Effects of TiN concentration on the decolorization efficiency of methylene blue.  

 

3.3. Voltammetric characterization  

In order to explain the effect of doping titanium nitride nanoparticles on the 

electrocatalytic activity of electrodes, the relative roughness factor (Rf) and 
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voltammetric charge of both electrodes were determined from CV.  

The relative roughness factor reflecting the real surface area of electrode is 

defined as real surface area per apparent geometric area of electrode, and calculated 

through comparing determined capacitance with the capacitance of a smooth oxide 

surface (60 µF·cm-2).51 Figs. 6(a) and (b) show cyclic voltammgrams between 0.6 and 

0.8 V at different sweep rates for both electrodes, and insets are plots of current 

densities at 0.7 V against sweep rates. The current densities were measured in the 

points of 0.7 V from the CV with 0.6 - 0.8 V potential range for different sweep rates. 

The linear relationship between current density and sweep rate confirms the 

nonfaradaic character of the current in this potential region .52 The capacitances were 

obtained from the plot slopes in Figs. 6(a) and (b), and they were compared with the 

value of 60 µF·cm-2 to estimate the roughness factor. Compared with that of 

Ti/Sb-SnO2, the relative roughness factor of Ti/Sb-SnO2-TiN is boosted (43.50 versus 

14.27, Table 4). Thus, the introduction of titanium nitride nanoparitcles can improve 

remarkably the roughness of electrode surface and is favorable to the electrocatalytic 

activity.  

The voltammetric charge (q*) is closely related to the real specific surface area 

and the amounts of electroactive sites, which greatly determines the electrocatalytic 

performance of electrode53. The total voltammetric charge qT
*, which is related to the 

total electrochemically active surface area of the oxide coating, can be obtained 

through plotting the reciprocal of q*
 against the square root of the potential scan rate 

by using the following equation54:  
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* * 1/21/ 1/ Tq q kv= +         (3) 

The outer voltammetric charge qO
*, which is the charge related to the most accessible 

electroactive surface area, is obtained according to the following equation:  

* * ' 1/2
Oq q k v−= +          (4) 

In addition, the inner voltammetric charge qI
*, is calculated from the total and outer 

charge by subtraction.  

Figs. 6(c) and (d) show these plots for Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN 

electrodes and good linear fittings can be observed. As seen from Fig. 6(c), 

Ti/Sb-SnO2-TiN electrode appears larger qtotal
* value, showing that introducing 

titanium nitrides significantly improves the electrochemically active surface area. Fig. 

6(d) shows the relationship between q
* and v

-1/2 and that the value of outer 

voltammetric charge is obviously increased. This result shows that the TiN-modified 

electrode can provide with the more active sites for the electrocatalytic process. The 

values of voltammetric charges for both electrodes were listed in Table 4. Seen from 

Table 4, the values of qtotal
* and qouter

* for Ti/Sb-SnO2-TiN are 4.50 and 3.60 times as 

large as those for Ti/Sb-SnO2, respectively. These results indicate that the electrode 

modified with titanium nitrides has higher effective electrochemical surface area.  

Page 24 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 24 

 

Fig. 6 Cyclic voltammograms for (a) Ti/Sb-SnO2 and (b) Ti/Sb-SnO2-TiN electrodes with sweep rates 

from 5 to 200 mV s-1 in 0.25 M Na2SO4 solution. Insets are linear regression of j versus v measured at 

E = 0.7 V. (c) Reciprocal voltammetric charge (1/q*) versus the square root of the voltammetric scan 

rate (v1/2) for Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes. (d) Voltammetric charge (q*) versus the 

reciprocal square root of the voltammetric scan rate (v-1/2) for Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN 

electrodes. (c) and (d) data was obtained from the cyclic voltammograms between 0.5 and 1.5 V at 

various scan rates in 0.25 M Na2SO4 solution.  

Table 4 The roughness factors and voltammetric charges of Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN 

electrodes.  

Sample Rf  qtotal
* / mC cm-2 qouter

* / mC cm-2 

Ti/Sb-SnO2 14.27 3.03 1.46 

Ti/Sb-SnO2-TiN 43.50 13.65 5.25 
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3.4. Electrochemical decolorization performance  

To examine the electrochemical decolorization performance of Ti/Sb-SnO2 and 

Ti/Sb-SnO2-TiN electrodes, the adsorption and decolorization processes of methylene 

blue were performed on both electrodes. To enhance the decolirization ability, it is 

very helpful to increase the adsorption capacity of dye contaminant on the electrode 

surface. Fig. 7(a) shows the variations of adsorption efficiency with time. The 

adsorptions increase with time, and the adsorption balance is achieved after 

approximately 1 h. After 2 h adsorption, the efficiencies are 3.4 % and 8.9 %, 

respectively, demonstrating a higher adsorption capacity of Ti/Sb-SnO2-TiN electrode. 

This can be due to the result that Ti/Sb-SnO2-TiN electrode possesses a higher 

roughness and more electroactive sites. The higher concentration of contaminants 

maintaining around the electrode, to some extent, can inhibit the decolorization decay 

and improve the efficiency.  

Fig. 7(b) shows the decolorization efficiency (η), calculated according to 

Equation (5), with the variation of time:  

0

0

(%) 100
A A

A
η

−
= ×             (5) 

where A0 and A are the absorbance at the initial time and t (min), respectively. 

Methylene blue solution concentrations were measured by the absorbance intensity at 

the characteristic wavelength of 664 nm.  

Observed from Fig. 7(b), methylene blue decolorization efficiencies increase with 

electrolysis time. And methylene blue solution is decolorized rapidly on 
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Ti/Sb-SnO2-TiN electrode but decolorized slowly on Ti/Sb-SnO2 electrode, showing 

that the methylene blue decolorization on Ti/Sb-SnO2-TiN is much more efficient than 

that on Ti/Sb-SnO2. The difference of methylene blue decolorization increases with 

the electrolysis proceeding. During 60 min electrolysis, the methylene blue 

decolorization efficiencies of Ti/Sb-SnO2-TiN and Ti/Sb-SnO2 electrodes rise and 

reach 73.9 % and 34.3 %, respectively. The electrochemical decolorization efficiency 

for Ti/Sb-SnO2-TiN within 90 min is obviously higher than that for Ti/Sb-SnO2 within 

120 min. After 120 min, the methylene blue decolorization efficiencies are 100 % and 

65.1 %, respectively. This result reveals that the activity of Ti/Sb-SnO2-TiN electrode 

is higher than that of Ti/Sb-SnO2 electrode.  

The inset of Fig. 7(b) shows the semi-log relationship of methylene blue 

concentration with electrolysis time. Dye decolorization process is considered to 

follow the pseudo-first order kinetics model55-56:  

/dc dt kc= −              (6) 

Where c is the concentration of methylene blue at given time and k is the kinetic rate 

constant. The kinetic rate constants for methylene blue decolorization were obtained 

from the slope of the inset curve in Fig. 7(b). They are 6.96×10-3 min-1 for Ti/Sb-SnO2 

and 22.5×10-3 min-1 for Ti/Sb-SnO2-TiN. This shows that methylene blue can be 

decolorized far more rapidly on Ti/Sb-SnO2-TiN electrode and that the decolorization 

rate constant for Ti/Sb-SnO2-TiN is 3.24 times as efficient as that for Ti/Sb-SnO2.  
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Fig. 7 Variations of (a) adsorption efficiency, and (b) decolorization efficiency with time. The inset is 

the pseudo-first order of methylene blue decolorization on Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes. 

The adsorption and electrolysis were performed in 50 mL 50 mg L-1 methylene blue and 0.25 M 

Na2SO4 mixed solution in magnetic stirring with the electrode area is 1 × 2 cm2. And the electrolysis 

was under the galvanostatic condition of 20 mA cm-2.  

 

To further investigate the electrocatalyitc decolorization ability of 

Ti/Sb-SnO2-TiN electrode, the electrochemical decolorization processes of methylene 

blue with different concentrations, methyl orange and orange II were performed. Fig. 

8(a) shows the decolorization performance of Ti/Sb-SnO2-TiN against different 

concentrations of methylene blue. With increasing the dye concentration, the 

decolorization efficiencies and kinetics rate constants decrease. As the dye 

concentration is increased from 50 to 150 mg L-1, the decolorization efficiency still 

reaches up to 93.4 %, and the kinetics rate constant is 18.54×10-3 min-1. And as the 

concentration is further increased to 300 mg L-1, the dye decolorization amount 

increases from the original 50 mg L-1 to 201.3 mg L-1 although the decolorization 

efficiency is 67.1 %. This result indicates that the TiN-modified electrode has good 
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decolorization ability for relatively high concentration of methylene blue dye.  

Fig. 8(b) shows the decolorization ability of Ti/Sb-SnO2-TiN electrode against 

different dyes with the same concentrations. After 60 min electrolysis, the 

decolorization efficiencies of methylene blue, methyl orange, and orange II on 

Ti/Sb-SnO2-TiN electrode are 73.9 %, 89.9 % and 77.7 %, respectively. After 120 min, 

the decolrization efficiencies are 100 %, 94.7 % and 94.2 %, respectively. And the 

pseudo-first order kinetics rate constants are 22.5, 39.5 and 24.5 min-1, respectively. 

Observed from the pseudo-first order kinetic rate constant comparison of different 

electrodes in Table 5, it is demonstrated that the TiN-modified electrode has a high 

decolorization performance for different dyes. This result shows that Ti/Sb-SnO2-TiN 

electrode has a wide use for the decolorization of different dyes.  

 

Fig. 8 Decolorization efficiencies of (a) methylene blue with different concentrations, and (b) different 

dyes. The insets are the pseudo-first order of dye decolorization on Ti/Sb-SnO2-TiN electrode.  

 

Table 5 Pseudo-first order kinetic rate constant comparison of different electrodes.  

References Electrode Electrolysis Condition k / 10-3 min-1 

[57] Pt  100 mg L-1 methyl violet, 0.05 M Na2SO4,  1.13;  
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BDD pH=3, 33.3 mA cm-2 31.1 

[58] 

MMO 

BDD 

50 mg L-1 methyl orange, 0.1 M Na2SO4,  

pH=3, 50 mA cm-2 

2.48 

15.4 

[59] Ti/PbO2-ZrO2 

30 mg L-1 MB, 0.25 M Na2SO4,  

50 mA cm-2 

24.3 

[25] 

Ti/SnO2-Sb; 

Ti/SnO2-Sb-CNT 

1 g L-1 C.I. Acid Red 73, 0.1 M Na2SO4,  

50 mA cm-2 

8.3;  

16.0 

[60] 

Ti/Sb-SnO2;  

Ti/Sb-SnO2-NGNS 

50 mg L-1 MB, 0.25 M Na2SO4, 

20 mA cm-2 

6.11;  

36.6 

This work 

Ti/Sb-SnO2;  

Ti/Sb-SnO2-TiN  

50 mg L-1 MB, 0.25 M Na2SO4,  

20 mA cm-2 

6.96;  

22.5;  

This work Ti/Sb-SnO2-TiN 

50 mg L-1 MO, 0.25 M Na2SO4,  

20 mA cm-2 

39.5  

This work Ti/Sb-SnO2-TiN 

50 mg L-1 OII, 0.25 M Na2SO4,  

20 mA cm-2 

24.5  

 

Electrochemical oxidation decolorization of methylene blue was monitored with 

UV-Vis absorbance spectroscopy. The UV-Vis spectra of methylene blue were 

reported in Fig. 9, and changes in the spectra demonstrate the decolorization of 

methylene blue quantitatively. The UV-Vis absorbance peaks of initial methylene blue 

solution appear at wavelengths of 664 nm, 293 nm and 246 nm. Among those 

absorbance peaks, the peak at 664 nm can be ascribed to dimenthylamino group as the 
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chromophore, and the two peaks in the ultraviolet region are attributed to the benzene 

rings in the methylene blue molecule.61 With increasing electrolysis time, all 

characteristic peaks of methylene blue decrease. Due to the N-demethylation and 

deamination of methylene blue, the absorbance peak at 664 nm for Ti/Sb-SnO2-TiN 

electrode decreases rapidly till disappearing, suggesting a complete electrochemical 

decolorization after 2 h electrolysis. The absorbance peaks at 293 nm and 246 nm 

decrease in the consequence of benzene ring cracking. During the electrochemical 

decolorization process, no new peaks appear, implying a complete oxidative 

decomposition of methylene blue. Therefore, N-demethylation, deamination and 

electrochemically oxidative decomposition occur when the electrochemical 

decolorization proceeds.  

 

Fig. 9 Changes in the UV-Vis absorbance spectrum of methylene blue after different time intervals on 

Ti/Sb-SnO2-TiN electrode.  

 

The stability is always an important factor, thus we nade the reusability test on 

electrocatalytic oxidation of methylene blue; namely, reuse the electrodes after first 

catalytic run and redo the methylene blue decolorization test in a fresh solution. 
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Meanwhile, the XRD measurement of the electrodes after electro-decolorization was 

also performed to study the crystalline structure. Fig. 10(a) shows the changes of 

decolorization efficiencies with electrode use times. After 10 times decolorization, the 

decolorization efficiency is still up to 99.1 %, demonstrating a high stability for the 

electrode activity. Observed from XRD of Ti/Sb-SnO2-TiN electrodes with 1, 4, 7 and 

10 use times shown in Fig. 10(b), all the electrodes have good degree of crystallinity. 

The lattice parameters of Ti/Sb-SnO2-TiN (1) electrode are a = b = 4.738 Å and c = 

3.230 Å, which are higher than those of the fresh electrode (a = b = 4.730 Å and c = 

3.178 Å). This may indicate that Ti/Sb-SnO2-TiN electrode needs stabilization 

treatment before use. And with increasing the decolorization times, the lattice 

parameters of electrodes are not increased and keep constant. This result shows that 

Ti-modified electrodes have good stability.  

 

Fig. 10 (a) Changes of decolorization efficiencies with electrode use times on the same 

Ti/Sb-SnO2-TiN electrode; (b) XRD patterns of Ti/Sb-SnO2-TiN electrodes with different use times.  
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3.5. Kinetics model for estimating electrode deactivation  

The electrochemical stability is an important factor related with the electrode 

quality. The stabilities of Ti/Sb-SnO2 and Ti/Sb-SnO2-TiN electrodes were 

investigated through accelerated service life tests with an anodic current density of 

100 mA·cm-2, as shown in Fig. 11. At a high current density, severe oxygen evolution 

reaction occurs on the electrode surface, and can lead to Ti substrate passivation and 

active substance consumption in the consequence of an irreversible electrode 

deactivation.9 The accelerated service lifetime for Ti/Sb-SnO2 electrode is only 0.33 h. 

Compositing titanium nitrides into electrode prolongs the accelerated life to 5.22 h, 

which is 15.7 times as long as that for Ti/Sb-SnO2 electrode. Ti/Sb-SnO2-TiN 

electrode presents an improved accelerated life and can be ascribed to the compact 

composite layer due to the impact of titanium nitrides.  

To describe the electrode deactivation process during the accelerated service life 

experiment, as one kind of S-shaped curve equations, logistic curve equation is used 

to fit the accelerated service life curve. Ti/Sb-SnO2 electrode demonstrates a sharp 

increase in potential and gets deactivated within twenty minutes, indicating its low 

electrochemical stabilization:  

144.1
( ) 8.87 11791 [1 exp( )]

5.29

t
E t −+

= − × + , with R2 = 0.980   (7) 

The situation for Ti/Sb-SnO2-TiN electrode is very different, and the accelerated 

service life curve changes in a sigmoid type increase. At first, the potential increases 

gradually for the initial period, then increases rapidly for the next period. Finally, the 

change of accelerated service life curve is towards stabilization in the high potential, 
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indicating the electrode deactivation. The following equation is obtained:  

1179
( ) 9.21 5.18 [1 exp( )]

43.8

t
E t −−

= − × + , with R2 = 0.997    (8) 

The fitting degrees (R2) of accelerated service life curves are more than 0.98, thus the 

logistic curve equation can well describe the electrode deactivation for the accelerated 

service life:   

1( ) [1 exp( )]d

t a
E t E K

b

−+
= − × +                    (9) 

Seen from Equation (6) and (7), Ed is the final potential when the electrode is 

deactivated, the values of K, a and b determine the accelerated service life of 

electrode.  

 

Fig. 11 Accelerated service life tests on (■) Ti/Sb-SnO2 and (●) Ti/Sb-SnO2-TiN electrodes in a 0.25 M 

Na2SO4 solution with an anodic current density of 100 mA cm-2.  

 

4. Conclusions  

An effective Ti/Sb-SnO2-TiN electrode was successfully fabricated by the pulse 

electro-codeposition method. Compared with Ti/Sb-SnO2, Ti/Sb-SnO2-TiN electrode 

has smaller lattice size and compact layer which can provide with more active sites. 

Page 34 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 34 

XPS analysis shows that introducing titanium nitrides facilitates the formation of Sb5+ 

and increases the content of adsorbed hydroxyl oxygen. Voltammetric characterization 

shows that Ti/Sb-SnO2-TiN electrode possesses larger relative roughness factor and 

voltammetric charge, indicating a higher electrocatalytic activity. The kinetic analysis 

shows that the electrochemical oxidation decolorization process of methylene blue 

coincides with the pseudo-first order kinetics and that the rate constant on 

Ti/Sb-SnO2-TiN electrode is 22.52×10-3 min-1, 3.24 times as efficient as that on 

Ti/Sb-SnO2. Therefore, the TiN-modified Ti/Sb-SnO2 electrode presents a high 

electrocatalytic activity and can have a good prospect for the electrochemical 

wastewater treatment.  
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