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Abstract In this work, we carried out the synthesis of
lead(IT) divanadate(V) by means of a soft chemistry reac-
tion based on a sol-gel-derived route. The final organic
precursor was heat treated (7" = 400, 500, 600, 750 and
800 °C) and structurally analyzed for each temperature by
taking into account the results of FTIR spectroscopy,
synchrotron X-ray powder diffraction and X-ray absorption
near-edge structure. As an overall result, we report a final
compound with remarkable crystallographic and morpho-
logical qualities that seem to keep all its structural features
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in the temperature range 450-700 °C before the structure
incongruently melts. As a highlight, the desired material
was obtained following a highly reproducible, low-cost,
low-temperature and quite straightforward chemical route.
Besides, this synthesis route could also allow the appro-
priate integration of lead(Il) divanadate(V) nanoparticles,
or nanolayers, into more complex systems as well as the
feasibility for being expanded to other materials.
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1 Introduction

Orthovanadates(V) and divanadates(V) of divalent metals
are well-known catalytic agents for the synthesis of several
organic compounds and are currently receiving special at-
tention due to their potential application in sensors and
photocatalysts, among other fields [1, 2]. Particularly,
lead(II) divanadate(V), Pb,V,07, has the potential for be-
ing used as a precursor for the synthesis of the relatively
new multiferroic perovskite PbVOj; [3, 4] and the magnetic
Pb,FeV;0y, [5, 6] or for the flux growth synthesis of laser-
host orthovanadate systems [7, 8]. This material has been
mostly synthesized by usually following a powder-based
solid-state reaction using the corresponding oxides as
precursors and treating the fired powders according to
certain thermal regimes [9, 10]. This procedure, depending
on the temperature values that are reached, sometimes
demands a rigorous atmosphere control to avoid the vola-
tility of several species, mostly lead, that tend to volatilize
as PbO around 850 °C; see, for instance, a typical flux
growth procedure as described in [8]. Chemical route
synthesis for this compound, on the other hand, are not
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common and, among them, it must be highlighted the
composite-hydroxide-mediated (CHM) procedure that was
practically universalized in [11].

In this work, we will show the chemical synthesis of
Pb,V,0; by means of a facile three-step sol—gel-based route
at room conditions, without any special requirement or
dedicated care and very cost-effective. We will also try to
elucidate the best crystallization conditions as well as further
transformations that the material could be able to experiment
according to the treatment environment and composition.
Some structural features will also be discussed. Our ex-
perimental route has been described on previous works for a
different system [12], and this study is also an attempt to
expand the method into other relevant materials.

2 Materials and methods
2.1 Synthesis

Our starting reagents were lead(Il) acetate trihydrate
(Pb(OAc),-3H,0, Aldrich, 99.99 % pure), acetic acid
(HOAc, Aldrich, 99.7 %), vanadyl acetylacetonate
(VO(Acac),, Aldrich, 98 %) and 2-methoxyethanol anhy-
drous (2-MOE, Aldrich, 99.8 %), which reacted according
to the flow diagram depicted in Fig. 1.
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Fig. 1 Schematic of the sol—
gel-based route used in this
work
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As it was mentioned above, the proposed route follows a
similar, although simpler, approach as the three-step
method that we have described elsewhere [13]. As can be
seen, lead acetate is dissolved in acetic acid with a 1:3
molar ratio at 120 °C during 3 h, forming a solution that
we will call Sol. A. At the same time, the appropriate
amount of the vanadyl compound is dissolved in 2-MOE
slightly above room temperature (~33 °C) until a com-
plete dissolution, referred as Sol. B, is verified. In this step,
the amount of 2-MOE could be freely chosen by the re-
searcher by taking into account the desired final concen-
tration. Afterward, both solutions were mixed in the
presence of some extra 2-MOE that, if needed, helps to
rectify and/or fix the final precursor solution, and this final
solution was kept stirring at room temperature for about
10-12 h. for homogenizing and stabilizing purposes. Even
though we carried out several successful syntheses for
concentrations ranging from 8.5 mM to 350 mM, the flow
diagram shown in Fig. 1 depicts the synthesis of a typical
85 mM precursor sol which, without any particular reason,
was the precursor chosen for this study.

In the final step, our solution was dried at 120 °C and
heat treated at 400, 500, 600, 750 and 800 °C as the
structure was inspected for each of these temperatures. The
environment, in every step of the synthesis procedure, was
simply the room condition, and treatments were performed
in air.

2.2 Experimental techniques

In order to explore the structure and morphology of the
treated materials, samples were characterized by means of
Fourier transform infrared spectroscopy (FTIR) performed
in transmission mode in an FTIR660 spectrophotometer,
X-ray diffraction (XRD) and X-ray absorption near-edge
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structure region (XANES), with both experiments being
performed at the LNLS facility in Campinas, Brazil.

The X-ray powder diffraction experiments were carried
out using the synchrotron D10B-XPD beamline. A high-
resolution configuration with a Ge (1 1 1) crystal analyzer
was used at a working wavelength of 1.3761 A. On the
other hand, the average crystallite size of all the samples
was determined by means of the Scherrer equation using a
Si standard (NIST SRM 640d) to subtract the instrumental
broadening and considering a Scherrer constant of 0.94
while describing the peak width with the corresponding full
width at half maximum (FWHM) parameter.

In the case of the XANES experiment, the synchrotron
D04B-XAFS1 beam line was used. In this experiment, the
vanadium K-edge spectra were collected in transmission
mode using a Si (1 1 1) single channel-cut crystal
monochromator at room conditions with a slit aperture of
0.5 mM, to obtain an energy resolution of about 1 eV [14].
The three ion chambers as detectors were filled with N, and
He in the right proportion in order to have an absorption of
10 % in Iy and 70 % in I;. The energy calibration was
obtained by simultaneous absorption measurements on the
vanadium metal sample positioned between the second and
the third ionization chambers.

Further experimental or processing details will be given,
if required, in the Sect. 3 of this work.

3 Results and discussion
3.1 X-ray diffraction
Figure 2 shows the XRD experimental patterns recorded

for our samples. These diffraction data were found to be in
a very good agreement with a previously reported powder

@ Springer
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Fig. 2 Recorded XRD patterns for the Pb,V,0; precursors treated at
different temperatures. Detected and identified phases, as well as an
unidentified one, are highlighted and referenced whenever present.
Dotted regions appear expanded in Fig. 3

diffraction file (PDF) included in the International Centre
for Diffraction Data (ICDD) PDF-2 database for the Pb,
V,0; compound, and consequently, the corresponding
reference number is shown in the graph.

As was expected for our synthesis procedure, an amor-
phous precursor usually rich in acetate and methoxyethoxy
complexes turns into a polycrystalline material when
treated at the appropriate temperatures [15]. In this case,
the material seems to crystalize very well when fired be-
yond 400 °C. At this temperature, it was detected the
coexistence of two minority secondary phases that are
highlighted with symbols (filled diamond and ?) in Fig. 2.
The identified phase (filled diamond) of these two

corresponds to the Pb3(VO,), compound with space group
P2,/c, an expected intermediate and stable phase that could
be present right before a complete crystallization is at-
tained. On the other hand, the second one (?) could not be
univocally identified given its poor contribution to the
diffractograms recorded in our experiments but, to no
surprise, can be associated with any of the numerous de-
fective non-stoichiometric lead vanadate compounds that,
as has been reported, commonly arise and stabilize in the
vicinity of the single-phase treatment conditions [16—18].

Dotted regions in Fig. 2 are shown as expanded graphs
in Fig. 3a, b along with nonlinear least square fittings
(NLLSF) based on pseudo-Voigt line profile shapes that
were carried out in order to determine the lattice pa-
rameters of the predominant phase—Pb,V,07; space group
P2,/a—for each temperature. These profile lines were in-
dexed according to the ICDD-PDF files shown in Fig. 2
and their temperature evolution can also be clearly seen on
the expanded graphs.

As a result, Table 1 shows the lattice parameters de-
termined from the profile peak fitting described above
along with the average crystallite size (<D¢>) that, as can
be seen, suffered just slight variations in the whole tem-
perature range under analysis.

According to these results, and taking into account the
small amount of the secondary phase at 400 °C, an optimal
crystallization temperature in our case should be similar to
the 430 °C reported in [9], with further treatments around
600 °C in that report, and undoubtedly well below the
700-800 °C regime described in 3, something that in our
experiments brought undesired results that are, by the way,
in good correspondence with the already-reported incon-
gruent melting for this system at 740 °C [18]. At
T = 750 °C, as shown in Fig. 3, diffraction patterns clearly
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Fig. 3 Expanded views of the a left and b right dotted regions of Fig. 2 showing NLLSF to the profiles based on pseudo-Voigt functions.
Temperature evolution of the involved phases is seen as well as a proper indexing of the identified phases
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Table 1 Lattice parameters for Temp. (°C) a (A) b (A) c (A B (deg) <De> (nm)
the Pb,V,0; monoclinic phase
?etermined for every 400 13.37 (0) 7.15 (5) 7.10 (4) 105.7 (1) 151.4 (7)
lsglljgg“:‘}fg “?gi?qr(;:l;g ;" the 500 13.39 (3) 7.15 (7) 7.12 (1) 105.2 (7) 151.4 (7)
600 13.22 (7) 7.17 (6) 6.99 (9) 109.7 (2) 151.2 (3)
750 13.33 (8) 7.15 (5) 7.08 (3) 106.3 (1) 151.3 (9)
800 13.41 (6) 7.14 (9) 7.13 (7) 104.5 (9) 151.4 9)
Ref. [3] 13.328 7.148 7.097 105.97 -
Ref. [19] 13.37 7.16 7.11 106 -
Ref. [20] 13.369 7.161 7.103 105.936 -
Ref. [21] 13.370 7.160 7.104 105.92 -

Crystallite size, <Dc>, was also determined and its values are also reported

start to deviate from the previous single phase ones as the
orthovanadate Pb3(VO,), phase stabilizes while gaining
some preponderance in the recorded scans.

Even though it is out of the scope of this work, the
coexistence of both phases below the critical temperature
where lead losses will start to emerge, typically around
850 °C, must deserve some attention in a near future due to
the ferroelectric nature of the Pb3(VQy,), [22, 23] that could
imply the formation of a multiferroic particulate composite
of practical interest. Needless to say that, for this purpose,
the appropriate identification and control of the unidenti-
fied phase is still an issue that also needs to be dealt with.

According to our previous discussion, when following
our proposed synthesis route, a plausible 450-700 °C
temperature range could be suggested to the researcher for
having the desired monophasic compound completely
crystallized.

3.2 Infrared spectroscopy

As depicted in Fig. 4, the infrared vibrational spectra for
400 °C and beyond showed the typical bands for the ma-
jority phase Pb,V,0; [24] in all cases without evidencing
the presence of the two other phases that, especially for 750
and 800 °C, are also present in our samples [25].

Given the existence of V-O-V bridges, it is possible to
estimate the bridge angle (o) by considering the difference
between the symmetric (vs) and antisymmetric (V,s)
stretching frequencies by means of the empirical relation-
ship [26]:

o =256.41- 22" 4 99.46 (1)
Vas vS

Table 2 shows the measured stretching frequencies as well
as the V-O-V bridging angles that, generally speaking, satisfy
very well the theoretical conditions proposed by Wing and
Callahan [27] for characterizing any M—O-M bridge angle
even though slightly departing from the ideal predicted value
of 122°. In our case, this difference could be associated with a

WV-0V) v (V-0V) v (VO) (VO
A A
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_ Z—
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E ‘ ]
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Fig. 4 Recorded FTIR spectra for the Pb,V,0; sol-gel-based
precursors. The main stretching vibrational modes, typical for
M™2(V,0,)~2 compounds, were detected and are highlighted in the
graph

departure of the vanadium ion from its formal oxidation state
+5, thus giving rise to larger interatomic distances and fa-
voring the stabilization of the bridging structure at smaller
angles [27-29]. On the other hand, the empirical nature of
Eq. (1) and its determination based on datasets for mostly
monocrystalline materials is another factor to take into ac-
count when explaining this discrepancy.

3.3 Xanes

X-ray absorption data were analyzed by using standard
procedures: A linear background was fitted at the pre-edge
region and then subtracted from the entire spectrum; the
jump of the spectrum was normalized to unity with the
post-edge asymptotic value by using a quadratic fit. To
obtain the mean oxidation state of the metal in each sam-
ple, the energy shift of the edge relative to a Vanadium foil

@ Springer
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Table 2 Symmetric and

: . : Temp. (°C)  vy(VOV) (cm™") v (VOV) (em™) vy (VO3) (em™")  v(VO3) (cm™') o (deg)
antisymmetric stretching
frequencies determined from the 400 574.9 669.6 817.2 868.5 119.0
measured FTIR spectra at 500 574.5 670.3 817.5 869.6 119.2
different temperatures
600 575.3 669.9 817.5 869.4 118.9
750 5742 669.3 816.5 868.8 119.1
800 575.5 670.0 817.3 869.7 118.9
Ref. [26] 577 686 - - 122

The V-O-V bridging angle (), determined from Eq. (1), is also shown

54 _
120 °C
800 °C
5.2 - T
500°C_ -

2 50 T
g _
w /
& 484 T
5 Y
° P
S 46
c o
S -
g p
S 444

42 “a

600°c_ .4007%0 c
4.0 T T T T T T T T
5468.5 5469.0 54695 5470.0

Edge Energy (eV)

Fig. 5 Plot of mean oxidation state versus edge energy (zero of
second derivative). The quantification was performed by the Wong’s
Method

was determined by the inflection point at the edge position
of the XANES spectra—see Supplementary Information
and XANES datafiles. As shown in the work of Wong et al.
[30], all bound electronic transitions display a nearly linear
relationship between their energy edge positions and for-
mal oxidation state in the series of chemically similar
V-compounds, e.g., oxides. This linear correlation is nor-
mally measured at the inflection point of the edge (i.e., the
edge position) and in our case we take the value at the zero
of second derivative. Reference compounds—in our case,
metallic V (formal oxidation state 0), VOSO4-nH,O (for-
mal oxidation state +4) and V,0Os (formal oxidation state
+5)—were employed to determine a linear relationship in
between the energy shift of the absorption edge vs. formal
oxidation states. With this linear relationship, we can es-
timate the average oxidation state for V in each sample as
shown in Fig. 5. Even this determination is not precise
enough because the error in the energy resolution at V
K-edge (see error bars in Fig. 5) is sufficient for a
qualitative description of the trend of the mean oxidation
state of V in V-species present in successive thermal
treatments.

@ Springer

As can also be seen, there is some average departure
from the V formal oxidation state +5 that is related to our
previous discussion about the V-O-V bridging angle. In
fact, except for T = 500 °C, there is a congruent correla-
tion between o and the mean oxidation state that somehow
supports what was said before.

3.4 Qualitative morphological description

In order to explore the morphological quality of the cal-
cined powders, scanning electron microscopy (SEM) mi-
crographs were recorded for powdered samples in an FEI
Quanta 650 FEG microscope. Due to their relatively low
quality, they have been taken out of the main body of this
work but are available to the reader in the second section of
the Supplementary Material. Those micrographs reveal a
noticeable submicrometric granular structure that, espe-
cially for 7 = 500 °C, features some clear monoclinic
facets and very regular spatial distribution and
morphology.

4 Conclusions

In this work, we have studied the crystallization process of
the compound Pb,V,0; by means of a very simple, cheap
and easily adaptable sol—gel-based synthesis route that is
not usually reported in literature for this compound. We
have found the complete formation of the material of in-
terest for 7 = 500 °C and, as a remark, recommended the
interval 450-700 °C to maintain the appropriate crystalline
quality in the final material. The final granular array
showed submicrometric particles with high morphological
quality.

Besides, several structural features were analyzed and
discussed, specially the significant correlation between the
V-0O-V bridging angle and the mean oxidation state of
vanadium ions in our samples.

Last but not least, the feasible coexistence of the com-
pound with a ferroelectric phase for higher treatment
temperatures, along with the remarkable morphological
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quality in all cases, is something that, according to our
point of view, must be thoroughly studied in future works.
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