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Elemental doping can effectively improve the catalytic oxidation performance of titanium-based
electrodes. To investigate the modification mechanism of La doping of Ti-based SnO, electrodes, the
electrochemical behaviour of the electrodes was tested using anodic polarization curve,
electrochemical impedance spectroscopy (EIS), linear sweep voltammetry (LSV), and the Mott-
Schottky (M-S) techniques. The change in the SnO, internal lattice structure after La doping is the
main reason for the improved performance. Therefore, theoretical calculations are used as an aid in the
electrochemical analysis to study the underlying doping mechanism. The electronic structure and the
density of SnO, lattice states in the electrode coating were calculated using first-principles
calculations. Electrochemical tests and theoretical calculations are consistently shown that the doped
La mainly improves the electrode performance through three aspects: 1) The band gap of the tin
dioxide lattice was reduced, and the electrical conductivity of the electrode was improved; 2) The
carrier of the tin dioxide lattice was increased, so that the electrode active site was increased; 3) The
density of the tin dioxide lattice was changed, thereby changing the cyclic voltammetry and
polarization characteristics of the electrode. The electrode performance is best as the La doping content
gives the ratio Sn: Sb: La=100:10:1.5 and that the modification mechanism of the doping is revealed
from a microscopic point of view.

Keywords: Modification mechanism; Electrochemical analysis; First-principles calculations; Ti/SnO,
electrode

1. INTRODUCTION

In recent years, Ti-based tin dioxide electrodes for organic wastewater treatment have gained
extensive attention due to their high oxygen evolution potential, fast reaction rate, and good
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environmental compatibility [1-7]. Doping metal ions into oxides has been generally researched to
promote the performance of electrodes. It was confirmed that doping can enhance the electro-catalytic
activity and chemical or mechanical stability of oxide electrodes [8-10]. Rare earth elements, whose 4f
and 5d electronic layer structures are not completely filled with electrons, are generally used as doping
elements. Researchers prepared and inspected several tin dioxide electrodes doped with various rare
earth elements, and the electrocatalytic performance of the electrodes were improved [11-13].
However, the doping modification mechanism IS still obscure. Why
the various kinds and quantities of doped metals directly affect the electrode performance is unknown.
This study seeks to determine which properties of doped metal play the leading role in the electrode
modification process and which microscopic properties of the electrode are changed by the metal
doping.

The electrochemical behaviour of the electrode directly reflects the degradation efficiency of
the pollutants. Studying the changes in the doping electrode electrochemical behaviour is an important
way to explain the doping modification mechanism. However, most studies have focused on the CV
and LSV analysis of the electrode [14-16], which only reflect the apparent performance of the
electrode. EISand M-S test data can better reflect the micro-electrode performance, such as the
number of active sites and majority carrier [17,18], but previous research of these two aspects has been
relatively limited.

In addition, determining the changes in the tin oxide electronic structure is the key to
determining the underlying doping modification mechanism. First-principles calculations have been
widely used as an outstanding tool to illustrate the electronic structure of crystalline materials [19-21].
Electronic and optical properties of SnO, powder were studied by first-principles calculations in
several works [22-24]. Some investigators studied the electronic structure and stability of SnO,
electrodes [25, 26], but few first-principles calculations regard the SnO, electrode electrocatalytic
performance. The purpose of this work is to fill this research gap. Moreover, to highlight the role of La
doping, simulations include La as the only element doped in the tin dioxide lattice without Sb.

In this work, we interpret the doping modification mechanism of a titanium-based, tin dioxide
electrode through comprehensive electrochemical tests in combination with first-principles
calculations.

2. EXPERIMENTAL

2.1 Electrode preparation

First, hydrochloric acid and ethylene glycol were mixed and agitated at 60°C until forming a
homogeneous solution. Then, the solution was heated to 90°C followed by the addition of certain
quantities of SnCl,-5H,0, Sh,03and La,Os. After that, the solution was maintained at 90°C for 30 min
to obtain a sol-gel. A 50 x 30 mm Ti substrate was polished by 180, 600 and 1000 mesh abrasive
papers until the Ti substrate presented a metallic luster. After degreasing using a 10% sodium
hydroxide solution, the Ti substrate was etched in boiling oxalic acid (10%, m/m) for 2 hours to
produce a grey surface with a uniform roughness. The sol-gel solution was applied on the Ti substrate
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by brushing, and then dried at 120°C. The above brushing and thermal treatment procedures were
repeated 20 times, and the last calcination was annealed for 2 h at 500°C.

The proportions of Sn, Sb and La in the prepared electrode coating are 100:10:0, 100:10:1.0,
100:10:1.5, 100:10:2.0 and 100:10:2.5, respectively.

2.2 Electrochemical detection procedure

Electrochemical measurements were performed using a conventional three-electrode system
installed in a PARSTAT-2273 electro-chemical workstation. The self-designed electrodes (10x10 mm)
served as the work electrode, while a platinum sheet (10x10 mm) and a saturated calomel electrode
were used as the counter and reference electrodes, respectively. The supporting electrolyte was 0.25 M
Na,SO4. The anodic polarization curves were performed at a scan rate of 20 mV s * over the potential
range from 0 V to 2.5 V to determine the electroactivity of the electrodes in a 500 mg/L phenol
solution. The EIS measurements were performed at a potential of 1.0 V (vs. SCE) over the frequency
range from 100 kHz to 10 mHz with a signal amplitude of 5 mV in a 500 mg/L phenol solution. The
LSV was performed at a sweep rate of 1.0 mV s * over the potential range from 0 V to 2.5 V. The M-S
characterization was performed at a fixed frequency of 1 kHz over the potential range from -0.4 V to
1.0 V. The latter two electrochemical tests were performed ina 1 M H,SO, solution.

The proportions of Sn, Sb and La in the electrode coating for electrochemical testing are
100:10:0, 100:10:1.0, 100:10:1.5, 100:10:2.0 and 100:10:2.5, respectively.

2.3 First-principles calculations

2.3.1 Calculation model

(@) (b)

Figure 1. Scheme for the pure SnO; (a) and the La-doped SnO, (b) supercell structure.

The SnO, crystal is a rutile structure with a P4o/mnm space group. The lattice constants are
a=b=0.4737 nm, and ¢=0.3186 nm, with a=B=r=90° [27]. The lattice diagram for SnO; is shown in Fig.
1(a). In the crystal structure, Sn atoms are in the vertex and heart positions, O atoms form an
octahedral structure around the Sn atoms and the proportion of Sn** and O is 6:3. Fig. 1(b) shows the
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unit cell of La-doped SnO, (La replace Sn). A La atom simply replaces a Sn atom, and the different
concentrations of the La-doped SnO; crystal is established by changing the size of the super cell.

2.3.2 Calculation method

The first-principles calculations were performed using the Cambridge Serial Total Energy
Package (CASTEP), which is a method of quantum mechanics using ab initio calculation based on
DFT. The CASTEP uses the plane wave basis set for the expansion of the electronic wave functions.
Electron—ion interactions are considered through the ultra-soft pseudo-potential and the force between
the electrons can be corrected by the generalized gradient approximation (GGA) [28].

In the first-principles calculations process, the cut-off energy of the plane wave Eq is 380 eV,
the energy of the structure convergence is 5107 eV/atom in the self-consistent field (SCF), the
energy convergence precision is 5x10° eV/atom in the iterative process, and The K values of the
Brillouin Zone are sufficient. The force on each atom is not less than 0.01 V/A and the stress is lower
than 0.02 GPa. The calculated the energy is carried out in the reciprocal space. To obtain stable and
accurate calculation results, the geometric structure of the ideal SnO; and La-doped SnO; unit cells
were optimized before the calculation. Combined with the accurate unit cell parameters, the internal
coordinates of the cell were subsequently optimized. In the whole calculation process, the electronic
configurations of the three atomic species (La, Sn, O) are, respectively: [Xe]4f’5s°5p®5d*6s?,
[Kr]5s%5p?, and [He]2s%2p®. The supercells and the La-doping ratios in a Sny.xLaxO- solid solution are
shown in Tab. 1

Table 1. The supercells and the La-doping mole ratios.

I I " v \%
Supercells 1x1x1 4x4x4 4x3x3 3%3x3 2%2%2
La-doping mole ratios 0% 0.78% 1.39% 1.85% 6.25%

3. RESULTS AND DISCUSSION
3.1 Electrochemical analysis

3.1.1 Cyclic voltammetry
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Figure 2. Anodic polarization curves of the La-doped Ti/Sh-SnO, electrode in a 500 mg/L phenol
solution (scan rate: 20 mV s and potential range: 0 - 2.5 V).
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In cyclic voltammetry detection, the peak current and the peak potential are the most important
parameters. The anodic oxidation of the electrode is reflected in the voltage scan from negative to
positive. The magnitude of the peak current and the peak potential in the anodic polarization curves
can identify the direct electrooxidation activity of the electrode [29, 30].

The electrocatalytic activity of the electrode was studied using phenol as the target
contaminant. Fig. 2 shows the anode anodic polarization curves obtained at the Ti/SnO,-Sb electrodes
with different La doping levels in a 500 mg L™ phenol solution at a scan rate of 20 mV s, Fig. 2
shows clear phenol oxidation peaks from 0.75 to 1.5 volts. It was found that the intensity of the phenol
oxidation peaks increased first and then decreased with the increase of the La doping level.

At a doping level of 0%, the phenol peak did not appear. With the increase of the doping level,
the phenol peak began to increase and reached its maximum value as the doping level increased to
Sn:Sh:La=100:10:1.5. As the amount of La doping continued to increase, the phenol peak began to
decrease gradually and then disappeared at the doping level of Sn:Sbh:La=100:10:2.5.

The larger oxidation peak current and the smaller oxidation peak potential indicate that the
direct electrooxidation activity of phenol was stronger [31]. A larger peak current means that more
electrons are transferred inside the electrode, which is, the electron transfer is easier after doping. This
Is consistent with the first principle calculation, as shown in Fig. 8, the band gap is the smallest when
the concentration of La is 1.39%, which indicates that the valence band electrons require a minimum
amount of energy to jump to the conduction band.

Considering the phenol oxidation peak, the Ti/La-SnO,-Sb electrode with a La doping level of
1.5% should be superior to electrodes with other phenol oxidation activities. La has a special 4f and 5d
electron-layer structure, indicating that electron transfer is prone to occur. La doping into the SnO,
lattice introduces a new impurity band, which provides a low energy level for the electron transfer,
thus improving the conductivity of the SnO; electrode. In addition, the radius of the La>*ion is larger
than the Sn** ion, so the La doping led to a partial SnO, lattice expansion. This caused a charge
imbalance and thus formed a new local energy level, which improved the electrocatalytic activity of
the electrode. However, when the La doping content is increased, recombination of the electron-hole
pairs is promoted, which decreased the electrocatalytic activity of the electrode [32].

3.1.2 Linear sweep voltammetry

The oxygen evolution reaction is the main side effect in the process of electrochemical
oxidation on organic pollutants. The oxygen evolution potential (OEP) is an important parameter to
evaluate the electrode electrooxidation capacity. A high OEP denotes a high degradation efficiency
due to a low opportunity for the side reaction of oxygen formation [33]. The purpose of La doping is to
increase the oxygen evolution potential of the electrodes. Fig. 3 shows the LSV curves of different
electrodes. The OEP of the electrode increased first and then decreased with the increase of the La
doping level. The maximum OEP level of the electrode is reached when the La doping ratio is
100:10:1.5.
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The OEP is closely related to electrode coating composition and surface structure. As shown in
Fig. 9, the results of the first principle calculation showed that the contribution of La atoms to the
density of states varies with the doping concentration. This may be the reason of the different doped
electrodes with different OEP.

In addition, La doping caused a rough, dense surface on these electrodes, which provided a
large surface area with more active sites, which improved the oxygen evolution potential [34, 35]. The
La-doped electrodes with higher OEP indicate their superior electrooxidation abilities and suitability
for the organic pollutant degradation.
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Figure 3. The LSV curves of the La-doped Ti/Sb-SnO, electrode in a 1.0 mol/L sulfuric acid solution
(scan rate: 1.0 mV s * and potential range: 0 V - 2.5 V).

3.1.3 Electrochemical impedance spectroscopy
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Figure 4. Nyquist plot of the La-doped Ti/Sb-SnO; electrode at 1.0 V potential in a 500 mg/L phenol
solution (frequency range: 100 kHz-10 mHz and signal amplitude: 5 mV).

The EIS detection is applied to the electrode system with a small amplitude sine wave potential
(or current) as the disturbance signal. The values of the equivalent circuit elements are obtained by the
disturbance response of the electrode system to deduce the reaction mechanism of the electrode
system. In the Nyquist plot of the impedance spectra, the semicircle portion at higher frequencies
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corresponds to the charge-transfer limited process and at lower frequencies corresponds to the
intermediate diffusion process [36]. Fig. 4 shows the EIS curves of different electrodes, and Fig. 5
shows the equivalent circuit of the electrochemical process.

In Fig. 5, Rs, Ry, and R represent the solution resistance, the membrane resistance between the
coating/substrate and the Faraday transfer resistance, respectively. The C; and Cgy are capacitive
elements, which characterize the number of active sites on the electrode surface, where Cs represents
the electric double layer capacitance of the coating and Cgy represents the electric double layer
capacitance at the electrode/solution interface. The impedance spectra were fit using the equivalent
circuit in Fig. 5, and the fitted values are shown in Tab. 2.
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Figure 5. Equivalent circuit diagram of the electrochemical process.

As seen from Tab. 2, the solution resistance, Rs, is nearly constant. The membrane resistance,
Ry, of the La-doped electrode is greater than that of the undoped electrode. This is because the number
of hydroxyl radicals generated by the electrode changes with the different doping ratios and since the
membrane resistance of the electrochemical reaction process is different. The reduction of the total
resistance will be more conducive to the formation of *OH [37], which is consistent with the semicircle
trend from in Fig. 4. The Cq of the electrode is proportional to the active charge of the electrode and,
from Tab. 2, the electrode activity order can be determined: Sn:Sh:La= 100:10:1.5 >
Sn:Sb:La=100:10:2.0 > Sn:Sh:La= 100:10:1.0 > Sn:Sb= 100:10 > Sn:Sh:La= 100:10:2.5 > SnO,. The
results show that the surface structure of the electrode was improved through doping, which resulted in
more active charges on the surface of the electrode, and more *OH radicals could be produced. The
electrocatalytic activity was the highest when the La doping ratio is 100:10:1.5.

Table 2. The fitting values of the EIS curves for the La-doped Ti/Sb-SnO; electrode in a 500 mg/L
phenol solution.

Electrode Rs(Q) Ci(uF) Rf(Q) Cg(uF) Ru(Q)
SnO, 0.21 0.22 2.13 14.1 4322
Sn: Sb=100:10 0.16 0.46 3.11 21.87 3009
Sn: Sb: La=100:10:1.0 0.35 59.2 49.3 173 75.2
Sn: Sb: La=100:10:1.5 0.54 112 4.69 322 52.9
Sn: Sb: La=100:10:2.0 0.15 3.07 1497 236 131.4
Sn: Sb: La=100:10:2.5 0.33 2.87 8.72 11.32 772
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The number of active sites on the electrode surface, has a direct relationship with the internal
electron transfer and the number of carriers inside electrode, these are consistent with the calculation
results of the Section 3.2.

3.1.4 Mott-Schottky characterization

As a semiconductor electrode, the flat band potential (Es,) reflects the position of the Fermi
level [38], which has an important relationship with the electrocatalytic activity of the electrode. For n-
type semiconductors, if Ex, becomes more negative, its catalytic activity becomes higher [39]. The
increase of the donor density (Np) also implies an increase in the conductivity of the n-type
semiconductor, which also contributes to improving the electrocatalytic activity of the semiconductor
electrode.

When the metal oxide electrode is in contact with the solution, the semiconductor film and the
solution are charged with opposite charges. The excess charge of the semiconductor film is distributed
in the space charge layer. When the space charge layer is depleted, the space charge capacitance (C)
and potential (E) can be expressed using the Mott- Schottky theory as Equation (1), and the flat band
potential of the electrode is also determined.

FANRE N PR

C gg,eN)S e Q)

where g is the vacuum permittivity (8. 85x10™* F/cm), ¢ is the dielectric constant of the tin
dioxide film (taken as 14), Np denotes the donor density, Eg is the flat band potential, e is the electron
charge (1.602x10”° ‘C), T is the absolute temperature (298K), K is the Boltzmann constant and S is the

surface area of the electrode.
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Figure 6. The Mott-Schottky curves of the La-doped Ti/Sb-SnO; electrode in a 1.0 mol/L sulfuric acid
solution (fixed frequency: 1 kHz and potential range: -0.4 V-1.0 V).

Fig. 6 shows the Mott-Schottky curves for the different electrodes, and the fitted values of Eg,
and Np are shown in Tab. 3. It is readily observed that all the oxide coatings exhibit n-type
semiconductor properties based on the slope of the curves [40]. As shown in Tab. 3, when the La
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doping ratio is 100:10:1.5, the Eg, of the electrode is the most negative and the Np is the largest. This
means that the electrode has a high catalytic activity and good conductivity, which is consistent with
the other electrochemical test results. And the electrochemical test results are consistent with first-
principles calculations results, the calculated values of the density of states directly reflect the change
of free carrier concentration.

Table 3. The fitting results of Mott-Schottky curves of the La-doped Ti/Sb-SnO, electrode.

Sn:Sbh= Sn:Sh:La= Sn:Sh:La= Sn:Sh:La=  Sn:Sbh:La=

Electrode 100:10 100:10:1.0 100:10:1.5 100:10:2.0 100:10:2.5
Np (10%°) (cm™) 1.86 2.21 4.01 3.18 2.54
Ew (V) -0.30 -0.34 -0.54 -0.43 -0.37

The Mott-Schottky curves reflect some of the microscopic properties of the electrode, but more
specific microscopic changes that are due to the doping can be calculated by first-principles
calculations.

3.2 First-principles calculations

3.2.1 Crystal structures and formation energies

After the geometric optimization, the lattice size, volume and formation of the SnO, and La-
doped SnO, crystal were calculated, as shown in Tab. 4. The lattice sizes for the representative
calculation of SnO are a=b~0.4737 nm, ¢~0.3187 nm, which are approaching the experimental values
and the values reported in the literature [41, 42]. This indicates that La doping does not change the
configuration of the intrinsic SnO; crystal cell. Therefore, the crystal configuration and calculation
results in this paper are reliable.

It can be seen from Tab. 4 that the volume of the unit cell gradually increased with the increase
in the La doping ratio. This is because the La®*" ion radius (0.106 nm) is larger than the Sn** ion radius
(0.071 nm). As the La is substituted for the Sn in the SnO; cell, the lattice volume is amplified. These
results agree with quantum chemistry. Early experimental studies confirmed that appropriate doping
can cause the grain growth to be relatively full and the crystal gap to decrease, which increased the
surface adhesion of the SnO; and the electrode, while enhancing the electrocatalytic performance of
the electrode [35]. The electrochemical test analysis in Section 3.1.1 on the charge balance changes
and the energy level distribution caused by the electrode lattice expansion have also been verified
trough the calculations.

The formation energy of lattice is the key indicator to evaluate the stability of this
configuration. As shown in Tab. 4, the formation energy of the La-doped SnO, decreases with the
increase in the doping ratio. This indicates that proper doping does not affect the stability of the SnO,
lattice, and that the doping modification technology is reliable.
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Table 4. The optimized lattice parameters of the pure SnO, and La-doped SnO..

Sn0O, SNp.9922L.80.007802  SNp.ogs1Lan 013902  SNpgsisLlan01ss02  SNp.gszslan 062502
Pa';:rtf]':t‘zrs a=b=047372 a=h=047373  a=b=0.47375  a=b=047375  a=b=0.47381
(nm) ¢c=0.31864 c=0.31864 ¢c=0.31866 c=0.31871 ¢=0.31889
V(‘r’]'r‘:]rgr)‘e 0.0715 0.0715 0.0718 0.0719 0.0726
Formation
Energies -5.38 -5.59 -5.66 -5.74 -6.06
(eV)

3.2.2 Band structures

To compare the electrocatalytic performance of the doped electrode, the band structures of the
doped and undoped SnO; lattices were calculated and compared, and the results are shown in Fig. 7.
Compared with the intrinsic SnO,, the band structure of the doped SnO, is degenerate, and the bottom
of the conduction band and the top of the valence band of the doped system are located in the same
point of the Brillouin zone, which shows the La-doped SnO; is a direct band gap semiconductor.
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Figure 7. The energy band structure of different lattices (a: Sno.go22L-80.007802, b: SNnp.gge1L.20.013902, C:
Sno.gs15L-80.018502, d: SN gazsLag 062502, and e: SnOy).
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Fig. 7 shows that the band gap of the doped SnO first decreased and then increased with the
increase of the La doping ratio, with the results summarized in Fig. 8. It is apparent that the band gap is
the smallest when the concentration of La is 1.39%, which indicates that the valence band electrons
require a minimum amount of energy to jump to the conduction band. Therefore, the conductivity of
the electrode was improved by doping. At the same time, La®* replaced Sn**, resulting in a partial
lattice expansion and charge imbalance, which formed vacancy defects in the semiconductor material.
With the increase of the La doping concentration, the content of oxygen vacancies in the SnO; crystal
increased, causing the carrier concentration to increase. This increased the redox ability of the SnO,,
and thereby, the electrocatalytic performance of the SnO; electrode was greatly improved.
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Figure 8. The change in the band gap of the La-doped SnO; with the concentration ratio.

However, a doping level that is too high will damage the SnO, lattice structure, and the energy
level of the impurities can be extended to the impurity band. Instead, this will increase the band gap,
and reduce the electrical conductivity and the electrocatalytic performance of the SnO, electrode. The
calculated results agree with the electrochemical tests and the experimental results of the previous
wastewater treatment process [43, 44]. Therefore, the SnO, electrode performance is the best when the
La doping ratio is Sn:Sh:La= 100:10:1.5.

3.2.3. Density of states

To further analyse the contribution of the La doping to improve the conductivity and catalytic
activity of the electrode, the density of the doped and undoped SnO, lattice states were calculated, as
shown in Fig. 9. It can be seen from Fig. 9 that the density of La-doped SnO, states first increased and
then decreased but are all significantly higher than that of the intrinsic SnO; lattice. This shows that the
doped SnO, had more electrons involved in the electron transfer process, which significantly increased
the free carrier concentration. Compared with the undoped SnO,, the free carriers in the doped lattice
are mainly provided by the La 6s, La 5p and La 5d orbitals.
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According to other literature analyses on the doping process [45, 46], in the conduction band
bottom region (0~6 eV), the free carriers were mainly provided by the substitution of the La 5p and La
6s for the Sn 5s and Sn 5p. In the valence band top (-5~0 eV), the free carriers are mainly provided by
the substitution of Sn 5s, O 2p, La 5d and La 5p for the Sn 5p and O 2p. With the increase in the La
doping concentration, the number of electrons first increases and then decreases. As a result, more
electrons can move between the valence band and the conduction band, which changed the electrical
conductivity and catalytic properties of the electrode.

The contribution of La atoms to the density of states varies with the doping concentration. The
contribution of the La atoms to the density of states is the largest at a 1.39% doping concentration. So
far, the fundamental doping modification mechanism of the La-doped SnO, electrode had been
explored from the atomic level.
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4. CONCLUSIONS

The experimental results show that doping with rare-earth element La can effectively improve
the electrocatalytic activity of SnO, electrodes. Electrochemical tests show that the doping did not
change the majority carrier of the SnO, n-type semiconductor. The CV, LSV, EIS and M-S test results
are all self-consistent: the doped electrode revealed a good conductivity and electrocatalytic activity.
When the La doping ratio is Sn:Sh:La= 100:10:1.5, the oxygen evolution potential of the electrode is
the highest and the side reaction of the electrochemical process is the least, allowing more favourable
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oxidation-reduction reactions to occur. Moreover, at the doping ratio of Sn:Sh:La= 100:10:1.5, the
electrode possesses a more negative flat band potential, more carriers and more active sites. La doping
caused microscopic changes in the SnO, electrode, which improved its overall performance.

To further reveal the mechanism of the doping modification, the electronic structure and the
density of states of the doped and intrinsic SnO, lattice were compared using first-principles
calculations. The fundamental reasons for the excellent performance of the electrodes were discussed
at the molecular level. Due to the doping of La, the electrons in the La 5p and 6s orbitals provided
more carriers between the conduction band and the valence band to improve the conductivity and
electrocatalytic activity of the electrode. Moreover, the result showed that the combination of
electrochemical analysis and quantum computing is an effective means to study the doping
modification mechanism.
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