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ABSTRACT: Different Pt- and Ru-doped Ti/SnO,—Sb electrodes were synthe- ~I° RuO
sized by thermal decomposition. The effect of the gradual substitution of Sb by Ru Sn0,-Sh-Pt 6.50
in the nominal composition on the physicochemical and electrochemical properties 17 x=0.00 — 974

were evaluated. The electrochemical stability of the electrodes was estimated from
accelerated tests at 0.5 A cm™ in 1 M NaOH. Both as-synthesized and deactivated
electrodes were thoroughly characterized by scanning electron microscopy (SEM),
energy-dispersive X-ray microanalysis (EDX), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction analysis
(XRD). The incorporation of a small amount (about 3 at. %) of both Pt and Ru into
the SnO,—Sb electrodes produced a 400-times increase in their service life in
alkaline medium, with no remarkable change in the electrocatalysis of the oxygen
evolution reaction (OER). It is concluded that the deactivation of the electrodes is
promoted by alkaline dissolution of metal species and coating detachment at high
potentials. The introduction of Pt has a coating compacting effect, and Ru(IV), at low amounts until 9.75 at. %, replaces the
Sn(IV) cations in the rutile-like SnO, structure to form a solid solution that strongly increases the stability of the electrodes. The
observed Ru segregation and decreased stability for larger Ru contents (x > 9.7S at. %), together with the selective dissolution of
Ru after deactivation, suggest that the formation of a homogeneous (RusSn;_;)O, single-phase is crucial for the stabilization of
these electrodes.
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1. INTRODUCTION

Because of their unique properties and extremely high
versatility, transition metal oxides (TMOs) have received a
great interest as electrodes in many electrochemical applica-
tions."™7 Thus, they have been widely used in the chlor-alkali
. 2 4 ; 2—4
industry,” and multiple processes using electrolyzers,” " and
constitute promising electrode materials for more sustainable
and environmentally friendly technologies in water remedia-
. 5—12 . 13-16

tion” ~ and energy storage and conversion. Apart from a

in multiple processes."”'” Nevertheless, for some applications,
such as the electrochemical degradation of pollutants in
wastewater,” "> the electrodes should have not only a good
stability but also a high overpotential for the OER side-reaction.

The composition and the nature of the oxide coating strongly
affect the stability and electrochemical activity of these DSA
electrodes.”"’~"” Because of their high OER overpotential,
considerably lower cost and innocuous character, the Sb-doped
Sn0O, electrodes”® > have been found to be, among different

suitable performance, the economics and feasibility of the
TMOs electrodes in these applications largely depend on their
service life at operation conditions."'”

The tremendous success of some active TMOs (RuO,, IrO,,
Co;0,, etc.) supported onto a Ti substrate (the so-called
dimensionally stable anodes, DSA), can be associated with their
high stability and long lifetime at high potentials in aqueous
electrolytes, where the oxygen evolution reaction (OER)
occurs, as well as their good catalytic activity for this reaction,
what provide lower cell-voltages and better faradic efficiencies

-4 ACS Publications  © 2014 American Chemical Society

choices, the most promising alternatives to the more expensive
and fragile Boron-Doped Diamond (BDD) electrodes,'>*>**
and the more harmful, lead-leaching, PbO,-based electrodes.”
Unfortunately, their anodic stability is remarkably low.>%*"2%

Although different approaches have been proposed to
increase the stability of the SnO,—based electrodes, most of
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them focused on acid electrolytes,>*** whereas the stability

enhancement in alkaline medium has received less attention.>'
In general, the combination of SnO,-based electrodes with
active species (Pt, Ir, Ru) enhances their stability, but it
simultaneously increases the catalytic activity toward the OER
and the cost of the electrodes; however, the optimization of the
amount of active metal has not been often considered.>”'* In
addition, these investigations mainly determined the service life
of the electrodes without deepening into a detailed character-
ization of fresh and deactivated electrodes. So the under-
standing of the stabilization effect and the deactivation
mechanisms need further research.

Considering the growing application of electrochemistry in
different fields, the development of high-performance electro-
des for alkaline electrolytes gathering both high OER-
overpotential and stability, is very interesting for multiple
electrochemical applications, such as fuel cells, electro-oxidation
of compounds in electrosynthesis or the electrochemical
degradation of pollutants, etc.'”"” For this purpose, the
establishment of structure-composition vs stability correlations
and the investigation of the deactivation mechanism of the
electrodes are of utmost importance to further propose new
stabilization strategies.

It has been previously found that the introduction of a small
amount (3 at. %) of Pt enhances the service life of Sb-doped
SnO, electrodes in acidic electrolyte by 2 orders of
magnitude,”® also showing an even higher efficiency for phenol
electro-oxidation in the same medium; however, higher
amounts of Pt (13 at. %) decrease their performance.32 On
the other hand, it is well-documented that RuO, exhibits a high
catalytic activity and stability for the OER.**** The stability of
binary (Sn—Ru)O, oxides were previously studied, but
experiments were restricted to acidic medium*?* and the
influence of Sb or Pt was not considered. Consequently, in this
work we have investigated the influence of Pt, as well as the
progressive substitution of Sb by Ru in the nominal
composition of SnO,—Sb/Ti electrodes, on the physicochem-
ical properties and the electrochemical response of the
electrode. For this purpose, different SnO,—Sb(13—x)-Pt(3)-
Ru(x)/Ti electrodes (0 < x (at. %) < 13), were synthesized by
thermal decomposition and thoroughly characterized, before
and after deactivation. The electrochemical stability of the
electrodes was estimated by accelerated tests at 0.5 A cm™ in 1
M NaOH. The structural properties were studied by SEM,
TEM and XRD, whereas the chemical composition was
followed by EDX and XPS. The electrochemical behavior as
well as the catalytic activity toward the OER was analyzed by
cyclic voltammetry and Tafel measurements, respectively, in the
same electrolyte. Furthermore, SnO,—Sb/Ti, SnO,—Ru/Tj,
and RuO,/Ti electrodes were prepared and characterized by
the same techniques.

2. EXPERIMENTAL SECTION

Four types of tetragonal rutile-like oxide electrodes (with composition
in brackets expressed as metal atomic percentage), SnO,—Sb(13 at.
%), SnO,—Sb(13—x)—Pt(3)—Ru(x) (with 0 < x < 13 at. %), SnO,—
Ru(13 at. %) and RuO,, were synthesized by the thermal
decomposition method following the procedure described elsewhere.*®
Briefly, the precursor solutions, consisting of SnCl, e SH,0O, SbCl;,
H,PtCls-6H,0 and RuCl;-nH,0 in absolute ethanol and HCl with the
desired nominal composition, were spread over pretreated Ti plates (1
cm X 1 cm X 0.05 cm; Goodfellow 99.6%) by brushing. Previously, the
Ti plates were degrased in acetone, etched in a boiling 10% oxalic acid
solution for 1 h and finally rinsed with distilled water. The sample was

dried at 70 °C in order to evaporate the solvent and the metal oxides
were formed by calcination at 400 °C for 10 min. This procedure was
successively repeated to increase the oxide loading up to ca. 1.5-2.0
mg cm > The number of deposition steps for these loadings were
between 20 and 2S. A final annealing step was carried out for 60 min at
600 °C.

The nominal composition of the precursor solution is presented in
Table 1. In all cases, the total metal cation concentration was kept
constant at 0.5 m.

Table 1. Nominal Composition of the Precursor Solutions
for the Different Electrodes

g of salt precursor/100 g of solution

SnCl,- H,PtCl;s RuCly:  ethanol
electrode x* SH,0 SbCl, 6H,0 nH,0 (mL)
$n0,—Sb/Ti 000 10000  1.000 1127
$n0O,— 0.00 10000 1000  0.400 112.4
Sb(13— 325 10000 0750 0400 0287 1124

A
R)u(x)_pt / 650 10000 0500 0400 0573 1123
Ti 975 10000 0250 0400  0.860 1123

13.00 10.000 0.400 1.146 112.2
SnO,—Ru/Ti 13.00 10.000 1.146 112.5
Ti/RuO,/Ti 100 5.186 50.0

“x = nominal Ru percentage.

2.2. Physicochemical Characterization. The surface morphol-
ogy of the electrodes was studied by scanning electron microscopy
(SEM) in a Hitachi S-3000N electron microscope coupled to a Rontec
X-ray detector for energy dispersive X-ray (EDX) microanalysis. The
microstructure and crystallinity were characterized by X-ray diffraction
(XRD) in a KRISTALLOFLEX K 760—80F diffractometer (Bruker
D8-Advance) by using a Ni-filtered Cu Ka radiation (4 = 1.5416 A).
Diffraction data points were recorded stepwise within 26 = 20—80° at
a scan rate of 0.03° min~' with a scan step of 0.05° in 26. Cell
parameters were calculated by a computer program using the peak
position obtained after fitting the experimental range with a pseudo-
Voigt function per peak plus a background line. Line-broadening
analysis was performed to determine the average crystallite size.

The morphology and particle size were analyzed by transmission
electron microscope (TEM) in a JEOL equipment (JEM-2010) with
an accelerating voltage of 200 keV. X-ray photoelectron spectroscopy
(XPS) measurements were carried out by a VG-Microtech Multilab
3000 spectrometer with Mg Ka radiation (hv = 1256.3 eV) at base
pressure of S X 107'" mbar in the analysis chamber. Binding energies
were referenced against the main C(1s) line of adventitious carbon
impurities at 284.6 eV. Peak energies were given to an accuracy of 0.2
eV and peak areas were normalized by using appropriate atomic
sensitivity factors.

2.3. Electrochemical Measurements. The electrochemical
measurements were performed on an Autolab PGSTAT 30
potentiostat controlled by GPES EcoChimie software using a
conventional three-electrode glass cell. The counter electrode was a
spiral of platinum wire of 12 cm length and 0.5 mm of diameter and
the potentials are referred to a reversible hydrogen electrode (RHE)
immersed in the same solution. The aqueous 0.1 M NaOH solutions
were deoxygenated by N, bubbling. All solutions were prepared with
purified water obtained from an Elga Labwater Purelab system (18.2
MQ cm). In these studies, cyclic voltammetry (CV) measurements
were performed between different potential limits at a scan rate
between 1 and 500 mV s™'. The current densities were calculated
using the apparent geometric area of the electrodes (2 cm?). The
voltammetric charges (q*) corresponding to electrochemically active
surface areas were determined by integrating the area of the cyclic
voltammograms. The electrocatalytic activity toward OER was
investigated in aqueous 0.1 M NaOH solution by galvanostatic
experiments at current densities lower than § mA cm™ at a scan rate
of 3 uA s
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The accelerated service-life tests were performed by anodic
polarization of the different electrodes at 0.5 A em™ in a 1 M
NaOH solution at a controlled temperature of 25 °C. The anode
potential was measured as a function of time, and the electrode was
considered to be deactivated when the potential increased to 5 V
above its initial value. In these experiments a Ag/AgCl/Cl_(sat.)
electrode served as the reference electrode. The electrolyte
composition after the anodic deactivation treatment was determined
by ICP-OES analysis (PerkinElmer 7300 DV).

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization. 3.1.1. Surface
Morphology. The as-prepared SnO,—Sb/Ti, RuO,/Ti and
SnO,—Sb-Pt/Ti electrodes (Figure la,c,e, respectively) exhibit

o/ 16ea Ho2s
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o’
¥

1479, 20KV

Figure 1. SEM images of (a) fresh SnO,—Sb/Ti electrode, (b)
deactivated SnO,—Sb/Ti electrode, (c) fresh RuO,/Ti electrode, (d)
deactivated RuO,/Ti electrode, (e) fresh SnO,—Sb—Pt/Ti electrode,
(f) deactivated SnO,—Sb—Pt/Ti electrode, and (g) EDX-mapping of
the circled area in f.

the typical cracked-mud morphology of these metal oxide
coatings prepared by thermal decomposition.”*"**3% These
surface cracks may be éProduced during the electrode cooling to
room temperature’>*® and/or by solvent evaporation during
heating stages.>® Nevertheless, the incorporation of a small
amount of Pt (3 at. %) in the SnO,—Sb layer (Figure le)
significantly reduces the number of cracks and pores, producing
a compacting effect that has been attributed to a strengthening
and shortening of the oxide intercolumn bondings caused by Pt
aggregates on the surface of SnO, grains.37

The surface cracks on the SnO,—Sb-Pt/Ti oxide layer
disappear and porosity dramatically increases upon substituting
Sb with 3.25 at. % Ru in the nominal composition (Figure 2a).

20pm

Figure 2. SEM images of fresh SnO,—Sb(13—x)—Pt—Ru(x)/Ti
electrodes with (a) x = 3.25 at. % (Ru), (b) x = 6.50 at. % (Ru),
(c) x=9.75 at. % (Ru), (d) x = 13.00 at. % (Ru), (e) fresh SnO,—Ru/
Ti electrode; and (f) deactivated SnO,—Sb(13—x)—Pt—Ru(x)/Ti
electrode; x = 3.25 at. % Ru.

However, further incorporation of Ru (6.50—9.75 at. %)
gradually reduces the oxide surface roughness (Figure 2b-c)
until the cracked-mud structure is restored again at a ruthenium
content of 13 at. % (Figure 2d).*® In addition, the presence of
small grains is also observed in these latter electrodes (Figure
2d). The EDX mapping shows that the small grains contain a
high concentration of Ru, indicating phase separation. The
phase separation/segregation of Ru in Sn—Ru mixed oxides
synthesized bgr traditional methods has been reported in the
literature.**~*

3.1.2. Chemical Composition. EDX spectra and mappings
registered at different regions of the electrode surfaces showed
a homogeneous distribution of the elements in the oxide films.
The low signals from the underlying Ti evidenced that a good
coverage of the substrate was achieved. According to the
methodology reported elsewhere,”®*> the coating thickness
estimated from oxide loadings ranged between 2 and 3 ym. The
nominal and experimental compositions of the different mixed
metal oxides were expressed as the amount of individual metals
with respect to the total metal content, M, (atomic ratios)
(Table 2). Comparisons between bulk and surface composi-
tions, obtained by EDX and XPS analysis, respectively,
provided some insight into the distribution of the different
species. The fairly good correlation between the nominal and
EDX experimental Sn/M and Sb/M ratios in SnO,—Sb/Ti and
Sn0,—Sb-Pt/Ti (x = 0.00%) electrodes points out that Sn and
Sb were successfully combined in the desired proportions,
although Sb depletion occurs at the surface of these electrodes.
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S S E to those obtained in the absence of Ru (x = 0.00 at. %) (Table
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é 8¢ 2232 & EDX and XPS experimental Ru/Sb ratios (Figure 3c.) shows
< & that only about one-third of Sb is replaced by Ru. This may
é’ g sgsmog 8 indicate that Ru does not effectively replace Sb in the mixed
» 2 SScs s os~ 8 oxide, but it may replace Sn in the rutile-like lattice, hence
o=t = explaining its depletion. Finally, the amount of Pt (bulk)
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g ~ G .
-5 o eecee- g nominal one, regardless of the Ru content (Table 1), whereas
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S s|tE ecec=°e=-° 2 with respect to both its nominal and experimental bulk values is
= = § observed in the whole set of SnO,—Sb(13—x)-Pt(3)—Ru(x)/Ti
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g H&E S S S99 E 3.1.3. Surface Chemical State. The Sn(3d) spectra of the
2 -5 different SnO,-based electrodes (Figure 4a) show two peaks at
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2 S 33 3 S O . . . e 41,42 .
= > states, respectively from the spin—orbital splitting,” ™ which
s - l may correspond to either SnO, SnO, or Sn(OH), species.*"**
© £ 8§83=823 = : e
= g 22222 = Since the XPS spectrum (not shown) does not exhibit any
E g Sn(Ss) peak attributed to SnO, the Sn(3d) signals are assigned
° - % to SnO,.*" In agreement with data previously reported,* the
° = ggzzzgs 3 incorporation of low Pt doping levels in mixed Sn—Sb oxides
g 3 z (Figure 4a, x = 0.00%) does not produce any change neither in
2 7 <1 L the Sn(3d) core-level binding energy nor in their energy width
~ 0g 2238232 %E and symmetry with respect to undoped materials. This result
?g 2x suggests that the electronic structure of the SnO, lattice is
o £ mmog o %\'_|‘ unaffected by Pt atoms at such a low content.*' The Pt 4f;,
S S s s s 33 8 E core level photoemission peak observed for the SnO,—Sb(13—
£ ‘5 3 x)—Pt-Ru(x)/Ti electrodes can be separated into three main
9 é S 2 R 2858 L contributions and three satellite peaks (Figure 4c). These peaks
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@ |8 eceececee° § i On the other hand, the XPS spectra in the energy region
2 g S g between 525 and 544 eV revealed the presence of another two
; KT 22288 8R 2 Al peaks (Figure 4d). The peak at 540 eV corresponds to the Sb
EJ ELE = © © ° S e "ﬁd = 3d,, signal, while that at 531 eV is composed of the O(1s) (at
- "f ! 531 eV) together with the Sb 3d;, signals. The deconvolution
- £ 'g § § % § % E - of the Sb 3d;/, signal revealed that the largest fraction of Sb in
‘é’ = + 8 the SnO,—Sb/Ti electrode has a S5+ oxidation state
g swgwvs iz (contribution at 530.6 eV***7*)  although Sb(IIl) (22 at.
o ® S ® % &4 : T %) was also observed in this electrode.*"*¢ Some authors have
fg = indicated that Sb(III) is preferentially located on the surface
g =i and grain boundaries of the SnO,—Sb film.** On the
= L 23 contrary, the Sb 3d;,, peak in SnO,—Sb(13-x)—Pt-Ru(x)/Ti
[

é 2 i s & electrodes (Figure 4d) can be satisfactorily fitted with a single
e g 7 B E’ é) photoemission contribution corresponding to Sb atoms in a 5+
Z_ 2 E 2 g Eany charge state (usually represented as SnO,—Sb,0Os). This is in
N ? B3 & E g \SJ agreement with the results of Montilla et al.,** who found that
= e} El ) ¢ B the presence of a small Pt content on the electrode surface
= b % sa g promotes the complete oxidation of Sb in the oxide coating.
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Figure 3. EDX and XPS atomic ratios relative to the total metal content (M) of SnO,—Sb(13—x)—Pt—Ru(x)/Ti electrodes as a function of the

nominal Ru content: (a) Ru/M; (b) Sb/M, and (c) Ru/Sb.
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Figure 4. Sn(3d) XPS spectra of (a) fresh SnO,—Sb(13-x)—Pt-Ru(x)/Ti electrodes, (b) deactivated SnO,—Sb(13—x)—Pt—-Ru(x)/Ti electrodes;
(c) Pt(4f) XPS spectrum of a fresh SnO,—Sb—-Pt/Ti electrode; and (d) Sb(3d) XPS spectra of fresh SnO,—Sb(13—x)—Pt-Ru(x)/Ti electrodes.

With the theoretical peak intensity ratio and splitting of the
Sb(3d) spin—orbit doublet (1.44 and 10.7 €V, respectively), we
used the Sb 3d;, peak to correct the O(1s) photoemission line
from the Sb 3d;,, interference.”** After the correction, the
O(1s) signal could be deconvoluted into two peaks (Figure
4d). The major peak at 530.9 eV is associated with oxygen
directly bonded to a metal atom (metal oxides) and the minor
one (532.1 eV) is related to oxygen bonded to metal
hydroxides or hydrated species on the surface.*"*

The introduction of Ru (SnO,—Sb(13—x)—Pt-Ru(x)/Ti
electrodes) leads to the appearance of Ru 3ds;, and 3d,),
peaks at 282.3 and 284.8 eV, respectively, which overlap with
the region of C(1s) core level spectra of adventitious carbon
(Figure Sa). These two peaks are observed also in the spectrum
of pure RuO,/Ti electrode (Figure Sb) and are assigned to
ruthenium(IV) oxide.*” Moreover, the progressive substitution
of Sb by Ru in the nominal composition causes a band shift of
Sn 3ds, and 3d;, peaks toward lower binding energies (Figure
4a), whereas it does not cause a significant effect on the binding
energy of Sb 3d;/, and O(1s) (Figure 4d). These results may
indicate that there is no interaction between Sb and Ru species,
but instead, a strong chemical interaction between Sn(IV) and
Ru(IV) cations occurs.

3.1.4. Structural Characterization. Figure 6a shows the
XRD diffraction patterns of the as-prepared SnO,—Sb(13—x)—
Pt—Ru(x)/Ti electrodes. For comparison purposes, the XRD
diffraction peaks of RuO, and the Ti substrate are also included
in this figure. The XRD diffractogram of the SnO,—Sb-Pt/Ti

22782

x=13.00

3

o,

e Al

276 279 282 285 288 291
Binding energy (eV)

b5 280 285 290 295
Binding energy (eV)

N~

Figure 5. Ru(3d) XPS spectra of (a) fresh SnO,—Sb(13—x)—Pt—
Ru(x)/Ti electrodes and (b) fresh and deactivated RuO,/Ti
electrodes.

electrode is very similar to that of SnO,—Sb/Ti (see Figure S2
in the Supporting Information) with sharp peaks corresponding
to the tetragonal rutile-like structure of SnO, cassiterite.* In a
similar way, the observed XRD of the RuO,/Ti electrode
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Ru(x)/Ti electrodes and RuO,/Ti electrode; (b) (110) and (101)
peak position as a function of the nominal Ru content; (c)
deconvolution of (110) and (101) peaks for SnO,—Ru/Ti electrode.

(Figure 6a) is also in agreement with the tetragonal rutile-like
structure of RuO, (Table 3). The replacement of Sb by Ru in

Table 3. Lattice Parameters (a = b and c) of the Rutile-like
Structure, Unit-Cell Volume (V), and Crystallite Size (d.) for
the As-Prepared Electrodes Calculated from XRD Patterns

de
c(A)? v(A)° (am)

electrode x a (A)?

SnO,, cassiterite” 4.740  3.190 71.7
SnO,—Sb/Ti 4.734 3.173 71.1 5.6
$n0,~Sb(13—x)—Pt— 0.0 4730 3173 710 57
Ru(x)/Ti 325 4708 3161  70.1 58
6.50 4.697 3.154 69.6 S.5
9.75 4.687 3.152 69.2 52
13.00 4.685 3.147 69.1 5.2
SnO,—Ru/Ti 4,685 3.148 69.1 5.5
RuO,/Ti 4.504 3.113 63.1 132

RuO,” 4.499 3.107 629

“JCPS-International Centre for Diffraction Data. bLattice parameters
were calculated with the Bragg’s equation. “Average crystallite size
determined from (110), (101), (211), and (220) SnO,-phase
reflections and Scherrer’s equation. The width of the deconvoluted
SnO, phase reflection was considered where segregation of RuO,
occurs.

the nominal composition does not result in the appearance of
new diffraction peaks. However, the progressive incorporation
of Ru into the oxide coating shifts the SnO, diffraction peaks to
higher Bragg angles, although this increase is small above x =
9.75 at. % (Figure 6b). As it is shown in Table 3, the increase in
Bragg angles involves a gradual reduction in the unit-cell
parameters and, consequently, in the volume of the unit-cell.
This indicates that Ru(IV), which has a smaller ionic radius
than Sn(IV) (0.76 A against 0.83 A), is incorporated into the
cationic SnO, sublattice to form a solid solution (RusSn;_s;)O,,
leading to the contraction of the rutile-like lattice.>”*”** The
formation of such a solid solution is strongly supported by the
marked effect of Ru in the Sn(3d) binding energies (Figure 4a)
. Nevertheless, the diffraction peaks for x = 9.75 at. % start to
display certain asymmetry that becomes more important at the
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highest Ru content. This asymmetry is more noticeable in the
SnO,—Ru/Ti electrode prepared in the same conditions
(Figure 6c). The deconvolution of these diffraction peaks
reveals that the asymmetry corresponds to the formation of a
RuO, phase. Both the appearance of peak asymmetry and the
leveling off in the Bragg angle shift from x = 9.75 at. % suggest
that the mixed oxide reaches the solubility limit of Ru cations
into the rutile-like SnO, lattice, so Ru starts to segregate as
RuO, phase.

In spite of the structural changes, Table 3 shows that the
addition of the doping metals like Ru, Sb or Pt, produces
almost no effect in the average crystallite size of the different
oxides, which ranges between 5.2 and 5.8 nm. This crystallite
size is in agreement with the average particle size (around 5—10
nm), observed by TEM (Figure 7). The figure includes TEM
images of SnO,—Sb(13—x)—Pt—Ru(x) oxides with different
Ru contents. The oxides consist of highly aggregated particles
with ellipsoidal-like morphology, in agreement with other

Figure 7. TEM images of fresh SnO,—Sb(13—x)—Pt—Ru(x)/Ti
electrodes: (a) x = 0.00 at. % Ru; (b) x = 6.50 at. % Ru; (c) x = 9.75
at. % Ru.
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Figure 8. Steady cyclic voltammograms of fresh and deactivated electrodes in a 0.1 M NaOH solution, (a) SnO,—Sb/Ti electrode, SnO,—Sb(13—
x)—Pt—Ru(x)/Ti electrodes with (b) x = 0.00 at. %, (c) x = 3.25 at. %, (d) x = 6.50 at. %, (e) x = 9.75 at. %, (f) x = 13.00 at. %, (g) SnO,—Ru/Ti
electrode, and (h) RuO,/Ti electrode; v = 20 mV s~

Table 4. Service Life (SL) and Service Life Efficiency (SLE), Specific Capacitance, Roughness Factor (Rf), and Electrochemical
Porosity (P,) for the As-Prepared Electrodes in 0.1 M NaOH Solution®

specific capacitance (mF cm™2)

electrode x SL(h) SLE(Ahmg') 055V 075V 095V 1ISV 135V Rfat055V P, nom.

Sn0,—Sb/Ti 0.6 02 3.1 2.6 24 2.1 2.0 389 0.09
$n0,—Sb(13—x)—Pt—Ru(x)/Ti 0.00 72 22 37 34 3.0 2.7 2.5 464 0.34
325 189 63 74 73 6.7 6.1 59 931 0.33

6.50 210 75 72 72 6.7 63 63 900 0.32

9.75 212 106 69 7.0 6.7 6.6 7.1 863 029

13.00 86 25 6.1 6.1 S4 59 8.5 761 021

$nO,—Ru/Ti 116 35 34 3.5 3.5 36 8.6 450 0.10
RuO,/Ti 640 181 6.8 7.5 8.5 12.1 207 8s 0.19

“Service life (SL) and service life efficiency (SLE, total charge passed per unit mass of deposited oxide) at 0.5 A cm™> in 1 M NaOH solution. The
rest of parameters were obtained from voltammetric measurements in 0.1 M NaOH.

transition metal oxides prepared by thermal decomposition.*’ presence of Pt (x = 0.00 at. %) (Figure 8b), the onset of the

In particular, specific phases characteristic of Sb, Pt, and Ru
dopants were not distinguished, in accordance with XRD
results, and the lack of significant differences among the three
images reveals that the introduction of Ru in the mixed solid
solution (RusSn;_5)O, causes practically no effect in the
microstructure of the oxides.

3.2. Electrochemical Measurements. 3.2.1. Electrochem-
ical Behavior. Figure 8 shows the voltammetric response of the
as-synthesized electrodes in alkaline medium. The voltammo-
gram of SnO,—Sb/Ti electrode (Figure 8a) shows no
oxidation/reduction peaks and a sharp current rise, correspond-
ing to the oxygen evolution reaction (OER), at potentials above
1.8 V. These features are common to nonactive oxides. In the
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OER is shifted to lower potentials (around 1.7 V) and the
voltammogram includes a broad oxidation peak (between 0.7
and 1.4 V) and a much better-defined reduction counterpart (at
ca. 0.65 V) attributed to the formation and reduction of surface
platinum oxides (Pt/PtO,) (A,/C,).*®

The gradual introduction of Ru in SnO,-based electrodes
(Figure 8c—h) results in the appearance of various redox
couples associated with the surface transitions of Ru in RuO,
electrodes (Figure 8h): (i) Ru(Il) < Ru(II) (A’,/C’y), (i)
Ru(III) < Ru(IV) (A’,/C’,), (iii) Ru(IV) « Ru(VI) (A’3/C’;)
and (iv) Ru(VI) < Ru(VII) (A’,/C',).*”*° The current of
these peaks increases with the Ru content. Furthermore, the
onset potential of OER is shifted by about 0.1 V to less positive

dx.doi.org/10.1021/am506958k | ACS Appl. Mater. Interfaces 2014, 6, 22778—22789



ACS Applied Materials & Interfaces

Research Article

potentials than the observed for SnO,—Sb-Pt/Ti electrode
because of the electrocatalytic effect of Ru on the OER.

The capacitance of the electrodes in 0.1 M NaOH was
measured at different potentials (Table 4) by cyclic
voltammetry at various scan rates according to a previously
reported procedure.”****' The capacitance of SnO,—Sb/Ti
and SnO,—Sb—Pt/Ti (x = 0.00 at. %) electrodes in alkaline
electrolyte decreases with the potential, showing the character-
istic behavior for a n-type semiconductor, whereas that of the
RuO,/Ti electrode increases with the potential, characteristic of
p-type semiconductors. The effect of Ru incorporate in SnO,—
Sb(13—x)—Pt—Ru(x)/Ti electrodes is manifested by an
increase in capacitance even for low Ru content. These results
highlight the marked effect of Ru on the electrochemical
response of SnO,-based electrodes in alkaline conditions.

The capacitance values provide information on the real,
electrochemically active, surface area of the electrodes through
the so-called roughness factor (Rf), which is defined as the real
surface area per geometric area of electrode (2 cm?) and is one
of the electrocatalytic activity-determining factors. The values
of Rf were estimated from the experimental capacitance values
at 0.55 V and the specific capacitance of SnO,-based (8 uF
em™2)** and RuO, (80 uF cm™2)*® electrodes. The
introduction of Ru (Figure 9a) produces an increase in the
roughness factor at 0.55 V and the different voltammetric
charges of the SnO,—Sb(13—x)—Pt—Ru(x)/Ti electrodes,
reaching a maximum when x = 3.25 at. %, Then these
parameters slightly decrease with the increase in Ru content.

The voltammetric charge (q*) is another important
parameter influenced by both the real surface area (geometric
factors) and the specific electroactivity of the sites, which
depends on the chemical composition of the oxide layers
(electronic factors). The total (gror*), outer (qour™), and
inner (qn*) voltammetric charges of the electrodes were
measured by using the procedure described in the literature.>!
These charges are related to the total, the most accessible and
the less accessible (pores, cracks, grain boundaries, etc.)*®
electroactive surface, respectively (Figure 9a). These electrical
charges show the same tendency as roughness factor. The so-
called electrochemical porosity (P,) (Table 4), obtained from
the inner charge to total charge ratio (qiv*/qror™) also shows
the same tendency.”>** These trends are in good agreement
with the morphology changes observed by SEM and suggest
that, unlike in acid medium,* the electrochemical response of
these electrodes in NaOH solution is governed by geometric
factors (i.e, by the surface area exposed to the electrolyte
solution).

3.2.2. Oxygen Evolution Reaction (OER). The electro-
catalytic activity of the different electrodes in alkaline medium
was evaluated from the linear region of their corresponding
Tafel plots (log j vs E)** (see the Supporting Information,
Figure S3). The Tafel slopes provide relevant information on
reaction mechanisms, whereas the y-intercept of the Tafel plot
at j = 0 is related to the exchange current density (j,), i.e. the
intrinsic ability of an electrocatalyst to catalyze a reaction at 57 =
0 V.>* Thus, the lower the y-intercept value (b in Figure 9b),
the higher j,. As shown in Figure 9b, SnO,—Sb/Ti and SnO,—
Sb—Pt/Ti (x = 0) electrodes exhibit a Tafel slope in alkaline
conditions of around 120 mV dec™}, which suggests a kinetic
control by the adsorption of OH™ according to the generally
proposed OER mechanism.>* These Tafel slopes, together with
the high values of y-intercept constant (b ~ 2.4 V, Figure 9b),
are in close agreement with those found in the literature for
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Figure 9. (a) Total (gor), outer (goyr), and inner (gyy) charges and
roughness factor for the SnO,—Sb(13—x)—Pt—Ru(x)/Ti electrodes
and RuO,/Ti electrode as a function of the nominal Ru content; (b)
Tafel slope and Tafel line y-intercept as a function of the nominal Ru
content; and (c) potential vs electrolytsis time during service life tests
for the different electrodes indicated in the figure.

SnO,-based electrodes”®*® and reflect their poor electro-

catalytic activity toward the OER. As the Ru content in the
oxide layer increases, the values of both constants decrease
down to 80 mV dec ! and 1.8V, respectively, for x = 13.0 at. %
electrodes, approaching to those of RuO,/Ti (~40 mV dec™’
and b ~ 1.6 V). These low values are typical of RuO, anodes
and involve the electro-oxidation of the intermediate surface
complex as the rate-determining step and a high electrocatalytic
activity for the OER in these conditions. Thus, the decrease in
Tafel constants indicates that the introduction of Ru in SnO,—
Sb—Pt/Ti electrodes gradually increases the electrocatalytic
activity of the electrodes toward the OER, with a weakening of
the metal—oxygen bond strength on the surface and a
modification of the rate-determining step. A similar electro-
catalytic effect for Ru in SnO,—based anodes was also observed
by other authors in both acidic**** and alkaline®> media. From
Tafel results, it is suggested that the first step becomes more
facilitated when Sb is replaced by Ru because of its higher redox
activity, the induced change in the charge carrier mechanism, an
increase in its electrical conductivity*® and its exceptional ability
to form hydrated oxides through the following mechanism®"

dx.doi.org/10.1021/am506958k | ACS Appl. Mater. Interfaces 2014, 6, 22778—22789



ACS Applied Materials & Interfaces

Research Article

RuQ,(OH), + 6H,0 + de”

A Rqu_5(OH)y+5 + 5OH_ (1)

3.3. Electrode Stability and Deactivation Mechanism.
3.3.1. Electrode Stability. Figure 9¢ depicts the evolution of the
electrode potential with the electrolysis time upon anodic
polarization at 0.5 A cm™ in 1 M NaOH. The electrode
potential remains stable for a certain period of time, the so-
called service life, until it undergoes a sharp rise indicating
deactivation. Table 4 summarizes the service life of the different
electrodes, expressed as efficiency. The obtained results
highlight the extremely short and long service life of the
Sn0O,—Sb and RuO, electrodes in 1 M NaOH, respectively.
Particularly, the value for SnO,—Sb is even much shorter than
those reported for the deactivation process of Sb-doped SnO,
electrodes in acidic media.*"?® By contrast, the stability of
RuO, in alkaline conditions is much higher than in acid
electrolytes (1—3 h).>

The introduction of a small amount of Pt (3 at. %) in SnO,—
Sb produces a remarkable stabilizing effect, so that the service
life is increased by 2 orders of magnitude (Table 4). Similar
service lifes in alkaline medium were observed by Adams et
al,*' by introducing Pt in SnO,—Sb,05 electrodes, but using
milder anodic polarization conditions (0.16 A cm™ and 0.5 M
NaOH) and larger Pt contents (PtO, (10 wt %)). Nevertheless,
the service life of these electrodes in alkaline medium is still
lower than that in acid conditions, in which Pt was found to
cause proportional stabilizing effects.

The substitution of Sb by Ru in the nominal composition
causes an increase in the service life of SnO,—Sb/Ti and
SnO,—Sb—Pt/Ti electrodes in alkaline conditions. In the
presence of Pt, the introduction of Ru increases the service life
by up to 1 order of magnitude for the 9.75 at. % electrode. To
the knowledge of the authors, the only study on the stability of
binary (Sn—Ru)O, oxides in alkaline conditions was carried out
by Lyons and Burke,”” who obtained a maximum service life of
240 h in stronger conditions (6 M NaOH; 0,75 A cm ™ and 80
°C) for a thicker electrode (4 mg cm™) with 40% RuO,. In
terms of efficiency, the service life (SLE) of these electrodes
(45 Ah mg™") was considerably lower than those found in this
work for Pt- and Ru-doped SnO, anodes (63—106 A h mg™")
(Table 4), by using even about 4—12 times higher Ru contents
in the former case. The highest stabilities obtained by
combining low amounts of Pt (3%) and Ru (3.25—6.50 at.
%) highlights the outstanding synergistic effect of Pt and Ru in
these quaternary SnO,—Sb(13—x)—Pt-Ru(x)/Ti mixed oxides.
Several strategies have been used in order to improve the
service life of these types of electrodes. Recently, the
introduction of carbon nanotubes (CNT) in the Ti/SnO,—
Sb-CNT composition increases the service life 4.8 times
compared to the Ti/SnO,—Sb electrode, showing a superior
electrochemical oxidation and degradation abilities for organic
pollutants.*

3.3.2. Characterization of Deactivated Electrodes.
Although a little more cracked and deteriorated, the surface
texture of the deactivated SnO,—Sb electrode (Figure 1b) is
rather similar to that of the fresh ones (Figure 1a), whereas the
deactivated SnO,—Sb-Pt electrode additionally exhibits the
detachment of some regions of the oxide coating throughout
the whole surface (Figure 1f) exposing the Ti substrate to the
electrolyte (Figure 1g). In RuO,/Ti electrodes, the anodic
polarization process produces the detachment of almost the

whole RuO, layer and only some small fragments remain
attached to the support surface after deactivation (Figure 1d).
On the other hand, and independently of the Ru content,
deactivated SnO,—Sb(13—x)—Pt—Ru(x)/Ti and SnO,—Ru/Ti
electrodes showed a more pronounced detachment of the oxide
layer than in the case of SnO,—Sb—Pt/Ti electrode, with small
coating fragments but less marked than that of RuO,/Ti. The
Sn/M ratio is practically maintained in the deactivated
electrodes; however, the Sb/M and Ru/M ratios decrease
(Table 2), and the Pt/M increases.

The partial detachment of the outer or a localized-region of
the SnO,-based oxide layers was evidenced by (i) the presence
of Sn, Sb, and Pt in the used alkaline electrolytes (even in the
case of SnO,—Sb), as determined by ICP analysis; (ii) the
appearance or increase of Ti signal in XPS or EDX and XRD
results (see Figure S2 in the Supporting Information). In spite
of the damage of the outer surface layers, XPS revealed that the
anodic polarization does not modify the binding energies of
Sn(3d), Sb(3d) and O(ls) core levels (Figure 4) of the
deactivated electrodes, although metallic Pt completely trans-
forms into oxidized Pt (II) and Pt (IV) species (see Figure Sla
in the Supporting Information).* Moreover, XRD patterns of
deactivated electrodes still keep the characteristic rutile-like
structure.

The detailed analysis of core level photoelectron spectra of
the different deactivated SnO,-based electrodes show a
decrease in the Ioy/Ioy ratios (Table 2), indicating a higher
relative increase in the amount of oxygen atoms bonded to
metal (OM). Moreover, the effect of Ru content in the binding
energies of Sn 3d;/, and 3ds/, states of the different Ru-doped
SnO, electrodes, disappears after deactivation (Figure 4b). Also
their voltammograms show a dramatic loss of the voltammetric
charge and do not exhibit the characteristic redox peaks of Ru
species within the entire potential range (Figure 8c-h). The
onset of the OER is also shifted to more positive potentials.

The similarity between the surface Sn/M atomic ratio of
fresh and deactivated SnO,—Sb and SnO,—Sb—Pt electrodes,
determined by XPS (Table 2), together with the general
decrease in the corrected Iny/Ioy ratios, seem to rule out the
formation of a passivating surface layer of tin hydroxides
(Sn(OH),) and/or hydrates.*> These facts reveal that the
deactivation mechanism of these electrodes in alkaline
conditions is different to that proposed for acid medium.>****

On the other hand, the similar voltammetric profile of fresh
and deactivated electrodes (Figure 8) indicates that the SnO,—
Sb/Ti and SnO,—Sb-Pt/Ti deactivated ones preserve the ability
to transfer charge across the surface. The OER currents are
considerably tilted, especially in the case of SnO,—Sb/Ti
electrodes. This fact may be due to the growth of a TiO,
interlayer.>® In the case of SnO,—Sb—Pt/Ti the conversion of
metallic Pt to Pt(IV) and Pt(II) species can originate a
reduction in the number of oxygen vacancies*” and a decrease
of its electrocatalytic activity for OER. Consequently, the
deactivation of SnO,—Sb and SnO,—Sb—Pt electrodes in
NaOH is proposed to occur by a nonselective dissolution of
metallic species in alkaline conditions, accompanied by some
degree of coating detachment, that allows the NaOH
electrolyte to contact and passivate the MO, /Ti interphase.>

The detachment of the whole RuO, coating in RuO,/Ti
electrodes was confirmed by the remarkably high Ti/M ratio
and the increase of both the Ti(2p) core-level peak (associated
with Ti0,)® (see Figure S1b in the Suypporting Information)
and the relative intensity of Ti diffraction peaks (see Figure S2
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in the Supporting Information), as well as the decrease in the
Ru(3d) photoelectron peak (Figure Sb), the complete
disappearance of RuO, diffraction peaks (see Figure S2b in
the Supporting Information) and the absence of Ru redox
peaks and extremely low currents in its CV profile (Figure 8h).
This may be related to the electrochemical dissolution of RuO,
in alkaline medium at high potentials,57 which has been
associated with the electrochemical generation of soluble
RuO,*~ species during O, production

(=0 - ),Ru0,(OH), + 2H,0
< 2(—OH) + RuO,(OH), )

RuO,(OH), + 40H™ < RuO;” + 4H,0 + 2¢” + O,

®3)
From the detailed characterization of fresh and deactivated
electrodes, it is proposed that the anodic deactivation of SnO,—
Sb(13—x)—Pt—Ru(x)/Ti electrodes in NaOH electrolyte
occurs by a mixed mechanism. Thus, dissolution of metallic
species, promoted in alkaline conditions and high potentials,
the loss of coating, and the passivation of Ti substrate, by
formation of an insulating TiO, interlayer, act together.
Considering this mechanism and the service life of the different
electrodes in NaOH (Table 4), the stabilizing effect of Pt may
be attributed to its surface compacting effect, what may hinder
the penetration of the electrolyte through the coating, and/or
to prevent the generation of surface insulating Sn(OH),
species”® and/or Sb>* species, which could be important active
sites for oxygen and water adsorption.61 On the other hand,
regarding the similarities in microstructure observed by XRD
and TEM, the enhanced stability caused by the progressive
substitution of Sb by Ru up to a 9.75 at. % Ru, at which Sn and
Ru form a solid solution, together with the decreased stability
observed for higher Ru contents (x > 9.75 at. %), for which a
RuO, phase segregation is observed, allow us to suggest that
the formation of a homogeneous (RusSn;_s)O, single-phase
must be the key factor explaining the high stability of SnO,—
Sb(13—x)—Pt—Ru(x)/Ti electrodes. In addition, the high
stability of the highest oxidation states of Ru and Pt in alkaline
conditions, at potentials where the OER occurs, may also
contribute. In this sense, the Ru-doped SnO, electrodes may
experience deactivation after the observed selective dissolution
of Ru from the (RusSn;_s5)O, phase, which may bring about the
coating detachment and the access of electrolyte to the Ti
support. On the other hand, the segregation of RuO, phase
may promote the generation of crystalline and structural
defects, which could facilitate the dissolution of inner metal
species and the penetration of NaOH electrolyte.

4. CONCLUSIONS

The introduction of Pt (3 at. %) and the nominal substitution
of Sb (13 at. %) by Ru in SnO,—Sb and SnO,—Sb—Pt
electrodes induce different textural, structural and chemical
changes that strongly affect the electrocatalytic activity for the
OER and electrochemical stability in alkaline conditions.
Although both Pt and Ru are mainly incorporated in the bulk
of the SnO,—Sb(13—x)—Pt—Ru(x) electrodes, they introduce
their characteristic redox processes and shift the onset of the
OER toward lower potentials. However, while Pt does not alter
neither the Sn and Sb contents nor the rutile-like crystalline
structure, XPS and XRD analysis have shown that, Ru content
lower than 9.75 at. %, Ru(IV) atoms, instead of replacing Sb in

the mixed oxides (as it could be expected from the change on
nominal compositions), occupy positions of Sn(IV) ions in the
cationic sublattice of the rutile-like SnO, structure to form a
solid solution. In addition, surface segregation of Ru is observed
as RuO, phase at Ru contents larger than 9.75 at. %.

The deactivation of the different electrodes has been found
to occur by passivation of the Ti substrate and/or detachment
of the oxide coating promoted by alkaline dissolution of metal
species at high potentials. Considering this mechanism, Pt
causes a compacting effect on the cracked-mud morphology of
the SnO,—Sb coating that, together with its stability under
OER conditions, results an increase in the “accelerated” service
life of this electrode by 2 orders of magnitude in alkaline
medium. Moreover, the introduction of low amounts of Ru
(3.25—9.75 at. %) into the SnO, rutile-like structure leads to a
3-fold increase in the service life of SnO,—Sb—Pt/Ti electrodes.
However, a further gain in stability with higher Ru contents is
not observed probably because of the mixed metal oxide
saturation, which leads to Ru segregation as a RuO, phase.

Consequently, the obtained results show that the combina-
tion of low amounts of Pt and Ru (below the saturation of
(RusSn;_s)O, solid solutions) greatly enhances the stability of
SnO,—Sb electrodes in alkaline medium. Although the stability
of these electrodes does not reach that observed for pure RuO,,
they constitute cheaper alternatives with a higher OER
overpotential as attractive properties for different applications
in alkaline medium, such as electro-oxidation of compounds in
electrosynthesis and electrochemical degradation of pollutants.
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