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Abstract

SnO, coatings have been deposited by metal-organic chemical vapor dep@si@VD) on Ti plates using SngEt and,O as
reactive gas mixture. The thickness, morphology and microstructure of these coatings are controlled by the growth conditions.
The deposition process has been used for the preparation/tf0[y SnO, electrodes that were tested for the anodic oxidation
of organic pollutants in industrial wastewater. These anodes exhibit a high overpotential for oxygen evolution and a good
efficiency for the elimination of total organic carbdifOC) from wastewater. Electrochemical impedance measurements were
used to characterize the activity of the interface $fegueous media as a function of time during the oxidation process. The
influence of the grain size, thickness and surface pre-treatment of the Ti substrate on the electrocatalytic properties is discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction further insight into the phenomena governing the elec-
trocatalytic properties of SnO films in relation to their

There is an increasing interest in electrochemical main features.
oxidation of organic pollutants in industrial wastewater
owing to progress in the performance of electrode
materials and a better knowledge of the mechanisms. ;. Electrode preparation
involved [1,2]. Comparison of different anodes has
shown that TY SnG, is one of the best candidafds3). Ti plates were used as substra@gx 22x 0.8 mn¥).

For instance, TiSnO, anode allows a quasi complete They were etched in hot HEB5%) for 1 h, rinsed with
elimination of total organic carbofTOC) [4]. The high distilled water and dried in air. This cleaning procedure
efficiency of SnQ anodes for combustion of organics increases the surface roughne€s0-1.5 um) and

is due both to an accumulation of OH radicals on the subsequently, improves the film adhesion and maximizes
tration of O-vacancies in the bulk, which blocks oxygen deposited by dip coating into an ethanol solution of
transfer into the oxide lattice and maintains active’OH [rCla (15 wt.99. The solvent was evaporated at 353 K
on the surfacédi]. for 10 min, the sample was then heated in air at 773 K

Recently, we reported an MOCVD process for the for 5 min. Thgse steps were repeated five times to
deposition of Sn@ films on Ti substrates which allows ncrease the thickness and, at the end, the samples were
good control of their microstructurgs]. In this work, annealed in air at 773 K for 1 h.

SnO, anodes were prepared by this MOCVD process The SnQ coatings were grown on the JrO -pretreated
and they were tested in a model electrolyte to gain Ti substrates in a horizontal hot-wall MOCVD reactor

operating under low pressure. SpEt and O were used

2. Experimental
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Table 1
MOCVD conditions used for the growth of SpO coatings

Electrode Positiort Duration IrO, thicknes8 T Mole fraction

(cm) (min) (mg cm?) (K) x(SnEt)
B3 ~23 505 0.50 613 10°
El 19.5 505 0.74 613 16
G1 25.1 270 0.97 653 1C
G2 29.7 270 1.15 653 1C¢
H1 24.6 505 1.01 613 R10°3
H2 28.0 505 0.98 613 R10°3

The other parameters were kept constant: total pressiBe3 kPa;
O, flow rate=280 sccm; N flow ratefcarrier gag= 20 sccm; reactor
diameter 2.4 cm.

2Position of the electrode in the CVD reactor defined as the dis-
tance from the entrance of the reactor.

b Relative thickness values of the IfO films determined from
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3. Results and discussion
3.1. Electrode characteristics

The IrQ, underlayers exhibited a dry-mud like mor-
phology constituted of irregular paving-stones of a few
micrometers, separated by cracks resulting from the
shrinkage during the annealing step at 773 K. The
average thickness was approximately 500 nm but large
disparities were observed along the sample. The, IrO
layers were amorphous and oxygen-deficient compared
to IrO, stoichiometry.

The SnQ coatings were deposited with a growth rate
in the range of 6—14 nm mint depending on the
conditions. They were uniform, compact and exhibited

weight gain measurements. This corresponds to thicknesses in thegood conformal coverage of the surface. As a result, the

range 0.5—1um using IrQ density of 11.7 g cn? .

surface roughness of as-prepared electrodes reflected
that of the Ti substrate. However, it tends to increase
with the thickness of the SnO coatinglable 2. The

one behind the other along the reactor axis. The SnQ, films had a good crystallinity. The electrodes

MOCVD conditions are reported in Table 1. The depo-
sition temperature, the initial SnEt mole fractidm)

prepared at 653 KG1, G2 exhibited a surface mor-
phology constituted of faceted crystallites while those

and the position of the samples in the reactor were prepared at lower temperatures had smaller grains and a

varied while the other parameters were kept constant.
2.2. Sample characterization

The surface morphology and microstructure of the

more nodular morphology. Observations on cross-sec-
tions revealed equiaxed growth with some porosity. The
dependence of both the mean grain size and crystallite
size on the growth conditions is in agreement with
results observed on other substraf&st]. The SnQ
films were slightly textured either in thel10) or (200)

coatings were investigated before and after electrochem-gjrection (Table 2. The influence of the parameters on

ical tests by SEM and XRD(Cu Ka). The surface
roughness was measured using a profiloméfalys-
tep). The relative average value of the film thickness of

the preferential orientation of the growth is more difficult
to determine, probably because of the high roughness
of the Ti substrates. It seems that #1#10) preferential

as-prepared electrodes was determined from weight gainorientation is favored by high deposition temperatures
measurements. The real thicknesses were measured afteind high values ofx(SnEt). However, due to the

electrochemical tests on cross-sections by SEM.

2.3. Electrochemical measurements

depletion, local values of(SnEL) decreases along the
reactor and the texture can change fr6hi0) to (200)

as observed for electrodes H1 and Hable 2. When
the O,/ SnEY, ratio is sufficiently high, thé200) texture

is promoted, likely because this crystal plane exhibits

Electrochemical characterization was performed in a e highest density of oxygen atoms: the/ §h atom

three-electrode cell: the working electrogexposed area
2 cn?), an SSE reference electrodsaturated K SQ/
Hg,S0O, and a platinum auxiliary electrode. The elec-
trochemical impedanc€El) measurements were per-

ratio per surface unit is 0.132& fd200) and 0.047
A~2for (110). However, at this stage, no direct corre-
lation has been found between the microstructure and
the performance of the anodes. Surface morphology and

formed using a Solartron 1250 Frequency Responsemicrostructure of Sn® coatings after electrochemical

Analyzer over a frequency range from 65 kHz to several
Hertz with five points per decade using 10-mV peak-to-

runs do not reveal specific corrosion featut@able 2.

peak sinusoidal voltage and a Solartron 1287 electro-3.2. Electrochemical properties

chemical interface. The electrolyte solutid®.14 M
Na,SQ) was maintained at room temperature and

Fig. 1 shows the typical variation of the potential vs.

mechanically stirred during the electrochemical tests. time as observed by El measurements. The same behav-

The efficiency of the electrochemical oxidation was
investigated by measuring the total organic carbon
(TOC) in model electrolyte(oxalic acid using a Shi-
mazu TOC 5050A instrument.

ior was observed for the different samples: in the first
region, the potential increases slightly with time, then

rises to a maximum before reaching a constant value
for longer immersion times. Typically, a failure of the
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Table 2

Morphological and microstructural features of the $SnO coatings as-prepared and after electrochemical test

Electrode R, Thickness Mean grain size  Surface D(110)° (nm) T(110° T(200)°
(pm) (pm) morphology

(mg cm™?) (pm)

B3 as-prepared - 154 - <05 Nodular 12 1.72 0.98
E1 as-prepared 0.85 3.00 - 0.5-1 Nodular 21 1.18 1.66
E1 after test - - 2.8 0.5-1 Nodular 15 1.19 1.65
G1 as-prepared 1.58 3.50 - 1-2 Faceted 27 2.29 0.61
G1 after test - - 3.9 1-2 Faceted 26 2.19 0.69
G2 as-prepared 1.49 1.70 - 0.3-1 Nodular 43 1.84 1.07
G2 after test - - 25 0.3-1 Nodular 43 1.96 0.93
H1 as-prepared 1.77 4.38 - 1-2 Faceted 17 2.14 0.63
H1 after test - - 4.6 1-2 Faceted 17 1.94 0.78
H2 as-prepared 1.70 4.81 - ~1 Nodular 14 0.84 2.03

H2 after test - - 4.5 ~1 Nodular 16 0.85 2.01

aRelative value determined from weight gain measurements.
bMean crystallite size determined by XRD using the Scherrer formula.
¢ Texture coefficient determined by XRD using the form@lg = (In/Iong) /[N 7t S/ Ion)].

electrode results in an irreversible sharp decrease of thethe electrolytic resistanc€20 () cn?) and in the low-
potential to the characteristic value of the base material frequency range, the polarization resistafcérom the
(not observed in Fig. 1 When such a failure occurs diagrams plotted for different immersion times, the
the lifetime of the electrode is determined by this test. values of the parameters associated to the capacitive
The behavior shown in Fig. 1 has been previously loop were considered in order to follow the modifica-
observed and reveals an activation process of the elections of the interface S Na,SQ, solution with time.
trode surface. This process is reversible if no failure of The capacitance values were determined by the expres-
the electrode occurs. sion: C=1/(27 fmak), Where f .« corresponds to the

To understand this electrochemical behavior, EI meas-maximum of the imaginary part of the impedance.
urements were carried out for different times correspond-  Fig. 3 illustrates the variation ak and C with time
ing to different potential values. It must be underlined for sample E1. It can be seen that the resistance
that usually, impedance diagrams are measured undeincreased significantly with time whereas the capaci-
stationary conditions. In our case, it is difficult to reach tance decreased slightly. Such a behavior can be attrib-
a stationary state and for this reason, the impedanceuted to slight changes in the SpO layer because the
diagrams are plotted in a limited frequency rar@® capacitance(C<1 wF cm™2) is much lower than the

kHz to several Hx Thus, data acquisition is rapich usual value found for double layer capacitaice 50
min) and we assume that during the measurement, theuF cm™2).
system was under stationary conditions. Semi-conducting SnO layers exhibit a relatively high

The impedance diagrams plotted in Fig. 2 are char- n-type conductivity due to O vacancies, which induce
acterized by a well-defined capacitive loop. In the high- donor levels in the band gap. As a result, the resistivity
frequency range, the intersection with the real axis givesis very sensitive to the microstructure as well as the
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Fig. 2. El diagrams obtained in galvanostatic mode for the sample E1
Fig. 1. Evolution of the electrode potential with time in the electrolytic ~ for different times in Na SQ@ solutiof=>5.8 mA cnt2): (O) 3 min;
solution for sample Elapplied current density="5.8 mA cm 2). (W) 30 min; (4) 70 min; (A) 88 min; (@) 100 min.
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bulk and surface composition. During the activation

period, the stoichiometry of the SpRO, layer is probably — ~ 1000

improved due to the oxidizing mediurfanode and & 800 ¢

consequently, its resistance would increase as observed E 6001

(Fig. 3). Furthermore, it is known that OH radicals Q400 | *s

strongly interact with the SnO surface in such electro- = 200 -

chemical proces$l]. These reactive species may also

contribute to the increase of the resistance of the oxide 0 ‘ ‘ ‘ '
layer. At this stage, it is assumed that the electrode 0 5 ] 101 15 hZO 25
activation corresponds to the period required to reach a Electrolysis time (/)

steady state for these processes, which are both

reversible. Fig. 4. Variation of the total organic carb@mOC) vs. the electrolysis

time showing the good efficiency of a /Iit0,/SnG, electrod€B3)

for the degradation of oxalic acid’=200 ml; /=48 mA; anode area
10 cn?; T=298 K; electrolyte 0.14 M H SQ [Oxalic acid=42
mmol I-1). The degradation rate in mg TOC A'h  unit can be deter-
mined using the initial and final TOC concentration in a given period
according to[(TOC —TOG) V]/[I (t—#)].

3.3. Electrode performances: degradation tests

It is well known that Sn@ exhibits electro-catalytic
properties for the oxidation of organic pollutants present
in wastewater[3,4]. For instance, an increase of the
degradation rate of phenol by a factor greater than 5
has been reported using an SNO an@@@ mg TOC A
h=1) compared to Ti anod€8.7 mg TOC A ht?) in
acidic medium[4]. Fig. 4 shows the typical variation of .
the TOC vs. electrolysis time obtained with Sno 4 Concluding remarks
electrode prepared by MOCVD. It appears that all the
organic compounds have been destroyed in less than 24 The electrodes prepared in this work exhibit good
h. The high value of the reaction rate of the oxalic acid electrochemical activity for the oxidation of organic
degradatior{173 mg TOC A ht%) reveals the promising  pollutants. In order to increase the service life and to
performances of the CVD SpO electrodes. This reactionimprove the reproducibility, damaged electrodes were
rate is significantly higher than that deduced from a characterized and it is assumed that one of the main
previous work(60 mg TOC A h'?) [7]. This difference shortcomings that cause the electrode failure is the
may be due to the fact that both the process used forirregularity of the IrQ underlayer. Fig. 5 shows the
SnO, deposition(CVD and pyrolysig and the tested good uniformity of CVD Sn@ coatings that exhibit a
pollutant (oxalic acid and phenplwere different. In good conformal-coverage of the surface roughness.
order to compare the electrode efficiency for the same However, the dip coating process used for IrO deposi-
pollutant, we have determined the reaction rate of oxalic tion does not allow a uniform coverage of the surface
acid oxidation using a commercial DSA electrodé / roughness. As a result, the IrO underlayer is preferen-
RuG,) and we found a value lower by a factor of tially deposited in the pits and concave zones of the
approximately 3(60 mg TOC A h1), which confirms substrate surface while prominences and tips are not

observed for the lifetime of CVD SnO anodes prepared
by this multi-process ranging from few hours to more
than 11 months.

the higher performances of the CVD SnO electrodes.
In addition to good electrocatalytic activity, an impor-

tant requirement for anodes is a long lifetime. From this

point of view, relatively large divergences have been
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coated. In the zones uncoated by |rO , the progressive
chemical and anodic oxidation of the Ti substrate occurs
to form TiO,. This insulator oxide irreversibly deacti-
vates the electrode.
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Fig. 3. Effect of activation time on resistanta and capacitancéb) taken from impedance diagrams for sample E1.
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toward the interface and, subsequently, oxidation of the
Ti substrate. We are continuing our efforts in optimizing
these CVD Sn@ electrodes.
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