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Introduction

Understanding the effect of the high
hydrophobicity of the laser-prepared
Ti/SnO,—-Sb—-La,0z anode on its
electrocatalytic propertiest

Géssica de Oliveira Santiago Santos, (2 2° Aline Resende Doria,?”
Caio Vinicius da Silva Almeida,® Marilia Pupo,® Ronaldo Santos da Silva,”
Katlin Ivon Barrios Equiluz*®® and Giancarlo Richard Salazar-Banda () *2°

SnO,-Based materials have attracted much attention in the electrochemical oxidation field due to their
high electrocatalytic activity. However, efforts are still required to improve their physical and electro-
chemical properties. Here we employed a CO, laser thermal process, as a substitute to conventional
furnace heating, for the synthesis of two SnO;-based anodes—Ti/SnO,-Sb,0s5 and Ti/SnO,-Sb-La,0s.
Compared with anodes made using conventional heating, the laser-prepared anodes show a more com-
pact surface and a change from hydrophilic to super-hydrophobic wetting properties. Energy-dispersive
X-ray spectroscopy and X-ray diffraction data reveal the uniform distribution of Sn, Sb, and La, as well as
the formation of the desired oxides, respectively. The oxidation state and chemical composition were
confirmed by X-ray photoelectron spectroscopy. Notably, the laser-prepared anodes exhibit a positive
shift in the oxygen evolution overpotential, especially for the Ti/SnO,-Sb-La,O3 anode, and a 2-fold
reduction in the charge transfer resistance. The electrochemical degradation of 4-nitrophenol (4-NP)
was investigated in aqueous solutions by UV-Vis spectra employing all anodes produced. The results
showed that laser-prepared Ti/SnO,—Sb-La,Os displays the highest degradation efficiency at the lowest
energy consumption. Also, a mechanism for the 4-NP oxidation at the SnO,-based anodes under the
current working conditions is proposed. Finally, the notable reduction in processing time and energy
spent using laser heating makes it a feasible alternative to produce SnO,-based anodes. Their improved
properties enhance the potential of these anodes to be applied in the electrochemical treatment of
polluted waters.

living organisms.>” Thus, the treatment of these polluted waters
is of paramount importance. Hence, alternative efficient techno-

Nitro-aromatic compounds are commonly found in many
industrial wastewaters because they are widely used in the manu-
facture of pesticides, dyes, and other chemicals."” 4-Nitrophenol
(4-NP, also known as p-nitrophenol) is one of those recalcitrant
compounds, presenting high stability and solubility. Besides, it is
recognized for its potential toxicity and mutagenic activity toward

@ Laboratory of Electrochemistry and Nanotechnology, Institute of Technology and
Research (ITP), 49.032-490, Aracaju, Sergipe, Brazil.
E-mail: katlinbarrios@gmail.com, gianrsb@gmail.com

b process Engineering Graduate Program (PEP), Tiradentes University, 49.032-490,
Aracaju, Sergipe, Brazil

¢ Department of Process & Energy, Faculty of Mechanical, Maritime & Materials
Engineering, Delft University of Technology, Delft, The Netherlands

4 Functional Nanomaterials Group, Department of Physics, Federal University of
Sergipe, Sao Cristovdo-SE, Brazil

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d1ma00004g

4016 | Mater. Adv., 2021, 2, 4016-4028

logies capable of degrading such compounds in aqueous media
are essential since conventional biological treatment has been
found to be inadequate for the degradation of such nitro-aromatic
compounds.

Due to the advances in electrode materials and their high
performance, electrochemically driven technologies have attracted
attention due to their environmental compatibility and the
ability to destroy organic compounds from aqueous wastes.®*°
In particular, mixed metal oxide (MMO) coatings on titanium
substrates are widely used as anodes in environmental applica-
tions. Due to their unique properties and versatility, they are a
good option as anode materials for electrochemical oxidation
of organic pollutants in aqueous solutions."*™ Among the
different MMOs existing, SnO,-based binary anodes stand out
as low cost and effective materials for the removal of various
organic pollutants because of their high oxygen evolution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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overpotential. Several authors have introduced a third element
such as a rare-earth (La, Ce, Eu, Gd, Dy, etc.), noble metal
(Pt, Ru, Ir, etc.), or other metal (Fe, Co, Ni, Bi, etc.) in order to
improve the electrocatalytic activity of these anodes making
them attractive for practical applications.'*™”

In this sense, considerable focus has been given to the
various preparation methods available, which influence the
physical and electrochemical properties of these anodes.'®"°
Significant differences in the coating adhesion, morphology,
and porous microstructure have been reported to be dependent
on the preparation conditions and heating processes applied.”*>>
Thermal decomposition methods are commonly employed to
produce such materials where electric furnaces are typically used
as the heating source, making it a prolonged and time-consuming
process (considering the heating and cooling times).

Alternatively, CO, laser heating appears as a substitute for
conventional heating due to its faster heating and cooling
processes.>® Besides, the CO, laser can improve the electrocatalytic
properties at a considerably lower cost of synthesis.>*** Therefore,
the study of the relationship between electrochemical oxidation
performance and the electrode modification methods has
important theoretical significance and practical value.

Here, we focus on the effect of CO, laser heating to prepare
the binary mixture of SnO,-Sb,0Os and a ternary anode with
lanthanum addition (SnO,-Sb-La,03). For comparison, those
anodes were also made in a conventional furnace. The developed
anodes were characterized by scanning electron microscopy (SEM)
coupled to energy dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), elec-
trochemical impedance spectroscopy (EIS), cyclic voltammetry
(Cv), and linear sweep voltammetry (LSV) techniques. Finally,
chronopotentiometry experiments were carried out to evaluate the
electrocatalytic activity of these anodes using 4-nitrophenol as a
target organic molecule. The concentrations of the compound
were analyzed through UV-Vis spectroscopy, with samples being
collected at several time intervals during electrolysis.

Results and discussion
Physical characterization

From hereafter and for simplification, the two compositions of
anodes prepared Ti/(SnO,)o.84(Sb)o.0s(La203)0.10 and Ti/(SnO,)o g4
(Sby0s)o.16 Will be simply denoted as Ti/SnO,-Sb-La,O; and
Ti/Sn0O,-Sb,0s, respectively. Fig. 1 shows the XRD patterns of
the anodes prepared by both methods. Note that all samples
exhibit SnO, in a rutile-type structure (JCPDS 41-1445), as the
majority phase, discreet peaks of Sb,Os (JCPDS 01-0124) and
La,O; (JCPDS 022-0369), in this last case in La-doped anodes,
and as expected, the metallic Ti peaks (JCPDS 44-1294) from the
substrate. The almost imperceptible peaks related to Sb,05 and
La,0; suggest that these ions were successfully inserted in the
SnO, matrix, and just small amounts of oxides segregate. This
result agrees with previous studies that pointed out that up to
10% of Sb can be incorporated into the SnO, lattice satisfying
the Hume-Rothery rule.”® According to the Hume-Rothery
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Fig. 1 XRD diffraction patterns of Ti/SnO,-Sb,0Os (a) and Ti/SnO,—Sb—
La,O3 (b) prepared by conventional heating (furnace) and laser heating
processes.

rule,?® a complete solid solubility is expected when the difference
between the ionic radii of the participating ions is smaller than
15%. In fact, Sb°" has an ionic radius of 0.6 A (coordination
number - CN = 6), while for Sn*" it is 0.69 A, the difference being
approximately 13%,° close to the Hume-Rothery limit. Thus,
phase segregation is expected when the Sb amount increases.
For La*" ions (1.032 A, CN = 6), this difference is even more
pronounced, approximately 50%, which is much larger than the
Hume-Rothery limit for successful substitution (ie., 15%).”
Therefore, the segregation of a La-rich phase is expected. Peaks
related to the Ti support (JCPDS 44-1294) were also identified in
both anodes due to the cracks in the anode surface, allowing for
penetration of X-rays.

Fig. 2 (left-side) shows SEM images of the laser and con-
ventionally prepared anodes for both studied compositions.
The surface morphology of the conventional anode is deeply
cracked, facilitating the formation of TiO, through the infiltra-
tion of electrolyte in the coating layer, which leads to poor
conductivity and the deactivation of the SnO,-based anode.
Conversely, the laser-prepared anodes were more compact and
had a better coating, corroborating with the XRD results (Fig. 1)
in which these samples presented lower Ti intensity associated
with the titanium substrate as compared with conventional
samples. Additionally, the Ti/SnO,-Sb-La,0; anodes exhibit a
more homogeneous morphology than those of the Ti/SnO,-
Sb,0s5 samples. The elemental mappings of the surfaces of the
four studied anodes are shown in Fig. 2 (right side). In these
images, brightness differences are related to the different
element proportions (i.e., darker regions are related to a lower
concentration of an observed element). Some darker regions
are observed in Sn, Sb, and La elemental mapping pictures for
the conventionally prepared anodes, while for the laser-
prepared anodes, these darker regions are much less pro-
nounced, which means better ion homogeneity.”?

The composition of the coating layer was semi-quantitatively
determined by EDS (Table 1), where slight discrepancies are
observed mainly for the Sn:Sb proportion. This behavior has

Mater. Adv, 2021, 2, 4016-4028 | 4017
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Fig. 2 SEM images of the Ti/SnO,-Sb,0Os (a and c) and SnO,-Sb-La,Os (b and d) anodes employing conventional (furnace) (a and b) and CO, laser
(c and d) heating.

been already reported by several authors working with Sn/Sb The contact angle measurements for all anodes were inves-
anodes as a consequence of the small energy separation between tigated to understand the effect of the heating method on the
the spectral lines of these elements.”**”*® surface hydrophobicity. Fig. 3a and b show a super hydrophilic

4018 | Mater. Adv, 2021, 2, 4016-4028 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nominal and real semi-quantitative concentration of the studied samples, determined by the EDS technique

Nominal concentration/%

Real concentration/%

Anode Heating method Sn/M7 Sb/M% La/M7 Sn/MY Sb/M% La/5
Ti/SnO,-Sb,05 Conventional 84 16 — 87.7 12.3 —
Ti/SnO,-Sb-La,0; 84 6 10 86.8 7.2 6.0
Ti/SnO,-Sb,05 Laser 84 16 — 91.5 8.4 —
Ti/SnO,-Sb-La,05 84 6 10 91.0 3.6 5.4
M7 = total metal content.

a) Conventional C) Laser

Ti/Sn0,-Sb,0x

Conventional
Ti/Sn0O,-Sb-La,0,

b)

Fig. 3 Contact angle data of the surfaces of coatings, taken for laser-
to coating surfaces before measurement.

feature for both conventionally prepared anodes. On the other
hand, both laser-prepared anodes display hydrophobic sur-
faces, the highest contact angle value being 126.7° £+ 9.8 for
the Ti/SnO,-Sb-La,0; anode and 73.8° £ 3.3 for the Ti/SnO,-
Sb,05 anode. This behavior can be related to the dual surface
roughness reduction in micro- and nano-scale as a result of the
more compact surface. This reduction reduces the surface
porosity and the smaller particle size, in nanometric scale,?>
of the laser-prepared anodes (as can be seen in the inset of
Fig. 2c and d), in particular for the Ti/SnO,-Sb-La,0; ensuring
remarkable hydrophobicity (Fig. 2d).

XPS was used to investigate the oxidation state, chemical
composition, and constituent elements of the Ti/SnO,-Sb,05
and Ti/SnO,-Sb-La,0; electrodes. The binding energy values

© 2021 The Author(s). Published by the Royal Society of Chemistry

Ti/Sn0,-Sb,0x

Laser
Ti/SnO,-Sb-La,0;

d)

(c and d) and conventionally (a and b) prepared anodes. Inset images correspond

were calibrated based on the adventitious carbon 1 s peak
(284.8 eV). As presented in Fig. S1 (ESIT), the XPS survey spectra
indicate that Ti, O, Sb, Sn, and C elements are present in all
prepared electrodes. Excluding the carbon contribution, Table
S1 confirmed Sn as the most prominent phase, corroborating
with EDS (Table 1). A major discrepancy is observed for the Sb
content, probably related to the overlapping of the O 1s peak.

In the case of Ti/SnO,-Sb-La,0; electrodes (Fig. Sic and
S1d, ESIt), the presence of La species is not obvious in the
electrode prepared by the conventional heating process
(Fig. Sic, ESIt) due to the lower content of La in this anode.
The observation of Ti 2p signals in all spectra is probably
originated from the bottom of the cracks. Additionally, Ti peaks
showed lower intensity for the laser-prepared anodes, which

Mater. Adv,, 2021, 2, 4016-4028 | 4019
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agree with the XRD (Fig. 1) and SEM (Fig. 2) results. The
presence of C 1s is a result of the reference used during the
XPS analysis.

The deconvolution of the high-resolution spectra of O 1s/Sb
3d (Fig. 4a-d) (Sb 3ds,,/Sb3ds), pair) identified the oxidation
state of Sb as +5, suggesting the formation of Sb,Os in all
anodes.?® The O 1s region was deconvoluted into two and one
peaks for the anodes prepared by conventional (Fig. 4a and c)
and laser (Fig. 4b and d) heating processes, respectively.
In agreement with the literature,**? the first peak (531-532 eV)
corresponds to the oxygen metal bond (M-O), and the second
peak (533-534 eV) is ascribed to adsorbed water on the surface of
the anodes. It is worth mentioning that the absence of the peak
related to adsorbed water on the laser-prepared anodes can
indicate the hydrophobicity of these surfaces, which is consistent
with the contact angle measurements (Fig. 3).

The oxidation states of Sn were identified from the decon-
voluted XPS spectra of the Ti/SnO,-Sb-La,O; anode and
Ti/Sn0,-Sb,05 anodes (Fig. 4e-h). The Sn 3ds/,/3d3/, spin-orbit
pair were deconvoluted into three peaks, corresponding to the
Sn oxidation state of 0, +2, and +4.>>*%* The XPS analysis
suggests that the SnO (Sn”") is the dominant phase for the
electrodes; however, the formation of SnO, (Sn*") in relevant
quantities was also evident.

Regarding the La 3d spectrum (Fig. 4i and j), the binding
energies of the La 3ds/, (835 eV) and La 3d;,, (838.4 eV) peaks
are consistent with the reported results of La*****® in an
oxidation state of La(m), confirming the formation of La,Os.
It is worth mentioning that the La 3d peaks for the Ti/SnO,-Sb-
La,0; anode, prepared by conventional heating, are not very
evident due to its low amount.

Electrochemical characterization

Fig. 5 shows the cyclic voltammograms obtained in the
potential interval between 0.0 and 1.8 V vs. Ag/AgCl for the
Ti/Sn0,-Sb,05 and Ti/SnO,-Sb-La,0; anodes and obtained in
0.5 mol L™" H,S0,. Interestingly, regardless of the composition,
the laser-prepared anodes presented a displacement of the OER
to more positive potentials. It means that these anodes may
have a better performance in the electrooxidation of organic
compounds. Inhibition of the OER means a higher formation
of hydroxyl radicals as well as minimal energy loss on oxygen
generation.>®*” Moreover, the anodes with lanthanum pre-
sented a more pronounced potential shift, which indicates that
La addition can increase the oxygen evolution overpotential.
This observation can be correlated with the change in the
surface wettability from hydrophilic to hydrophobic, thereby
inhibiting the adsorption of hydrophilic *OH. At this point, it is
worth mentioning that the relationship between water adsorp-
tion and electrode oxidation ability may be related to the
change in the wetting property of the materials. The shift from
a hydrophilic surface to a highly hydrophobic surface inhibits
the surface adsorption of OH-species. The hydrophobic nature
of the laser-prepared anodes hinders the water adsorption.
Thus, the generated OH- is released as free OH-species instead
of combining for the evolution of oxygen, shifting the OEP to

4020 | Mater. Adv, 2021, 2, 4016-4028
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higher values, thus improving oxidation efficiency. This corre-
lation between hydrophobicity and oxygen evolution reactions
has been discussed by Wu et al.>® They observed a direct effect
of the hydrophobicity of TiO,-NTs/SnO,-Sb-PTFE electrode
on the improvement of oxygen evolution potential and, as a
consequence, an enhancement in the electrochemical oxidation
of phenol.*®

The total voltammetric charges, g*, are calculated integrating
the voltammetry curves between 0.0 and 1.8 V (vs. Ag/AgCl),
considering both anodic and cathodic charges. This parameter
can be used as a relative measure of the electrochemically active
area (Table 2).>° The laser heating provokes a reduction in the
total voltammetric charges, especially for the Ti/SnO,-Sb-La,O;.
The higher area observed for the conventionally prepared anodes
is probably related to the cracked morphology, which is not always
advantageous because deactivation may be faster due to the
penetration of the electrolyte through wide cracks. Alternatively,
laser-prepared anodes presented a reduction in the superficial
area due to their more compact structure.

The morphology factors of the oxide layers were calculated
to understand the differences among methods better.*® Fig. S2
(ESIT) shows the capacitive current density versus the scan rate,
where two linear segments are observed, located in the low and
high domain, respectively. From them, the values of total
differential capacitance (Cq), the external differential capaci-
tance (Cq,), internal differential capacitance, Cq; (= Cq—Ca,)
and finally the morphology factor (¢) were calculated, and the
values are presented in Table 2. The morphology factor value
can vary from 0 to 1, where 0 and 1 indicate small and large
internal areas.

Table 2 reveals that the laser-prepared anodes presented
morphology factor values of 0.01 < ¢ < 0.04, i.e., less than 4%
of the electrochemically active area is related to the internal
area. For the conventionally prepared anodes, these values are
slightly higher (0.04 < ¢ < 0.16).

The low morphology factor values observed for all anodes
(i.e., close to 0) can be attributed to the high calcination
temperature required to produce these anodes. This observa-
tion is in good agreement with the literature, where the
increase in the calcination temperature represents a decrease
in the morphology factor due to sintering effects.>'>**12
In other words, as the temperature increases, agglomeration
of grains and layer crystallization occurs, thereby reducing the
internal surface area. However, note that morphology factors
are even lower for the laser-prepared anodes, which may be
associated with the rapid heating and cooling rates in this
synthesis methodology. This finding was seen in our previous
report,”® where laser-prepared SnO,-Sb anodes presented lower
morphology factors than those conventionally prepared, regard-
less of the temperatures studied. Besides, among the tempera-
tures studied (from 400 to 600 °C), the lowest internal area values
are found for the highest temperature.

The LSV profiles (Fig. 6a) show that both Ti/Sn0O,-Sb,05 and
Ti/SnO,-Sb-La,0; laser-prepared anodes showed a shift in the
OER overpotential to more positive potentials, as previously
discussed in the CV results (Fig. 5). The OER overpotential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution XPS spectrum of O 1s/Sb 3d, Sn 3d and La 3d for Ti/SnO,-Sb,Os electrodes (a and e) conventional, (b and f) laser and Ti/SnO,—
Sb-La,O3 electrodes. (c, g and i) Conventional and (d, h, and j) laser.

values taken from LSV were applied during the EIS tests. Fig. 6b  well-developed semicircles, which are characteristics of the

shows the Nyquist plots of the studied anodes. All anodes show

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Influence of the composition on the total voltammetric charge
(g*) obtained from the voltammograms in the potential interval of 0.0 and
1.8 V vs. Ag/AgCl of the anodes

Anode Heating method ¢* (mC cm™2) Cq Cae Cdi Pm

Ti/SnO,-Sb,05 Conventional 1.339 0.68 0.57 0.11 0.16
Ti/Sn0,-Sb-La,0; 1.663 0.98 0.94 0.04 0.04
Ti/SnO,-Sb,0s  Laser 0.435 1.65 1.58 0.07 0.04
Ti/Sn0,-Sb-La,0, 0.204 1.75 1.74 0.01 0.01

compositions prepared by laser (Table 3), the charge transfer
resistance reduction indicates that probably better electro-
catalytic performance can be achieved when laser heating is
employed.

Finally, one of the main parameters related to the costs for
the production of MMO anodes is the operational costs. For
conventionally prepared samples, a specific heating rate and
some intermediate temperatures are required, and the cooling
process occurs when the furnace is switched off, and the
material is kept inside the furnace until it reaches room
temperature. The total time, i.e., the sum of time required for
each heating/cooling step, to produce the SnO,-Sb anodes used
in the present study was 37 h for the required 4 coating layers.
Conversely, for the laser-prepared samples, a first step is
conducted in the furnace, which takes 9.7 h, then the time
for the remaining three layers required was 45 min (i.e., 15 min
for each layer). In the laser heating method, the cooling occurs
instantaneously, which means the total time required to pro-
duce the same anode is around 3.5-fold lower (10.45 h) (Fig. 7a).
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Moreover, and considering the average electric power moni-
tored during the laser and furnace processing, the calculated
energy consumption is reduced 2.5-fold for the laser heating
compared with the conventional method (i.e., furnace)
(Fig. 7b). Therefore, taking into account not only the improved
electrocatalytic properties but the use of laser heating is also
advantageous in reducing manufacturing costs of synthesis
compared with the respective conventional anodes prepared
in the present work, as already pointed out by our research
group.??

Electrochemical oxidation

The electrochemical oxidation of aqueous wastes using ‘“non-
active”” anodes, such as those studied in the present work, is
mainly based on the hydroxyl radicals electrogenerated on the
anode’s surface (generically denominated as M) [M + H,0 - M
(*OH) + H" + €], which reacts to degrade recalcitrant organic
compounds (such as aromatic, chlorinated and phenolic com-
pounds). Thus, in order to evaluate the electrocatalytic activity
of the synthesized anodes, the electrochemical oxidation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary of fitted EIS data for the anodes obtained, recorded at oxygen evolution potential (OEP) for each anode

Anode Heating method OEP (V vs. Ag/AgCl) Ro/Q R./Q Qal Nal
Ti/SnO,-Sb,05 Conventional 1.8 1.4 34.5 0.003 0.95
Ti/SnO,-Sb-La,05 1.8 1.4 30.6 0.002 0.93
Ti/Sn0,-Sb,05 Laser 1.9 1.3 15.8 0.001 0.92
Ti/SnO,-Sb-La,0; 2.0 1.9 14.61 0.003 0.88
40 10 a)
a) < . X
~ 3.5 times ~ 2.5 more = 25 ”& 3
faster economical |3 2 R z
30+ = &R g
= c §l = 5
~ o X 8
) E=] = 20+ i . =
= o i g
<20 E of .
2 2 £  |risno-sb-rao, K .
D ~ .
= 8 15_ W Conventional =
E 10 > S m¥ Laser # =
S e #/Sn0,-Sb,0,
n [ Ti/Sn 292 Ys &
ﬁ B x Conventional X
10 | X Laser
Conventional Laser Conventional Laser 0 20 40 60 80 100 120
Fig. 7 Total time (a) and energy consumption (b) used for the synthesis of t/ min
the laser and conventionally prepared anodes. b)
0.84 Ti/snO,-sb-La0,
® Conventional X
1 . . . X Laser 22
25 m.g L .of 4-nitrophenol .was monitored _fcz)r' 120 min __0.6{ Tisn0_Sb,0, y z? /E
applying a fixed current density of 30 mA cm™" in Na,SO, o 2 Conventional B 2§ _-
0.25 mol L. As a result, Fig. 8a shows that the Ti/Sn0,-Sb,05 D 0.4 X Laser _z z > -
. B z
prepared by laser and the conventional anode were able to ‘; P %: -
degrade, respectively, 42.8% and 46.8% of 4-NP after 120 min - 0.2 g’ ,g -
of electrolysis. Likewise, when La was added, the laser and ° X §§ s -
conventional Ti/SnO,-Sb-La,0; anodes degraded 48.4% and ﬁ?ﬁ”
51.6% of the 4-nitrophenol, respectively. Moreover, total organic 0.0

carbon (TOC) measurements were carried out to evaluate the
mineralization ability of the anode materials. As expected, the
mineralization degree after 2 h of electrolysis was more remark-
able for the laser-prepared anodes ( ~ 32% for both compositions).
Whereas, for the conventionally prepared anodes, no reduction on
TOC was observed using the Ti/SnO,-Sb,0Os anode, while only
13.9% removal was attained using the Ti/SnO,-Sb-La,O; anode
(inset in Fig. 8a). These outcomes confirm the superior perfor-
mance of the laser-prepared anodes to convert the contaminant
into CO,, H,0, and inorganic ions.

Quenching experiments were carried out using isopropanol
(at 0.4 mol L™ * to confirm that the primary mechanism for the
removal rates observed at the distinct electrodes is related to the
presence of *OH species (Fig. S2, ESIT). Clearly, in the presence of
isopropanol (scavenger for *OH), the removal rate of 4-NP decreases
from ~50% to around 15% for all electrodes. It translates to a
reduction of ~70% of the degradation efficiency, thereby indica-
ting that the *OH radicals are the dominant oxidative species for all
electrodes studied under the experimental conditions. On the other
hand, the degradation percentage of the contaminant in the
presence of isopropanol (~15%) can be attributed to other
mechanisms, such as direct oxidation involving electron-transfer
reactions occurring onto the anode’s surface as well as the presence
of other reactive oxygen species (e.g., O, *, HO,®).

© 2021 The Author(s). Published by the Royal Society of Chemistry

0 20 40 60 80 100 120
t/ min

Fig. 8 4-Nitrophenol removal (a) and the kinetics (b) with different SnO5-

based anodes. Conditions: electrolyte volume: 150 mL, j: 30 mA cm™2,

electrolyte: Na,SO,4 0.25 mol L™ Inset: The TOC removal percentages

after 120 min of treatment.

The exponential profile of the 4-nitrophenol as a function
of the time points to pseudo-first-order kinetics (Fig. 8b). The
apparent kinetic rate (k,pp) constants for the contaminant
removal observed for conventional anodes is lower (Table 4)
than those on laser-prepared anodes. It can be seen that
the laser heating slightly increases the kinetic rate constant
by 1.27 and 1.0 fold when the Ti/SnO,-Sb,05 anode is
employed.

Similar results were pointed out by Xu et al.,"” which showed
that the insertion of La improved the electronic conducting
performance of the SnO,-Sb anodes for phenol removal and
was accompanied by an improvement of the anodes electro-
chemical properties.’”” The addition of lanthanum oxide in the
composition improved the 4-NP removal, corroborating with
the electrochemical characterization that showed a shift of the
OEP to more positive values (Fig. 6a), representing an improve-
ment in the electrocatalytic properties. Cui et al.** studied the

Mater. Adv,, 2021, 2, 4016-4028 | 4023
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Table 4 Observed kinetic constants for 4-nitrophenol removal, percentage of 4-nitrophenol removal, and electrical energy required to reduce the
concentration of the contaminant by one order of magnitude for each anode

Anode Heating method Kapp (min™?) R? 4-Nitrophenol removal (%) Ego (kW h m~* order )
Ti/SnO,-Sb,05 Conventional 0.00485 0.99 42.8 3.03
Ti/SnO,-Sb-La,0; 0.00576 0.98 46.8 2.69
Ti/Sn0,-Sb,05 Laser 0.00598 0.98 48.4 2.57
Ti/SnO,-Sb-La,0; 0.00622 0.97 51.6 2.45

influence of diverse rare earth element (Ce, Eu, Gd, and Dy)
doping on Ti/SnO,-Sb, noticing that the doping increased by
7-13% the degradation rates of phenol when compared with non-
doped samples.** Xu et al'” synthesized anodes of Ti/SnO,-Sb
doped with lanthanum and ruthenium through thermal decom-
position and tested the electrochemical performance of these
electrodes using phenol as the model compound.” UV-Vis
absorption spectroscopy showed that both phenol and its inter-
mediary were more rapidly decomposed when La and Ru
were used. The chemical oxygen demand (COD) reduction of
86.4% and 82.1% for the Ti/Sn0O,-Sb-La and Ti/SnO,-Sb-Ru were
also higher than the removal taken with the non-doped anode
(60%)."

At this point, it is worth considering that although the 4-NP
removal efficiency only slightly increases for laser-prepared
anodes, TOC removal data (inset in Fig. 8a) provide information
about the mineralization extent at different anodes. The much
superior mineralization observed for the laser-prepared anodes
could be attributed to the more significant amount of *OH
radicals electrogenerated at the surface of these anodes. Hence,
it must be considered that the *OH radicals are the dominant
oxidative species for all anodes studied, mainly for the laser-
prepared anodes (Fig. S2, ESIt). These outcomes corroborate
with CV (Fig. 5) and LSV (Fig. 6a) data since as the OER shifts to
more positive overpotential values, it means a higher formation
of this powerful oxidant. This behavior has been previously
reported; some studies showed a little effect of the anode
material on the pollutant decay but a considerable effect on
the TOC removal. The greater production of *OH was respon-
sible for the faster conversion of by-products into CO,, H,0O,
and inorganic ions.*>*® For instance, Sopaj et al.*® observed
that the four different anodes (platinum, boron-doped dia-
mond - BDD, graphite felt, and a dimensionally stable anode -
DSA) were applied to remove sulfamethazine by electro-Fenton
and displayed almost similar efficiencies. However, the BDD
anode led to almost complete mineralization due to a greater
amount of *OH radicals produced at the surface of this anode.
It can also be observed if considering its highest overpotential
for the oxygen evolution reaction among the anodes studied.
Another study by Murillo-Sierra et al*® demonstrated that
similar degradation rates of sulfamethoxazole (SMX) + tri-
methoprim (TMP) are attained with IrO,-based, Pt, and BDD
anodes plus an air diffusion cathode (kgpx-values from 0.3-0.37
min~; kpyp, close to 0.43-0.50 min '), due to the main attack
of *OH in the bulk solution. In contrast, much faster TOC
removal was observed at the BDD anode due to the more
considerable *OH radicals produced.

4024 | Mater. Adv, 2021, 2, 4016-4028

Further investigation of UV spectra can be used to point
out some intermediates (Fig. 9). The UV spectra present an
absorbance band centered at 317 nm related to the 4-NP that
decreased with electrolysis time for all anodes. In parallel, the
appearance of a new band centered at 400 nm can be associated
with the conversion of 4-nitrophenol to 4-aminophenol as a
contribution of cathode reduction, which has been reported to
be the most probable intermediate accumulated from the
reduction of 4-NP or to the formation of p-nitrophenolate
ions.*”"*° Moreover, the presence of a shoulder in the spectra
at 240 nm suggests benzoquinone formation, as pointed out in
previous studies on the removal of phenolic compounds.'”>°~?
Benzoquinone and hydroquinone are known as redox couples
in equilibrium in an aqueous solution; thus, it is reasonably
likely the occurrence of both by-products due to oxidation by
hydroxyl radicals.>>*>° Besides, high-performance liquid chro-
matography (HPLC) analysis was performed for a representative
sample of the treated solution collected at the beginning of
the reaction (i.e., 5 min) using the laser-prepared Ti/SnO,-
Sb-La,0; anode to identify, in the C-18 column, the aromatic
by-products formed (Fig. S3, ESI). HPLC data show a band
with overlapped peaks between 2.9 and 3.3 min of retention
time appearing during electrolysis. These signals correspond to
hydroquinone and benzoquinone as the principal by-products
formed during the electrochemical oxidation of 4-NP in a
Na,SO, medium; they match very well with their standard
solutions, agreeing well with some previous reports.>®™>®
Moreover, a peak that appears at 5.6 min may be due to 4-amino-
phenol or to the formation of p-nitrophenolate ions.*’ **°
Likewise, a low-intensity peak that appears at 5.8 min could
be of 1,2,4-trihydroxybenzene or 3,4,5-trihydroxy-nitrobenzene
at quite low concentrations, according to previous reports
where hydroxyl radicals are the main oxidant species.>

Quiroz et al.®’” investigated the electrocatalytic degradation
of 4-nitrophenol at Pb/PbO, anodes under different experi-
mental conditions. The maximum removal of 4-NP (97%) was
achieved after 7 h in alkaline media at 20 mA cm ™2 and 60 °C,
whereas benzoquinone was the main by-product accumulated.>”
Chu et al.*® reported the 4-NP removal at the Ti/SnO,-Sb,05-1rO,
electrode and the electro-Fenton oxidation with two cathodes
(a gas diffusion electrode and a graphite electrode). Under the
best conditions, 4-NP (200 mg L~ ') was removed entirely after
around 6 h of treatment.® Cafizares et al.>® studied the electro-
chemical treatment of 4-NP containing wastes using a diamond
thin-film anode at 30 mA cm ™~ in sulfate media.>® They achieved
complete removal of the organic matter, applying around 32 Ah L™"
of specific electrical charge passed (approximately 7 h of treatment).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Evolution of the UV spectra with time during the electrochemical oxidation of 25 mg L™! of 4-nitrophenol at 30 mA cm™2 using the laser-

prepared (a and c) and conventionally made anodes (b and d).

Quinones (hydroquinone and benzoquinone) or phenol were found
as the first stage intermediates due to the release of the nitro group
from the aromatic ring, while on the cathode, the reduction to
4-aminophenol takes place.>®

In electrochemical oxidation technology, the chief operating
costs are related to the energy demand required during the
process. Therefore, energy consumption is an essential factor
in assessing the economic viability of the process. In this sense,
the electrical energy needed to reduce the concentration of the
contaminant in order of magnitude (Ero) was used here as an
important parameter of comparison with the literature. The Exo
values obtained considering each anode material (Table 4)
show a reduction of 15 and 9% for the laser-prepared anodes
of Ti/SnO,-Sb,05 and Ti/SnO,-Sb-La,03, respectively. Moreover,
the low Eyo value obtained for the Ti/SnO,-Sb-La,O; anode
(2.45 kW h m™* order ') can be positively compared with other
highly efficient AOPs, as reported by Vilhunen et al.,*" which
used UV LEDs and H,0, for the phenol photodecomposition
(H,0, : phenol molar ratio = 50) and found Egg of 352 kW h m >
order ".°" Another report by Benito et al. studied the degrada-
tion of aniline in wastewater by EO, UV, and UV/H,0, and
found Ego values of 270.1, 899.3, and 187.9 kW h m ™ order™*,
respectively.®

Finally, summed to the anodes with improved properties
obtained, the advantage of a significant reduction in processing
time makes the laser method quite attractive from the eco-
nomic point of view.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Experimental
Chemicals

All solutions were prepared using ultrapure water (Gehaka MS
2000) and chemical reagents with analytical grade without
further purification. SnCl, (99.99%), SbCl; (99.99%), LaCl,
(99.9%), anhydrous citric acid (CA) (99%) ethylene glycol (EG)
(99.8%) and isopropanol (99.5%) were purchased from Sigma-
Aldrich®. Hydrochloric acid (38% - Vetec®) and oxalic acid
(99.5% - Neon®) were employed for the pre-treatment of the
Ti substrate. Electrochemical measurements were carried out
using sulfuric acid (95-98%) or sodium sulfate (99.0%) from
Sigma-Aldrich®.

Preparation of the anodes

The anodes were prepared by the Pechini method, as described
by Santos et al.>® First, EG was heated up to 60 °C, and then,
under stirring, CA was added. After total acid dissolution,
tin, antimony, and lanthanum chlorides were added at the
molar ratios of EG: AC: metal molar ratio (6:3:1). A precursor
solution of the oxide material was prepared with a nominal
composition of Ti/(Sn0,)o.84(Sb,05)0.16 (named Ti/SnO,-Sb,05)
and Ti/(Sn0,)y.84(Sb)o.06(La203)0.10 (named Ti/SnO,-Sb-La,03).

Titanium substrates were initially polished with sand-papers
360 and 400, then rinsed with water. After that, the titanium
substrates were chemically treated in sequence in 20% HCI and
10% oxalic acid, both for 10 min at 100 °C, being finally rinsed

Mater. Adv,, 2021, 2, 4016-4028 | 4025
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with ultrapure water. The support was then brushed with the
precursor solution, followed by calcination. For the conven-
tionally prepared anodes, the materials were first treated, in
an electric furnace, at 130 °C for 30 min, then 250 °C for
15 min, and finally at the final calcination temperature
(600 °C), following a heating rate of 5 °C min~'.*>* For the
CO, laser-prepared anodes, the power density was raised to
0.3 W mm 2 to achieve a temperature of 600 °C (almost
instantaneously), which was kept constant for 15 min. After
that, the laser was shut off, and then the samples were cooled
immediately to room temperature.?® It is worth mentioning
that, for the laser process, the first layer is calcinated using the
furnace, and the three subsequent layers required to achieve
the mass load are carried out using laser heating only. This
procedure was repeated until a total mass of 1.2 mg cm™ > of
metallic oxides was deposited over the substrate surface,
which was attained after four calcination steps for both
methods.

Physical and electrochemical characterization

The surface morphology and composition of the coatings were
analyzed employing a field emission scanning electron micro-
scope with high resolution (FE-SEM; Zeiss GeminiSEM 500)
and by SEM coupled with EDS in a JEOL JSM-5700 LV micro-
scope. The XPS analysis was carried out using a commercial
spectrometer (UNI-SPECS with UHV system PHOIBOS 150
9MCD power analyzer). An Al Ko line was used (hv =
1486.6 eV), and the analyzer pass energy was set to 50 eV
during the survey scans and to 20 eV for region scans. The
binding energy scale of the spectra corrected using the C 1s
C-H group of carbon (284.8 eV). The spectra were fitted
without placing constraints with multiple Voigt profiles using
the CasaXPS software. The XRD patterns were recorded in a
diffractometer (Bruker), with Cu Ka radiation (4 = 0.15406 nm)
in a scanning interval of 20 between 20° and 80° in a
continuous scan mode of 0.02° min~'. The contact angle
measurements were carried out on a pendant drop tensio-
meter (Teclis Tracker, IT Concept).

The electrochemical system consisted of a one-compartment
three-electrode cell coupled to a potentiostat (Autolab PGSTAT
302N). The reference and counter electrodes were Ag/AgCl
(3.0 mol L " KCI) and a platinum plate (1 cm?). The working
electrodes used were the Ti/SnO,-Sb,0Os or Ti/Sn0O,-Sb-La,0;
anodes prepared here.

Cyclic voltammetry experiments were performed at 50 mV s~
in 0.1 mol L™ Na,SO,, between the potential limits from 0.0 to
1.8 V vs. Ag/AgCl. The EIS measurements were performed in
0.5 mol L™' H,S0, medium covering a frequency range of
0.1-10* Hz using an AC sine signal amplitude of 5 mV. The
potential applied for each anode corresponded to their respective
oxygen evolution reaction (OER) overpotential determined by LSV
in the same electrolyte conditions.

The morphology factor of the anodes was determined using
the data obtained from cyclic voltammetry profiles at several
scan rates (10-300 mV s~ ') in a 0.1 mol L™ Na,SO, electrolyte,
according to the methodology described by Da Silva et al.*°

1
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Electrolysis

The electrolysis experiments were carried out in a single three-
electrode cell where a Pt plate was used as the counter elec-
trode, an Ag/AgCl as the reference electrode, and the anodes
produced in this study as the working electrodes (2 cm? of the
exposed area). A volume of 150 mL aqueous solution containing
25mg L~ " (1.8 x 10~* mol L") of 4-nitrophenol in 0.25 mol L™*
Na,SO, as a supporting electrolyte was treated applying
a current density of 30 mA cm 2 Samples were collected at
given times of reaction and analyzed in the UV-Vis spectra
(BIOCHROM- Libra S22) from 200 to 800 nm. The 4-NP concen-
tration was monitored by using a calibration curve of 4-NP
concentrations versus absorbance at 317 nm. The total organic
carbon (TOC) was measured using a TOC-VCPH, TOC-Control V
software, Shimadzu. High-performance liquid chromatography
(HPLC) was used to identify the intermediates formed during
the electrochemical oxidation of 4-NP. A Shimadzu Prominence
chromatograph equipped with a diode array detector (DAD)
and a Phenomenex reversed-phase C18 column was used. The
stationary phase (150 x 4.6 mm, 5 um particle size) and a
mixture of 50% acetonitrile and 50% ultrapure water as mobile
phase at a flow rate of 0.7 mL min were used. The sample
injection volume was 20 pL considering a detection wave-
length of 270 nm, and the retention time was around 5.16 min
(for 4-NP).

The electrical energy per order (Ego), defined as the electrical
energy (kW h) required to reduce the concentration of pollu-
tants by one order of magnitude (i.e., by 90%) in 1 m® of water,
was estimated. The Ego can be calculated from eqn (1) con-
sidering a batch system, where E. is the cell potential (V), I is
the average applied current density (A), V; is the volume (L) & is
the pseudo-first-order constant (min~*), and 38.4 x 10~ * is a
conversion factor (1 h/60 min/0.4343).%*7%¢

384 x 1074 X Eey x [

Ego(kW hm™ order™) = vk, (1)

Conclusions

In this study, SnO,-based anodes were successfully produced by
a thermal laser process allowing more compact and homo-
geneous coatings than the conventionally-made anodes. The
laser-prepared anodes display a more positive shift in the
oxygen evolution reaction onset potential than the anodes
produced in the furnace, regardless of the composition, which
translates into an improvement in the electrocatalytic activity.
Charge transfer resistance is reduced 2-fold with the use of
laser heating, which can be reflected in savings in energy
consumption. From the emerging contaminant (4-nitrophenol)
electrolysis, laser-prepared anodes led to an increase in up to
1.27-fold in the kinetics rate on the contaminant removal, which
was attributed to their improved electrocatalytic and conductivity
properties. Higher efficiencies of the laser-prepared anodes
clearly show that these materials are excellent candidates to
be used in water and wastewater treatment. Finally, the proposed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesis method resulted in anodes with enhanced electro-
chemical and electrocatalytic behavior in a shorter synthesis time
than the conventionally-made anodes.
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