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Abstract

The pH-concentration diagram for the formation of barium molybdate films on a metallic molybdenum substrate in a barium
hydroxide aqueous solution has been experimentally studied. Due to the relatively large solubility of the molybdate, the estimation
of film thickness from the weight gain was corrected by considering the substrate dissolution. The molybdenum substrates had a
preferential [100] crystallographic orientation, but the films exhibited no preferential orientation. It is suggested that the film grows
through a dissolution-precipitation mechanism and that nucleation begins only after the solution is locally saturated with barium
molybdate. Irregular intergrowth is frequent due to the high crystal growth rate. XPS measurements on samples that appeared
completely coated under SEM examination exhibited only the peaks corresponding to barium molybdate. On the other hand, the
substrates that appeared partially coated under SEM, when examinated by XPS exhibited the superposition of spectra of the
molybdate and of the uncoated molybdenum substrate. This allows the study of the degree of coating as a function of the solution

concentration and pH. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The preparation of functional ceramic coatings and
powders using electrochemical methods is a relatively
new technology that takes advantage of the large amount
of work carried out on metallic corrosion and electro-
deposition.'~'° The advantages of electrochemical coating
techniques over more conventional techniques have
been summarized by Switzer.! The thickness and morph-
ology of the ceramic films can be controlled by the electro-
chemical parameters and relatively uniform deposits can be
obtained on complex shapes. With accurate control of the
applied potential, Switzer has already shown that nano-
scale superlattices can be deposited at room temperature.>>
Equally attractive is the fact that the equipment is inex-
pensive and the technique has the potential to synthesize
crystalline films near room temperature in large-scale
operations.*

* Corresponding author. Tel.: +56-22-678-4392; fax: + 56-22-696-
7359.
E-mail address: vfuenzal @cec.uchile.cl (V.M. Fuenzalida).
! Present address: Toyota Central R&D Labs., Inc., Nagakote,
Aichi, 480-1192, Japan.

As for the anodic method, synthesis of several types
of oxide films and powders have been reported, such as
thallium oxide films on silicon substrates,> BaTiO;
and SrTiO; films on titanium substrates,®~!© BaTiO;
powders,!! and ZrO, films on zirconium substrates.*

Recently, Cho et al.!>~!? reported the room temperature
deposition of films of luminescent materials such as
CaWO,, StWO,, and Ca(;_,)SryWO, on tungsten sub-
strates, and CaMoQ,, SrMoQy,, and BaMoO, films on
molybdenum foils. These materials belong to the scheelite
group?® and produce blue or green luminescence. Single
crystals of these materials have been studied as hosts for
lanthanide activated lasers.?! In the present paper we
report on the growth of BaMoOQy, films, particularly on
the effect of pH, Ba®™ ion concentration, and treatment
time.

2. Experiment
A Teflon container was used as the reaction vessel in

all experiments to minimize contamination. All surfaces
in contact with the electrolyte solution were made of
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Teflon, except for the platinum cathode and the molyb-
denum anode. The electrodes were parallel, separated
by 28 mm and were suspended from platinum wires and
immersed in the electrolyte. The molybdenum working
electrodes were cut from a 0.1 mm thick molybdenum
foil (Alfa®, 99.95%) into 20 mmx20 mm plates. They
were degreased in acetone, chemically etched by 6 N
HCI for 24 h, washed with deionized water in an ultra-
sonic bath, and finally dried and weighed. Barium
hydroxide solutions were prepared from high purity
Ba(OH),-8H,0 (Sr<0.024%, Solvay-Sabed, Italy). The
deionized water was preheated to remove dissolved CO,
and purged with N, gas for 30 min. pH values were
adjusted with 12 N KOH and 12 N HCI. All the
experiments were performed at room temperature (22—
23 °C) with a current density of 1 mA/cm? generated by
a commercial potentiostat/galvanostat power source
(Model 363, Princeton Applied Research Co., USA).
Following the electrochemical treatments, the molyb-
denum electrodes were washed with deionized water,
dried and weighted. The products were characterized by
X-ray diffraction (XRD) using CuK,, radiation at 40 kV
and 30 mA at a scan rate of 1.2 26/min (Siemens D5000
system). The 20 range was from 20 to 80°. Scanning
electron microscopy (SEM) was used to characterize the
grain size, morphology, and microstructure of the films
(JSM-25SI1 and JSM-5410, JEOL, Tokyo, Japan). An
energy-dispersive x-ray spectrometer (EDS) attached to
a SEM was used to map the elemental distribution of
the film surfaces (JSM-6400K SEM with an Oxford
EDS). Further characterization was performed by X-ray
photoelectron spectrometry (XPS) assisted by argon ion
sputtering (Physical Electronics 1257 system).

3. Results and discussion
3.1. Formation diagram

Fig. 1 shows the pH-concentration diagram of the
BaMoO, films prepared under a current density of 1
mA/cm? under galvanostatic conditions by the electro-
chemical method. The experiments were carried out at
different concentrations of Ba(OH), aqueous solutions
and at different pH values. The formation of BaMoO,
crystals was confirmed by XRD, and the crystallytes
were observed by optical microscopy and SEM. The
threshold for growth-no growth of BaMoOQOy crystals for
a given Ba(OH), solution is shown in the figure.

3.2. Thickness

Along with the growth of the film on the metal sub-
strates, the weight of the substrates changed, usually
increasing. This increase in weight was used to estimate
the film thickness as was performed in samples of
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Fig. 1. pH-concentration diagram of BaMoQ, at 295 K under 1 mA/
cm?. Inset: calculated film thickness vs. treatment time.

BaTiO;® and BaZrOs,?? assuming that no dissolution of
the film or the substrate took place. In fact, a weight
decrease was observed in some cases, attributed to sub-
strate dissolution. The solubility of BaMoOy at 23 °C is
0.0058 g per 100 cc cold water,?® thus the solubility
product of BaMoOy:

KipBamoo,) = (0.0058/[297.27 x 0.1))>=3.8 x 107* (1)

Therefore the thickness ¢ of the BaMoO, film could
be calculated from the following corrected formula:

t= (Wo + Ws)‘MthMoO4/(p'MBaO4) (2)

where W, is the measured mass change, W is the mass
loss of the substrate attributed to dissolution, M is the
molecular weight of the indicated species (297.27 g/mol
for BaMoOQy, 201.33 g/mol for BaO,, and 95.94 g/mol
for molybdenum), p=4.65 g/cm? is the density of
BaMoO,, and 24 is the area of the substrate in cm?,
considering both faces.

In order to estimate W, we assumed that after the
reaction of the solution was still a saturated solution of
BaMoQ,, therefore the following equation should be
satisfied:

Wy = Mmo-KspBamoo,)/ ([Ba(OH),]

3
- (Wo + Ws)/MBaMOO4) ( )

where [Ba(OH),] is the initial molar concentration of
Ba(OH),.

3.3. Microstructure
The inset of Fig. 1 shows the calculated thickness of

the films grown in 0.01 M Ba(OH), solution with dif-
ferent treatment times with and without consideration
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of substrate dissolution. The film thickness considering
substrate dissolution came out approximately 1.5 pm
larger than those without this correction. Fig. 2 is a
SEM micrograph of the cross section of the film treated
for 2 h in the 0.01 M solution, and it shows that the film

Fig. 2. SEM micrograph of the cross-section of an electrochemically
prepared BaMoO, film at 1 mA/cm? during 2 h with a Ba(OH), con-
centration of 0.01 M.

is not homogeneous. Its thickness ranges from 4 to 7
pm. This value is in good agreement with the calculated
thickness taking into account the dissolution of the Mo
substrate (4.4 um), while the calculated thickness with-
out this consideration amounts only to 2.9 um.

Fig. 3 shows the microstructure development of the
films formed in 0.01 M Ba(OH), solution after different
electrochemical treatment times. It shows that the crystal-
lites first formed along the lines generated by the rolling
process on the foil (Fig. 3a), and exhibiting a typical tetra-
gonal habit. We believe that the etching pits concentrate
along the lines associated with the rolling direction and
that they acted as nucleation centers. The crystallite size
ranged from 3-7 um (15 min) to 10-17 pm (4 h). In some
cases, e.g., when the treatment was carried out in a more
concentrated solution, the crystals may grow preferentially
in the horizontal direction (Fig. 4) along the substrate.

3.4. Growth mechanism

The nucleation of the BaMoQ, crystals initiates at
surface defects along the rolling direction of the metal

Fig. 3. SEM micrographs of the surfaces of BaMoO films formed in 0.01 M Ba(OH), for (a) 15 min, (b) 30 min, (c¢) 1 h, and (d) 4 h. The white bars

represent 10 pm.
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foil, as shown in the SEM micrographs in Figs. 3(a) and
5(a). A similar behavior has been observed when growing
hydrothermal BaTiO; deposits on polished TiO, single
crystals.?* BaMoOQy crystals grew in a {111} form with a
dipyramidal habit. In one system twins are expected to

Fig. 4. SEM micrograph of the surface of a BaMoOQ, film formed in
0.2 M Ba(OH), (1 h electrochemical treatment).

Fig. 5. SEM micrograph of the surfaces of the BaMoQ, films formed
in (a) 0.0025 M Ba(OH), for 1 h and (b) 0.001 M Ba(OH), for 2 h.

obey a single twin law,?> but we also observed inter-
growth, even multicomponent intergrowth (‘“triplets”,
“quadruplets”, “‘sextuplets”, etc.), and several mutual
arrangements of the intergrown domains are observed
in Fig. 5(a). Moreover, we are not aware of any reports
of BaMoO, twins in the literature. Therefore, we suggest
that the observed intergrowths are just irregular ones
caused by the rapid crystal growth. A definitive answer
should be given by the Kichuchi method (electron dif-
fraction).

The films were well crystallized as revealed by the line
broadening (full width at half maximum) FWHM mea-
sured for different XRD reflections of several samples,
between 0.076 and 0.086°, while the FWHM of the
standard o-SiO, sample provided by Siemens is 0.080°.

From the XRD results of Fig. 6, the intensity ratio
between the main (110):(200):(211) reflections of the
molybdenum substrate is 100:5600:1600, while the same
ratio for the polycrystalline material (bars in Fig. 6) is
100:16:31.2° We conclude that the molybdenum sub-
strate was oriented in the [100] direction. The BaMoOQO,
films did not show any distinct orientation [Fig. 6(b)].
The lattice parameters were refined using the UnitCell
program by Holland and Redfern.?”-?® The refined lattice
parameters, shown in Table 1 for a film grown in 0.01
M Ba(OH), after a 2 h electrochemical treatment, are in
good agreement with the literature.?’

The electron probe microanalysis revealed that the
films are crystalline BaMoO,. Fig. 7 shows the SEM
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Fig. 6. X-ray diffraction patterns of (a) a BaMoO, film prepared on a

molybdenum substrate in 0.01 M Ba(OH), aqueous solution by elec-
trochemical treatment for 30 min; (b) the untreated substrate.

Table 1

Lattice parameters for the BaMoO, film

Lattice parameters Present work Ref. 25
5.5801+£0.0005* 5.5802
12.8172+£0.0015* 12.814

a Standard error of the residuals.
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micrograph of a sample prepared in 0.01 M Ba(OH),
for 15 min under 1 mA/cm? and its corresponding oxygen
Ko and barium Lol maps. The elemental distribution
analysis revealed that the molybdenum is distributed all
over the film surface. Therefore, the crystallites consist
of Ba, Mo and O, which should be crystalline BaMoO,
as indicated by XRD. Fig. 7(b) shows the elemental
distribution of barium, exhibiting maxima at the posi-
tions of the grains of the micrograph 7(a), confirming
that these islands are barium-rich and correspond to the

— 10 um BalLa1

St 0 um| OKa

Fig. 7. (a) SEM micrograph of the surface of the BaMoO, film
formed in 0.01 M Ba(OH), for 15 min under 1 mA/cm?, corresponding
(b) oxygen Ko map and (c) barium Lol map.

BaMoOy nuclei. The oxygen map is more diffuse, prob-
ably because the whole surface is oxidized.

Under the effect of the potential, molybdenum dis-
solves into the solution as MoO3~ ions, which should be
hydrolyzed. As soon as the product of the concentra-
tions of MoO7~ and Ba®?" becomes larger than the
solubility product of BaMoO,4, BaMoO, crystals begin
to nucleate at the energetically active points (i.e. etching
pits). As the Mo substrate continues to dissolve, the
concentration of MoOj3~ increases and the crystallites
grow further, with a mechanism similar to that of
BaWO,.!? As growth proceeds, the surface of the sub-
strate is almost sealed by the film, leaving only capillary
channels between the crystallites, which serve as channels
for further substrate dissolution.

3.5. XPS measurements

Finally, surface analysis techniques were used to pro-
vide a chemical analysis independent to the electron
probe microanalysis. The samples that appeared either
completely or partially coated in the SEM micrographs
were examined by XPS in order to compare their surface
composition. Fig. 8 shows the spectra of (a) a sample
partially coated and (b) a sample completely coated,
both after surface cleaning with Ar ions. Spectrum (b)
was rescaled so that the intensity of the Mo3p peak of

Ba3d
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Fig. 8. XPS spectra of (a) a partially coated sample and (b) a com-
pletely coated sample after surface cleaning with Ar ions, showing a
different relative amount of barium. Spectrum (b) was rescaled so that
the Mo3d peak has the same intensity as in spectrum (a). Inset: high
resolution XPS spectra of the Mo3d peak of the BaMoQ, film. (c)
Completely coated sample, surface as received. (d) The same sample
after cleaning with 4 keV Ar ions. The last three spectra refer to a
partially coated sample: (e) as received, (f) after surface cleaning, and
(g) after heavy ion sputtering.
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Table 2
XPS peak positions of the prepared BaMoOQ, films
Peak Ba3ds5/2 Ols Mo3d5/2 Cls Comments
a? 784.0 (779.8)° 534.5 (530.3) 236.5 (232.3) 288.7 Complete coating
783.7 (779.6) 534.1 (530.0) 236.3 (232.2) 288.6 Complete coating
c 780.8 (779.9) 530.9 (530.0) 230.3 (229.4) 285.4 Partial coating
783.9 (779.2) 534.6 (529.9) 236.4 (231.6) 289.2
d 781.2 531.4 229.5 285.9 Partial coating
783.2 534.0 233.9
e 781.0 531.2 228.7 285.5 Partial coating
233.6
* 779.0 529-533 232.5 Standard BaMoO,
PHI
* 779.1 530.5 232.8¢ Standard BaMoO,
NIST
HoHE 284.5 Standard carbon

2 The letters refer to Fig. 8.

® The values in parentheses are corrected by setting the Cls peak at 284.5 eV.

¢ Mo in CaMoOQ,.

both spectra exhibit the same amplitude, showing that
there is less barium in the partially coated sample. The
atomic ratio of Ba:Mo estimated from XPS was 45:55
for the partially coated sample, whereas it was 66:34 for
the completely coated sample.

The inset of Fig. 8 shows the high resolution XPS
spectra of the Mo3d peak, which exhibits some features
detected in all peaks. The bottom of the Fig. 8 shows
the spectrum of a sample completely coated [Fig. 3(c),
treated in 0.01 M Ba(OH), for 1 h]. Curve (c) represents
the surface as received, and (d) after cleaning it with 4
keV Ar ions. The doublet observed in curve (c) smears-
out, leading to the shoulders in curve (d), an effect
which is attributed to surface reduction due to the ion
beam. The peak energies shown in Table 2 are displaced
4.1-4.2 eV due to charging effects. The corrected values
were calculated by referring the energy scale to the carbon
signal at 284.5 eV, 779.8 ¢V for Ba3d5/2, 232.3 eV for
Mo3d5/2, and 530.3 eV for Ols, corresponding to the
values for BaMoQ, as found in the databases.?-3! After
surface cleaning, no signal from metallic molybdenum
was detected, thus confirming that the surface is com-
pletely coated.

The Mo3d peak of a sample that appeared partially
coated under the SEM [Fig. 3(a)] is shown in Fig. 8: (e)
as received, (f) after surface cleaning, and (g) after heavy
sputtering. Spectrum (e) exhibits the Mo3d5/2 peak at
two positions, as shown in Table 2. After correcting for
surface charging, the large peak located at 231.6 eV
could be attributed to Mo in a molybdate state and the
smaller one, at 229.4 ¢V, to partially oxidized molybdenum
on the uncoated parts of the foil. Notice the large shift
due to surface charging associated with the insulating
BaMoO, crystals. After surface cleaning, the peaks shift
to lower binding energies, thus the spectrum in (g) can
be interpreted as the superposition of the metallic
molybdenum after removal of the molybdenum oxide

layer and the Mo(VI) of the BaMoOy layer. There is an
overall decrease in the surface charging induced shift,
partially attributed to the reducing effect of the ion
beam and also partially because the conducting metallic
molybdenum is on the surface.

In summary, (a) the completely coated sample exhibits
only barium molybdate, whereas (b) the partially coated
ones show a superposition of a strongly shifted molybdate
due to surface charging at the isolated islands, and the
uncoated (eventually oxidized) molybdenum substrate.

4. Conclusions

Highly crystallized BaMoOy, films can be prepared on
metallic molybdenum foils by electrochemical activation
in dilute Ba(OH), solutions. The pH-concentration dia-
gram for the formation of barium molybdate films has
been obtained experimentally. Considering the relatively
large solubility of the barium molybdate, a corrected
formula for the thickness calculation by the weight gain
method has been proposed, which corrects the substrate
dissolution effect.

The crystallization of BaMoO, was characterized by
three-dimensional nucleation preferentially at the high
stress lines associated with the rolling direction of the
substrate foil. We believe that the etching pits are con-
centrated along these lines. Irregular intergrowth easily
formed in the film due to the rapid crystal growth. Our
observations are consistent with growth through a dis-
solution—precipitation mechanism where nucleation starts
only after the solution is locally saturated with BaMoO,.

The combination of microanalysis and XPS measure-
ments allowed discrimination between the completely
coated and the partially coated samples. The former
exhibits solely molybdate, while the latter exhibits the
superposition of a strongly shifted molybdate spectrum
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due to surface charging at the isolated islands and the
spectrum of the uncoated molybdenum substrate.
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