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Stable and efficient SnO2 electrodes are very promising for
effectively degrading refractory organic pollutants in waste-
water treatment. In this regard, we firstly prepared Ti3+ self-
doped urchin-like rutile TiO2 nanoclusters (TiO2-xNCs) on a Ti
mesh substrate by hydrothermal and electroreduction to serve
as an interlayer for the deposition of Sb� SnO2. The TiO2-xNCs/
Sb� SnO2 anode exhibited a high oxygen evolution potential
(2.63 V vs. SCE) and strong *OH generation ability for the
enhanced amount of absorbed oxygen species. Thus, the
degradation results demonstrated its good rhodamine B (RhB),
methylene blue (MB), alizarin yellow R (AYR), and methyl orange
(MO) removal performance, with the rate constant increased

5.0, 1.9, 1.9, and 4.7 times, respectively, compared to the control
Sb� SnO2 electrode. RhB and AYR degradation mechanisms are
also proposed based on the results of high-performance liquid
chromatography coupled with mass spectrometry and quench-
ing experiments. More importantly, this unique rutile interlayer
prolonged the anode lifetime sixfold, given its good lattice
match with SnO2 and the three-dimensional concave–convex
structure. Consequently, this work paves a new way for design-
ing the crystal form and structure of the interlayers to obtain
efficient and stable SnO2 electrodes for addressing dye waste-
water problems.

Introduction

With rapid industrial expansion and accelerated urbanization,
water pollution is a severe concern to humankind and the
environment.[1] Dye wastewater, in particular, has remained a
challenge due to its nonbiodegradability, high toxicity to life
forms, strong chemical stability for the aromatic structure, and

tremendous dye output (about two million tons worldwide per
year).[2] The high color intensity also detriment the aquatic
diversity by blocking sunlight from passing through the water.
To date, various strategies, including adsorption,[3]

photodegradation,[4] and biodegradation,[5] are explored and
used for dye wastewater remediation, albeit further improve-
ments are needed for its incomplete mineralization or low
efficiency.[6]

Electrochemical oxidation is promising for removing persis-
tent dye contaminants because it is chemical-free, easy to
operate, and has a high oxidation capacity.[7] The anode
materials directly determine the degradation performance for
controlling the generation capacity of strong oxidizing hydroxyl
radicals (*OH).[8] Inert anodes, such as boron-doped diamond
(BDD),[9] PbO2,

[10] and Sb� SnO2,
[11] often exhibit excellent dye

contaminants decomposition performance given to their high
oxygen evolution overpotential (OEP). In our previous work,[12]

we achieved 94.6% chemical oxygen demand mineralization
efficiency and almost 100% decolorization efficiency after 3.0 h
electrolysis by the Ti/Sb� SnO2NFs/PbO2 anode for the degrada-
tion of methylene blue (MB). However, the possible leakage of
harmful Pb2+ ions may pose an environmental issue. BDD’s
fragile and costly features are also detrimental to its large-scale
application.[13] Consequently, Sb� SnO2 is a very promising
electrode material for destructing refractory pollutants owing to
its low cost, environmental compatibility, high OEP, and
economical energy consumption.[14] Nevertheless, it also comes
up against some limitations, especially the unsatisfied stability
and insufficient catalytic activity.[15]

Introducing TiO2 nanotubes (TiO2NTs) middle layer is a
widely used strategy to overcome the bottlenecks mentioned
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above, owing to the increased binding force between the Ti
substrate and the Sb� SnO2 coating layer and the enhanced OEP
value.[16] For example, Pupo et al. fabricated a TiO2NTs interlayer
by employing a two-step electrochemical anodization method.
The Ti/TiO2NT/SnO2-SbBi electrode yielded an almost 4-fold
longer lifetime for forming fewer cracks and increased OEP
value by +0.2 V.[17] Huang et al. also demonstrated the
promoted *OH generation ability (increased about 2.2 times) of
the Sb� SnO2 electrode after adding the TiO2NTs interlayer by
anodization technology.[18] While promising, these works also
showed the need for further improvements: The anodization
process often proceeded at high voltage (25 V,[19] 42 V,[20]

60 V[21]) in corrosive or toxic fluorine-containing electrolytes
(HF,[22] NH4F

[23]), which is not only energy intensive but also
brought new environment concerns.[24] The anatase TiO2NTs
interlayer has a different crystal structure from rutile SnO2,
which is detrimental to the epitaxial growth of the SnO2 coating
layer.[25] As a semiconductor, the poor conductivity of TiO2NTs
also limits its large-scale application.[26]

In this regard, from the perspective of interlayer crystal form
and structure, we first designed urchin-like rutile TiO2 nano-
clusters (TiO2NCs) as the interlayer to prepare a novel Sb� SnO2

electrode by hydrothermal and electrochemical deposition
technologies. Compared to the anodization process to fabricate
TiO2 interlayer, the hydrothermal technology is free of toxic
fluoride, allows control of the TiO2 morphology, and is suitable
for different substrates.[27] The obtained three-dimensional (3D)
TiO2 nanoclusters not only furnish more active sites for Sb� SnO2

loading due to their conical structure but are also well-adapted
to decrease the SnO2 particle size.[28] We successfully adopted
self-doping to introduce Ti3+ into the TiO2 lattice to narrow its
band gap further and create more oxygen vacancies.[29] These
changes improve the TiO2NCs electroconductivity to promote
the current evenly distribution during electrodeposition.[30]

Consequently, the novel Sb� SnO2 electrode with Ti3+ modified
TiO2NCs as the interlayer (TiO2-xNCs/Sb� SnO2) achieved a
satisfactory degradation efficiency for i) cationic dyes, rhod-
amine B (RhB) and methylene blue (MB), and ii) anionic dyes,
alizarin yellow R (AYR) and methyl orange (MO). The 3D rutile
TiO2-xNCs interlayer also improves its binding force with the
rutile Sb� SnO2 coating layer given to the good lattice match
and the concave-convex porous matrix structure (similar to the
mortise-tenon structure found, for example, in traditional
Chinese architecture). Therefore, this work provides a new
avenue for the rational design of efficient and stable Sb� SnO2

electrodes from interlayer crystal form and micro-structure for
dye wastewater treatment. Hence, the proposed novel TiO2-xNCs
matrix can also be applied to prepare other electrodes, like
PbO2, MnO2, or RuO2.

Results and Discussion

Electrode characterization

As shown in Figure 1, the preparation procedures of the TiO2-

xNCs/Sb� SnO2 electrode mainly involved three steps: fabricating

the TiO2NCs, TiO2-xNCs, and Sb� SnO2 layers by the hydrothermal
method, electrochemical reduction, and electrodeposition tech-
nology, respectively. In the Supporting Information, Figure S1A
and B, we demonstrate the successful preparation of urchin-like
TiO2 nanoclusters. The latter were self-assembled by TiO2

nanocones, which contribute to providing a great number of
nucleation sites for the Sb� Sn alloy. No noticeable morphology
changes could be seen after the electrochemical reduction
procedure, with the diameter of these nanoclusters being about
4–5 μm (Figure 2A–C), but the color is changed from white to
blue-black (Supporting Information, Figure S1C in the Support-
ing Information). The nanoclusters are uniformly spread across
the Ti mesh substrate, and cracks are not generated on the
TiO2-xNCs layer surface due to the sufficient space between
nanocones to reduce internal stress. The homogenous coverage
of the TiO2-xNCs layer could provide a barrier to the penetration
of the electrolyte and nascent oxygen into the titanium
substrate, which is propitious to improve the anode stability.
Only Ti and O elements are detected from the EDX spectrum
(Supporting Information, Figure S2A) with a homogeneous
distribution (Figure 2D, E). The atomic percentage of O
decreased from 67.3% (with the atomic ratio of O to Ti was 2.1)
to 60.3% (with the atomic ratio of O to Ti was 1.5) after the
reduction process (Supporting Information, Figure S2B), sug-
gesting the formation of oxygen defects and Ti3+ of the TiO2-

xNCs electrode.[29] The EPR spectra of the interlayers are shown
in Supporting Information, Figure S2C. Compared to TiO2NCs,
TiO2-xNCs presented a stronger EPR signal centered on g=2.004
due to the formation of OV and Ti3+.[31] This observation is also
in good agreement with the XPS results. As shown in
Supporting Information, Figure S3A, the O1s spectra of the
TiO2NCs electrode only include the lattice oxygen (OL,
530.08 eV) and the adsorbed oxygen (Oad, 531.69 eV). For TiO2-

xNCs (Supporting Information, Figure S3B), the oxygen vacan-
cies (OV) can be detected at 531.43 eV.[32] In Figure 2F, two
peaks of Ti2p3/2 (458.89 eV) and Ti2p1/2 (464.63 eV) are
presented on the Ti2p detailed spectrum of the TiO2NCs
electrode. For comparison, for TiO2-xNCs, these peaks are
located at 459.04 eV and 464.83 eV for Ti2p3/2 and Ti2p1/2,
respectively. The positive shift of the binding energy was also
reported in previous works,[33] which may be due to the local
electronic structure modifications effects or the over-
reduction.[34] Four peaks are fitted for the Ti2p spectrum of the

Figure 1. Preparation procedures of the TiO2-xNCs/Sb� SnO2 electrode.

ChemSusChem
Research Article
doi.org/10.1002/cssc.202201901

ChemSusChem 2023, 16, e202201901 (2 of 13) © 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 01.03.2023

2305 / 283211 [S. 179/190] 1

 1864564x, 2023, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202201901 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TiO2-xNCs electrode. Among them, the two peaks with the
binding energy of 458.70 eV and 464.35 eV can be assigned to
Ti3+, and the other two peaks at 459.08 eV and 465.20 eV are
ascribed to Ti4+. Notably, the TiO2-xNCs electrode possesses a
much increased Ti3+ content (from 7.0% to 25.0%) than the
given one. These results demonstrated the generation of
oxygen defects and Ti3+ after the electrochemical reduction
procedure, which forms trapped electrons and narrows the
inherent bandgap of TiO2-xNCs to improve its electrochemical
conductivity.[35]

The corresponding X-ray diffractograms of the TiO2-xNCs
electrode (Figure 2G) demonstrate the successful formation of
rutile TiO2 (JCPDS No. 21-1276), which could form solid
solutions with rutile SnO2.

[36] Compared with TiO2NCs, the
increased intensity of the (101) plane of TiO2-xNCs indicate its
preferred orientation in this direction. The cell volume of the
TiO2-xNCs is enlarged after the electrochemical reduction
procedure (Table S1) due to the formation of Ti3+ in the TiO2

lattice for its larger ionic radii (0.81 Å) than Ti4+ (0.74 Å).[37] The
Raman data (Supporting Information, Figure S3C) confirm the
phase of TiO2-xNCs is rutile for the presence of three vibration
modes B1g (144 cm� 1), Eg (446 cm� 1), and A1g (611 cm� 1). In
Supporting Information, Figure S3D, we see a blue shift of the
B1g peak (from 143 cm� 1 to 144 cm� 1) appears on TiO2-xNCs with
a prominent peak broadening owing to the effects of lattice
distortion caused by the replacement of Ti3+ to Ti4+, or oxygen
defects as previously reported.[23,33a,38]

We carried out EIS measurements in 0.5M H2SO4 to
investigate the interfacial properties of the prepared interlayers.
The obtained Nyquist plots are fitted by adopting the (R(CR))

equivalent circuit model (Figure 2H). Rs and Rct represent the
solution resistance and charge transfer resistance, respectively.
CPE is the constant phase element. As summarized in Support-
ing Information, Table S2, the Rct value of the TiO2-xNCs
interlayer decreases about 6.1 times (from 13676 Ωcm2 to
2235 Ωcm2) than the given one. It reduces approximately 3.3-
fold than that of the Ti substrate (7299 Ωcm2, Supporting
Information, Figure S3E), implying a promoted charge transfer
performance after the doping of Ti3+.[39] The good doping state
for increased door density of TiO2-xNCs also could be demon-
strated from the Mott–Schottky plot for its shallower slope
(Supporting Information, Figure S3F).[40] The presence of Ti3+

boosted the formation of a shallow donor level, which is prone
to enhancing the carrier density and promoting the charge
separation process.[26a] The enlarged CV curves of the TiO2-xNCs
layer (Figure 2I) further confirm its improved electrochemical
activity. Accordingly, the TiO2-xNCs interlayer can be a suitable
matrix for depositing the Sb� SnO2 catalytic layer.

In scanning electron micrographs (Figure 3A, B), uneven and
agglomerated particles with deep cracks can be seen on the
Sb� SnO2 surface. The homogeneity and integrity of the
electrode are strongly improved for TiO2-xNCs/Sb� SnO2 (Fig-
ure 3D, E). More specifically, the coating is uniform and
compact, with smaller particle sizes, due to the improved
current distribution of the TiO2-xNCs middle layer, enhancing its
specific surface area to provide more active sites. Elemental
mappings show a homogenous distribution of Sn, O, and Sb on
the TiO2-xNCs/Sb� SnO2 surface (Supporting Information, Fig-
ure S4B–D), demonstrating the successful formation and syn-
thesis of Sb� SnO2.

Figure 2. Scanning electron micrographs es of the prepared TiO2-xNCs interlayer (A–C) and the corresponding elemental mapping images (D and E). Detailed
Ti2p spectrum (F), X-ray diffractograms (G), Nyquist plots (H), and cyclic voltammograms (I) of the prepared TiO2NCs and TiO2-xNCs interlayers.
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X-ray diffractograms (Figure 3C) confirm the successful
preparation of tetragonal rutile SnO2 (JCPDS No. 41-1445) of the
Sb� SnO2 and TiO2-xNCs/Sb� SnO2 electrodes. Well-visible diffrac-
tion peaks of orthorhombic Sb3+Sb5+O4 (JCPDS No. 11-0694)
are at 28.9° 2θ and 44.6° 2θ, revealing the appearance of Sb3+

and Sb5+.[41] The Ti-related peaks are not recorded on both
anodes, suggesting the good coverage of the Sb� SnO2 coating.

In Figure 3F, we see the absence of elemental Ti in both full
X-ray photoelectron emission spectra of the Sb� SnO2 and TiO2-

xNCs/Sb� SnO2 anodes, which is in good agreement with the
XRD results. Figure 3I displays the detailed spectra of Sn3d.
Two peaks, Sn3d5/2 (486.58 eV) and Sn3d3/2 (495.02 eV), with a
difference of 8.44 eV, can be observed, demonstrating the
valence state of Sn is +4.[42] As depicted in Figure 3G and H, the
O1s and Sb3d signals overlap and are subjected to peak
deconvolution to clarify further the composition and chemical
valence of the Sb and O elements (Supporting Information,
Table S3). The O1s spectra of the two anodes are composed of
two parts, OL and Oad. The former corresponds to the bonded
oxygen with metal atoms, and the latter is related to absorbed
hydroxyl oxygen species, which are prone to exchange oxygen
with adsorbed molecules. The participation of Oad in the redox
reaction process facilitates the generation of *OH to boost the
anode oxidation capacity.[43] As seen in Supporting Information,
Table S3, the atom ratio of Oad/OL in the TiO2-xNCs/Sb� SnO2

anode is about 1.38. This value is higher than the control one,
suggesting its excellent *OH generation ability. The Sb3d
spectra contain the Sb3d5/2 ground state and the Sb3d3/2

excited state. The deconvoluted Sb 3d3/2 peak indicated the
presence of Sb5+ and Sb3+, in agreement with the XRD results.
The modified electrode also featured a higher proportion of
Sb5+ with the Sb5+/Sb3+ value is 1.17. For comparison: the

same value for the Sb� SnO2 anode is just 0.80. Sb5+ ions are
easier to enter into the lattice of the SnO2 matrix to reduce its
band gap for the smaller atomic radius than Sb3+. The areas
with more Sb5+ have high activity for the promoted conductiv-
ity and increased amount of physically adsorbed *OH.[44]

Accordingly, the modified TiO2-xNCs/Sb� SnO2 Sb� SnO2 anode is
more suitable for degrading organic pollutants than the
Sb� SnO2 anode.

Electrochemical characterization

Oxygen evolution is a side reaction during the oxidation
process, leading to several detrimental effects, including
consuming the adsorbed hydroxyl radicals [Eq. (1)] to weaken
the oxidation capacity, consuming power to lower the current
efficiency, and shortening the electrode service life for the
generated oxygen could oxide the Ti substrate.[45]

OHad þ H2O! O2 þ 3Hþ þ 3e� (1)

Therefore, LSV curves were measured in 0.5M H2SO4

solution to characterize the oxygen evolution performances of
the prepared electrodes. In Figure 4A, the TiO2-xNCs/Sb� SnO2

anode exhibited a strongly enhanced OEP value (from 2.33 V to
2.63 V), which can be attributed to the more significant
proportion of Oad.

[46] As summarized in Supporting Information,
Table S4, the OEP value of the TiO2-xNCs/Sb� SnO2 electrode is
also superior to many other works, like TiO2-NTs/Sb� SnO2

(2.05 V vs. SCE),[21] TiO2-NTs/SnO2� Sb (1.95 V vs. SCE),[47] suggest-
ing its promising application prospect.

Figure 3. Scanning electron micrographs of Sb� SnO2 (A and B) and TiO2-xNCs/Sb� SnO2 (D and E) electrodes. X-ray diffractograms (C), full XPS spectra (F), and
the Sn3d spectra (I) of the prepared electrodes. (G) and (H) are the O1s spectra of the Sb� SnO2 and TiO2-xNCs/Sb� SnO2 electrodes, respectively.
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We carried out electrochemical impedance spectroscopy to
analyze the interfacial impedance of the prepared electrodes in
0.5M H2SO4 solution from 10 kHz to 0.01 Hz. In Figure 4B, we
see the presence of semicircles in the Nyquist plots owing to
the charge exchange and compensation process at the
electrode/electrolyte interface. The much-decreased arc diame-
ter of the modified TiO2-xNCs/Sb� SnO2 anode suggested its
promoted charge transfer performance. The fitting results
(Supporting Information, Table S5) show a 4-times decreased Rct

value (from 127.5 Ωcm2 to 31.6 Ωcm2) compared to the
Sb� SnO2 electrode, resulting from its refined crystallinity and
compact morphology.

Cyclic voltammograms were recorded in 0.1M KCl with
5 mM K3[Fe(CN)6]/K2[Fe(CN)4] solution as a redox couple to
investigate the anode’s electrochemical characteristics. As seen
in Figure 4C, a couple of well-defined oxidation and reduction
peaks with good symmetry are observed on both anodes for
prominent reversibility. The enlarged area under the cyclic
voltammograms of the TiO2-xNCs/Sb� SnO2 electrode demon-
strated its superior electrochemical activity. We also recorded
cyclic voltammograms in 0.25M Na2SO4 solution from 0.6 V to
0.8 V vs. SCE at scan rates from 10 mVs� 1 to 200 mVs� 1 to
determine the number of active sites. In Supporting Informa-
tion, Figure S5A and B, we see a nearly rectangular shape from
the measured cyclic voltammograms, indicative of capacitive

(or pseudocapacitive) processes.[48] The number of active sites is
proportional to the amount of voltametric charges (q*). The
total voltametric charge (q*T ) is composed of two parts, outer
voltammetric charge (q*O Þ and inner voltammetric charge (q*i ).
The number of q*T , q

*
O and q*i can be calculated according to

Equations (2)–(4).[49]

q* ¼ q*O þ k
0

v� 1=2 (2)

q*ð Þ� 1 ¼ q*T
� �

� 1
þ kv1=2 (3)

q*T ¼ q*O þ q*i (4)

In Figure 4D and E, the linear correlations are fitted on both
the plots between(q*)� 1 and ν1/2 and the curves between q* and
ν� 1/2. The calculated results are displayed in Figure 4F. The q*T ,
q*O , and q*i values of the TiO2-xNCs/Sb� SnO2 electrode are
3.7 mCcm� 2, 1.1 mCcm� 2, and 2.6 mCcm� 2, respectively, which
are 4.0, 2.9, and 4.8 times than the Ti/Sb� SnO2 electrode. These
increased amounts of active sites can be ascribed to decreased
particle sizes. The value of q*i =q

*
T is defined as the anode

electrochemical porosity (r).[50] Our TiO2-xNCs/Sb� SnO2 electrode
provides a higher r value (0.70) than the given anode (0.58),
facilitating the electrolyte to permeate into the inner active
sites to advance the anode degradation capacity.[51]

Figure 4. Electrochemical measurements of the Sb� SnO2 and TiO2-xNCs/Sb� SnO2 electrodes: Linear sweep voltammetry curves in 0.5M H2SO4 solution at
50 mVs� 1 (A), Nyquist plots in 0.5M H2SO4 solution at open circuit potential from 10 kHz to 0.01 Hz with 5 mV amplitude (the insert is the corresponding
equivalent circuit model) (B), cyclic voltammograms curves from � 0.2 V to +0.6 V vs. SCE at 50 mVs� 1 in 5 mM K3[Fe(CN)6]/K2[Fe(CN)4] solution with 0.1M KCl
as supporting electrolyte (C). Relationship between (q*)� 1 versus v1/2 (D) and q* versus v� 1/2 (E). The number of different types of voltammetric charges of the
prepared anodes (F). Fluorescence spectra of the Sb� SnO2 (G) and TiO2-xNCs/Sb� SnO2 (H) electrodes, and the corresponding fluorescence intensity changes
versus electrolysis time (I).
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The *OH radicals generation ability is an important index
reflecting the non-active anode oxidation ability. As depicted in
Figure 4G and H, with the extension of electrolysis duration,
both anodes presented an increased fluorescence intensity of
the peak at around 425 nm, suggesting the continuous
generation and accumulation of *OH. The evolution of
fluorescence intensity with electrolysis time is plotted in
Figure 4I. The TiO2-xNCs/Sb� SnO2 electrode featured a higher
fluorescence intensity during the whole electrolysis process.
Additionally, the linear fitting results also proved its larger slope
(71.1 min� 1), which is about 5-times higher than the Sb� SnO2

electrode (14.2 min� 1). The significant promoted *OH radicals
generation ability of the TiO2-xNCs/Sb� SnO2 anode is attributed
to its high OEP value, more active sites, and increased amount
of Oad.

Electrochemical degradation test

Degradation of cationic dyes

The prepared anodes’ degradation performance for cationic
dyes, RhB, and MB, was investigated to evaluate their practical
application prospect. In Figure 5A and B, the peaks at ~554 nm
decrease rapidly with the reaction time since the reduction of
RhB. The gradually lighter color of the obtained samples agrees

with this observation (Figure 5C). The TiO2-xNCs/Sb� SnO2 anode
featured almost 100% (99.5%) RhB removal efficiency only after
50 min electrolysis and 99.8% after 60 min. The values for the
Sb� SnO2 anode after 50 min and 60 min are much smaller
(63.2% and 73.5%, respectively; Figure 5G). The RhB removal
process also follows the first-order kinetic model (Supporting
Information, Figure S6A); however, the rate constant (k) strongly
increases about fivefold from 0.0218 min� to 0.1079 min� 1

(Supporting Information, Table S6). This value is competitive
when compared with other works, such as 3D� Ti/Sb� SnO2

(0.0493 min� 1),[52] Ti/SnO2� Sb� Ni(2%)/Gd (0.038 min� 1),[53] and
NiO nanobelts (0.012 min� 1).[54]

As demonstrated in the UV/Vis spectrum and sample photos
(Figure 5D–F), the TiO2-xNCs/Sb� SnO2 electrode also achieves a
higher MB removal performance for the much-decreased
absorbance intensity at ~663 nm and the lighter solution color.
The TiO2-xNCs/Sb� SnO2 electrode achieved 93.6% MB removal
efficiency after 120 min electrolysis (Figure 5H) with a higher
rate constant (0.0219 min� 1) and a shorter half-life time (tMB1/2,
31.7 min) than the control Sb� SnO2 electrode (75.0%,
0.0114 min� 1, 60.8 min; Supporting Information, Figure S6B,
Table S6). The MB removal rate constant of the modified
electrode also comparable with previous reports, for instance,
Ti/SnO2-Sb (0.00952 min� 1),[43] BDD (0.01045 min� 1),[55] and
TiO2NTA-PbO2 (0.0189 min� 1).[56] These results suggest the

Figure 5. UV/Vis spectra for the degradation of RhB by the Sb� SnO2 (A) and TiO2-xNCs/Sb� SnO2 anodes (B); (C) is the corresponding photo of the RhB
degradation samples, and (G) the variation of RhB removal efficiency during electrolysis (20 mgL� 1 RhB, 30 mAcm� 2, 40 °C, 10 gL� 1 Na2SO4). UV/Vis spectra for
the degradation of MB by the Sb� SnO2 (D) and TiO2-xNCs/Sb� SnO2 anodes (E); (F) is the corresponding photo of the MB degradation samples, and (H) the
variations of MB removal efficiency during electrolysis (20 mgL� 1 MB, 30 mAcm� 2, 40 °C, 10 gL� 1 Na2SO4). (I) Different radicals’ contribution to the removal of
RhB and MB.
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superior oxidation capacity of the modified TiO2-xNCs/Sb� SnO2

electrode for the cationic dyes.
An excessive amount of methanol (MeOH; 3M) and

isopropanol (IPA; 3M) were employed as the scavengers to
further clarify the mechanisms for RhB and MB degradation by
the TiO2-xNCs/Sb� SnO2 electrode. MeOH could capture both
*OH and SO4

*� for the fast reaction rate constants of 9.7×
108 Lmol� 1 s� 1 and 1.0×107 Lmol� 1 s� 1, respectively. IPA is often
utilized to capture only *OH with a higher rate constant (1.9×
109 Lmol� 1 s� 1).[13,57] In Figure 5I, we see that the relative
contribution of *OH for RhB and MB degradation are 59.9% and
45.7%, respectively. For SO4

*� , the contributions are 17.4% and
21.0% , respectively (see also the Supporting Information).
These results confirm the vital role of *OH in the degradation of
cationic dyes, and the prominent *OH generation capacity
endows the novel TiO2-xNCs/Sb� SnO2 electrode with satisfactory
RhB and MB removal performance. The EPR test results
(Supporting Information, Figure S7) also confirmed the exis-
tence of *OH and SO4

*� radicals during the RhB degradation
process by the TiO2-xNCs/Sb� SnO2 electrode.

[58] Nevertheless, as
depicted in Figure 5I, there are still some degradation contribu-
tions from other parts, which may be due to the direct
oxidation process or the oxidation by other unquenched
radicals.[59]

The RhB degradation immediate products of the TiO2-xNCs/
Sb� SnO2 electrode are listed in Supporting Information,
Table S7 and the corresponding MS spectrograms are depicted
in Supporting Information, Figure S8. The possible degradation
mechanisms are displayed in Figure 6, which mainly includes N-
deethylation, chromophore cleavage, and ring opening. More

specifically, pathways I and II have shown a similar degradation
process. After a series of N-deethylation of RhB, product No. 1
(m/z=415), No. 2 (m/z=387), No. 3 (m/z=360), No. 5 (m/z=

415) and No. 6 (m/z=387) could be produced and further
transformed into product No. 4 (m/z=332), which is in line with
many other works.[60] Due to the attack of *OH, the chromo-
phore groups (xanthene group and phenyl group) were broken
and formed many intermediate products (from No. 7 to
No. 12).[61] Next, small molecules (from No. 13 to No. 17) were
generated by a ring-opening reaction and further mineralized
into CO2 and H2O.

[62]

Degradation of anion dyes

We used AYB and MO as typical anion dye pollutants to
evaluate the electrochemical oxidation capacity of the prepared
anodes. As a typical anion dye, the azo group (� N=N� ) and
associated chromophores and auxochromes determine the
color generation.[63] As shown in Figure 7A and B, the intensity
of the maximum absorption peak located at ~372 nm
decreased with the extension of electrolysis time, indicating the
broken of the azo bond of AYR, leading to the lightening of the
color of the sample (Figure 7C). The other decreased absorption
peak at ~270 nm relates to the benzene ring and phenolic
hydroxyl group reaction.[64] As such, after 120 min reaction time,
a 74.0% and 52.2% removal efficiency of AYR (Figure 7G) can
be obtained for the TiO2-xNCs/Sb� SnO2 and Sb� SnO2 anodes,
respectively, demonstrating the excellent oxidation capacity of
the former than the later. The kinetic fitting results also

Figure 6. Proposed RhB degradation mechanism by the TiO2-xNCs/Sb� SnO2 electrode.
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confirmed the higher electrocatalytic activity of the TiO2-xNCs/
Sb� SnO2 electrode than the control one (Supporting Informa-
tion, Figure S9A), with the AYR removal rate constant increased
approximately 2-fold from 0.0060 min� 1 to 0.0111 min� 1 (Sup-
porting Information, Table S6). We see a higher removal
efficiency for the MO degradation by the TiO2-xNCs/Sb� SnO2

electrode than AYR.
As illustrated in Figure 7D–F, the MO solution also became

colorless with the consistent broken of azo bonds at
~463 nm.[65] The peak intensity of ~270 nm of the Sb� SnO2

electrode did not decrease during the degradation process and
even slightly increased after 80 min electrolysis, suggesting the
accumulation of benzene rings. However, for the TiO2-xNCs/
Sb� SnO2 electrode, both peaks at ~463 nm and ~273 nm
decreased with the reaction time, indicating the simultaneous
cleavage of the azo bonds and the benzene rings. These results
confirm the good mineralization ability of the TiO2-xNCs/
Sb� SnO2 electrode. Hence, our novel anode achieved 92.5%
MO removal efficiency, much higher than the control Sb� SnO2

electrode (43.7%), as seen in Figure 7H. The corresponding first-
order rate constant improved almost fivefold from 0.0073 min� 1

to 0.0342 min� 1 (Supporting Information, Figure S9D, and
Table S6). The value for the TiO2-xNCs/Sb� SnO2 electrode also
have competitiveness to other reports, 0.0198 min� 1 for Ti/
Sb� SnO2-4%TiN,[66] 0.0098 min� 1 for a TiO2 film,[67] and
0.0135 min� 1 for PbO2/SnO2.

[68] The quenching results also
demonstrated the important role of *OH in the degradation of

AYR and MO, with 36.9% and 55.0%, respectively (Figure 7I).
More details are described in Supporting Information.

Two possible degradation pathways for AYR (Figure 8) are
also proposed based on the detected intermediates by HPLC-
MS (Supporting Information, Figure S10 and Table S8). In
Pathway I, due to the existence of the nitro group (strong
electron-withdrawing group) and hydroxyl group (strong elec-
tron donating group), which could reduce the electron cloud
on nitrobenzene, the AYR easily decomposed into product
No. 1 (m/z=123) and product No. 2 (m/z=165). Then, the *OH
radicals attacked the azo double bond of No. 2 to generate
product No. 3 (m/z=153) and further oxidized into No. 4 (m/z=

183).[69] After a series of hydroxylation, decarboxylation and
dehydroxylation steps, products No. 5 (m/z=154), No. 6 (m/z=

110) and No. 7 (m/z=78) could be formed. Product No. 1
transformed into product No. 8 (m/z=94) under hydroxylation.
Moreover, the attack of *OH to AYR may also generate No. 9 (m/
z=318) and further form No. 10 (m/z=257).[63] When the azo
double bond of No. 10 was broken under the attack of *OH, it
may transform into No. 4 and further be oxidized. When the
N� C bond of No. 10 was broken, products No. 11 (m/z=122)
and No. 12 (m/z=137) could be generated owing to the
electron-withdrawing effect of � COOH, and then transformed
into No. 6 and No. 8, respectively.[70] Simultaneously, the
carboxyl group of No.10 may also be firstly removed to
generate product No. 13 (m/z=214), which could further trans-
form into products No. 14 (m/z=182) and No. 1 (m/z=123).

Figure 7. UV/Vis spectra for the degradation of AYR by the Sb� SnO2 (A) and TiO2-xNCs/Sb� SnO2 anodes (B); (C) is the corresponding photos of the AYR
degradation samples and (G) is the variation of AYR removal efficiency during electrolysis (20 mgL� 1 AYR, 30 mAcm� 2, 40 °C, 10 gL� 1 Na2SO4). UV/Vis spectra
for the degradation of MO by the Sb� SnO2 (D) and TiO2-xNCs/Sb� SnO2 anodes (E); (F) is the corresponding photo of the MO degradation samples and (H)
represents the variations of MO removal efficiency during electrolysis (20 mg L� 1 MO, 30 mAcm� 2, 40 °C, 10 gL� 1 Na2SO4). (I) Different radicals’ contribution to
the removal of AYR and MO.
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Products No. 1, No. 6, and No. 8 could all be degraded into
No. 7 and mineralized into CO2 and H2O.

Mineralization efficiency and overall energy consumption

The TOC removal efficiency of the degradation samples was
analyzed to characterize the anode’s deep oxidation ability. As
shown in Figure 9A, after electrolysis, the TiO2-xNCs/Sb� SnO2

anode achieved a higher TOC removal efficiency for RhB
(78.2%), MB (67.6%), AYR (47.8%) and MO (63.4%) than the
control Sb� SnO2 electrode where the values are 49.4%, 45.6%,
32.2% and 25.9%, respectively. From Figure 9B, we see that the
EEO value for the removal of RhB, MB, AYR, and MO of the TiO2-

xNCs/Sb� SnO2 anode are 1.9 kWhm� 3, 9.3 kWhm� � ,
19.2 kWhm� 3, and 6.1 kWhm� 3, respectively. All of these values
are lower than the control Sb� SnO2 electrode, and the values
are 9.4 kWhm� 3, 18.9 kWhm� 3, 36.7 kWhm� 3, and 29.5 kWhm� 3,
respectively. The lower energy consumption of TiO2-xNCs/
Sb� SnO2 relates to its high OEP value for the restriction of
oxygen evolution side reaction, strong reactive oxygen species
generation capacity, and improved charge transfer perform-
ance, indicating its promising practical application prospect.

Anode reusability and stability

Consecutive MO degradation experiments were conducted to
evaluate the reusability of the prepared TiO2-xNCs/Sb� SnO2

anode. In Figure 10A, the anode retained 89.4% MO removal

Figure 8. Proposed AYR degradation mechanism by the TiO2-xNCs/Sb� SnO2 electrode.

Figure 9. TOC removal efficiency (A) and energy consumption (B) for the
degradation of RhB, MB, AYR, and MO.

Figure 10. Five times reusability of the prepared TiO2-xNC/Sb� SnO2 electrode for the degradation of MO (A) (20 mgL� 1 MO, 30 mAcm� 2, 40 °C, 10 gL� 1 Na2SO4).
Accelerated lifetime test in 0.5M H2SO4 solution at 50 mAcm� 2 (B). Cyclic voltammograms of the deactivated Sb� SnO2 and TiO2-xNCs/Sb� SnO2 anodes in 5 mM
K3[Fe(CN)6]/K2[Fe(CN)4] solution with 0.1M KCl as supporting electrolyte at 50 mVs� 1 (C).
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efficiency. In addition, no noticeable decrease occurred after
five consecutive degradation experiments, demonstrating its
robust durability.

The anode’s stability was investigated by accelerated life-
time experiments conducted in 0.5M H2SO4 solution under
100 mAcm� 2. In Figure 10B, the lifetime of the novel TiO2-xNCs/
Sb� SnO2 anode is 23 h, which is about sixfold longer than that
of the control electrode (3.6 h). Furthermore, the deactivated
Sb� SnO2 anode has a larger closed area under cyclic voltammo-
grams than the deactivated TiO2-xNCs/Sb� SnO2 anode (Fig-
ure 10C), indicating its higher electrochemical activity.

The scanning electron micrograph, EDX spectrum, and the
corresponding elemental mappings of the deactivated Sb� SnO2

electrode are shown in Supporting Information, Figure S11A–C.
The exposition of Ti substrate can be observed, indicating the
detachment of the Sb� SnO2 coating, which may be due to the
cracks on the anode surface, leading to the permeation of
electrolyte and oxygen into the substrate to form non-
conductive TiO2. The generation of TiO2 would further accel-
erate the peeling of the coating for the dramatically increased
cell voltage. Thus, the Sb� SnO2 presented a short service time.
Nevertheless, for the TiO2-xNCs/Sb� SnO2 anode, the Ti substrate
is entirely covered by the TiO2-xNCs layer even after deactivated
(Supporting Information, Figure S11D, E), demonstrating its
strong binding force. Ti, O, Sn, and Sb elements are homoge-
neously distributed across the anode’s surface (Supporting
Information, Figure S11G). However, the peak intensities of Sn
and Sb found in the deactivated TiO2-xNCs/Sb� SnO2 anode are
much lower than the given Sb� SnO2 anode (Supporting
Information, Figure S11F). The elemental ratio analysis also
confirmed the former’s lower Sn and Sb content than the latter
(Supporting Information, Table S9). This result suggests that less
Sb� SnO2 coating survived on the deactivated TiO2-xNCs/
Sb� SnO2 anode surface, leading to a smaller area of the cyclic
voltammograms (smaller charge) compared to the deactivated
Sb� SnO2 anode (Figure 10C).

From the obtained data, we can identify two different
mechanisms for the anodes deactivation: For the Sb� SnO2

electrode, the deactivation was caused by the generation of
TiO2; whereas, for the TiO2-xNCs/Sb� SnO2 anode, the 3D rutile
TiO2-xNCs interlayer provided a barrier for the substrate to
prevent its oxidation. Hence, the deactivation process mainly
resulted from the self-corrosion of the Sb� SnO2 surface coating,
resulting in a longer lifetime. In addition, the good lattice match
between TiO2-xNCs and SnO2 and the concave-convex porous
structure strengthens the bond between the interlayer and
surface layer. The lower charge transfer resistance of the novel
TiO2-xNCs/Sb� SnO2 anode is also conducive to lowering its cell
voltage during the aging test. These factors all resulted in the
good stability of the TiO2-xNCs/Sb� SnO2 electrode.

Conclusions

In this work, a rutile Ti3+ self-doped urchin-like TiO2 nano-
clusters (TiO2-xNCs) is first utilized as an interlayer to fabricate a
novel TiO2-xNCs/Sb� SnO2 electrode. This unique 3D matrix

structure benefits form a TiO2-xNCs/Sb� SnO2 anode with a
smaller particle size to provide more active sites and signifi-
cantly enhanced OEP value (from 2.33 V to 2.63 V). This results
in a fivefold increase in *OH generation. Accordingly, the rate
constants for removing RhB and MO by the novel electrode
improved about fivefold compared to the control Sb� SnO2

anode. Moreover, the TiO2-xNCs/Sb� SnO2 anode also achieved
93.6% MB and 75.0% AYR removal efficiency after 120 min
electrolysis. The quenching experiments confirmed the critical
contribution of *OH to the decoloration of these four dyes. The
corresponding degradation mechanism of RhB and AYR are all
proposed based on the HPLC-MS results. The presence of the
rutile TiO2-xNCs interlayer also prolonged the TiO2-xNCs/Sb� SnO2

anode lifetime by about 6-times for the barrier effect to Ti
substrate and the good lattice match to SnO2. Consequently,
we believe this work provides an important design strategy to
obtain efficient and stable electrodes for dye wastewater
treatment, competitive or superior to, for example, SnO2, PbO2,
MnO2, and RuO2.

Experimental Section

Materials

Ti meshes (>99.9%, 150 pores per inch) were obtained from Qixin
Company Baoji. All reagents and chemicals were of analytical grade
and used without further purification. Deionized water
(18.25 MΩcm) was used for all rinses or syntheses.

Preparation of the TiO2-xNCs/Sb� SnO2 electrode

Ti meshes were ultrasonically cleaned in absolute ethanol and
distilled water for 15 min, successively. Then, the TiO2NCs interlayer
was hydrothermally synthesized onto the Ti mesh substrate.[28b]

Typically, 0.6 mL titanium isopropoxide, 4 mL acetylacetone, and
0.075M Na2EDTA were mixed under constant stirring to form a
homogeneous solution. This step was followed by placing the Ti
meshes into the polytetrafluoroethylene-lined stainless-steel auto-
clave (with a volume of 100 mL) and then transferring the above
solution into it to heat at 200 °C for 12 h. Then, the obtained
samples were washed with water and ethanol and finally annealed
in a muffle furnace at 500 °C for 2 h.

The electrochemical reduction process was conducted in 1.0 M
(NH4)2SO4 solution at 3 mAcm� 2 for 15 min with the fabricated Ti/
TiO2NCs electrode, and the Pt plate was used as the cathode and
anode, respectively.

The Sb� SnO2 catalytic layer was prepared by electrodeposition
technology with the Ti/TiO2-xNCs electrode as the cathode and the
Pt plate as the anode. The electrolyte, with a volume of 100 mL,
consisted of 0.35 g tartaric acid (C6H6O6), 1.5 g of stannic chloride
(SnCl4), 0.10 g of antimony trichloride (SbCl3), 0.45 g of gelatin, and
10 g of sodium pyrophosphate anhydrous (Na4P2O7). The electro-
deposition procedure was carried out at 44 °C for 60 min with a
current density of 20 mAcm� 2. Finally, the TiO2-xNCs/Sb� SnO2 could
be obtained after annealing at 500 °C for 2 h in an ambient
atmosphere. The Sb� SnO2 electrode was prepared under the same
conditions without introducing the TiO2-xNCs interlayer.
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Physical and electrochemical characterization

We used a field emission scanning electron microscope coupled
with energy-dispersive X-ray spectroscopy (FESEM-EDX; JEOL, JSM-
7800F) to investigate the prepared electrodes’ surface structure and
element distribution. The samples were prepared by fixing the
electrodes to a steel holder with the help of conductive adhesive
without any sputter coating. The crystal structure was studied by X-
ray diffractometer (XRD, PANalytical, X’Pert Powder) with Cu Kα
radiation (0.154 nm). The samples were fixed on the holder by
assembly putty. The XRD instrument was calibrated with polysilicon
wafers before the test. The chemical composition and valence state
of elements were examined by X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250) using an Al Kα X-ray source
(1486.60 eV, 150 W). The electrode samples were adhered to the
holder by ordinary double-sided adhesive. The binding energy of
the samples was calibrated by the C1s peak at 284.6 eV. Electron
paramagnetic resonance (EPR) spectra were also detected on a
Bruker A300 spectrophotometer to characterize the formation of
oxygen vacancy. The corresponding g values were extracted from
simulations by using EasySpin (v5.2.23).

All electrochemical measurements were performed on a CHI660E
electrochemical workstation (Shanghai Chenhua Instrument Co.) in
a three-electrode configuration. The obtained electrodes, saturated
calomel electrode (SCE), and platinum plate (20 mm×20 mm×
0.2 mm) served as the working electrode, reference electrode, and
counter electrode, respectively. Linear sweep voltammetry (LSV)
curves were also recorded in 0.5M H2SO4 to measure the electrode
OEP values. The charge transfer performance was obtained from
electrochemical impedance spectroscopy (EIS) measurements at
open circuit potential (OCP) from 10 kHz to 0.01Hz with a 5 mV
amplitude in 0.5M H2SO4 solution. Two electrolytes were adopted
to carry out the cyclic voltammograms (CV) tests. One was tested in
5 mM K3[Fe(CN)6]/K2[Fe(CN)4] with 0.1M KCl as the supporting
electrolyte from � 0.2 V to +0.6 V (vs. SCE) at 50 mVs� 1 to
investigate the reversibility and electrochemical activity of the
anodes. The other was conducted in 0.25M Na2SO4 from 0.6 V to
0.8 V (vs. SCE) at different scan rates (10, 30, 40, 50, 100, 150,
200 mVs� 1) with the potential ranges from 0.6 V to 0.8 V (vs. SCE) to
characterize the number of active sites. Mott–Schottky plot was
also obtained in 0.25M Na2SO4 from � 1 V to 0 V (vs. SCE). The
frequency and amplitude were 1 kHz and 10 mV, respectively.

Terephthalic acid was employed as the scavenger to investigate the
anode *OH radicals generation performance by measuring the
fluorescence intensity of their product (2-hydroxyterephthalic acid).
The fabricated SnO2 electrodes (with an area of 1 cm2) and Pt plate
were also used as the anode and cathode, respectively. The
electrolyte was composed of 5 mM terephthalic acid, 0.50 gL� 1

NaOH and 0.25 mM Na2SO4. The applied current density was
30 mAcm� 2 and the temperature was kept at 30 °C. Sampling was
carried out every 5 min. We diluted the specimens 10 times to test
the fluorescence intensity from 370 nm to 520 nm with an
excitation wavelength of 315 nm by a fluorescence spectrophotom-
eter (Shimadzu RF-6000).

Electrochemical catalytic experiments

All the degradation experiments were performed in a single-
compartment cell under constant stirring. The prepared SnO2

electrodes, with an immersed area of 6 cm2, were utilized as the
anodes, and copper plates, with a distance of 2 cm, served as the
cathode. We applied a current density of 30 mAcm� 2 via a DC
power supply (DC, IT6874 A, ITECH). The electrolyte, with a volume
of 200 mL, was composed of 20 mgL� 1 model pollutants (RhB, MB,
AYR, and MO) and 10 gL� 1 Na2SO4 as the supporting electrolyte.

The temperature was kept at 40 °C. The variations of organics
concentration were measured at 554 nm, 663 nm, 372 nm, and
463 nm for RhB, MB, AYR, and MO, respectively, by the UV/Vis
spectrophotometer (UV-3600, Shimadzu). The corresponding en-
ergy required was calculated by using the electrical efficiency per
order (EE/O; see also Supporting Information). Total organic carbon
(TOC) value changes were monitored by a TOC analyzer (Liqui TOC
II, Elementar). The immediate products during RhB and AYR
electrolysis were also detected by high-performance liquid chroma-
tography coupled with mass spectrometry (HPLC-MS) (Acquity,
Waters) with Agilent Extend C18 column (100 mm×2.1 mm,
3.5 μm) to investigate the corresponding degradation mechanisms.
The injection volume of the samples was 5 μL with a flow rate of
0.5 mLmin� 1. The wavelengths of the ultraviolet detector were
210 nm and 254 nm. The generated *OH and SO4

*� were identified
by EPR with 100 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
the spin-trapping agents.

Accelerated lifetime test

The stability of the prepared anodes was also evaluated by the
accelerated lifetime test, which was performed in 0.5M H2SO4 at
room temperature. The applied current density was 100 mAcm� 2,
and the cell voltage increased dramatically to 10 V, which was
regarded as the electrode deactivated signal.
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