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Abstract Hydrous nanocrystalline zirconia was pre-
pared from an unusual precursor—the bimetallic oxide
zirconium tungstate (ZrW,Og)—in alkaline medium.
Different experimental conditions (NaOH concentration,
time and temperature) were used to investigate the ef-
fects on crystallographic, morphological, chemical and
thermal characteristics of the products. The resulting
materials are composed of particles with a crystal struc-
ture similar to that of cubic ZrO, (or a mixture of tetrag-
onal and cubic phases, depending on the synthesis con-
ditions), with particle size around 5 nm and crystallites
around 3 nm in diameter. These particles form high
surface area agglomerates, exhibiting mesoporosity and
capacity for adsorption of water and carbon dioxide. The
synthesis mechanism appears to be constituted, first, by a
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chemical substitution reaction between the WO, tetrahe-
dra and hydroxyl ions, with subsequent solubilization of
the structure. Indeed, excess hydroxyls in the medium
form colloidal zirconium ions which polymerize/con-
dense, generating crystalline nuclei in a process facilitat-
ed by heterogeneous nucleation and supersaturation. The
presence of residual tungsten in all samples appears to be
a key element for stabilizing the size and crystalline
structure of the materials produced.
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Introduction

Zirconium oxide, or zirconia (ZrO,), is a ceramic mate-
rial with a broad range of technological applications. At
room pressure, ZrO, has three polymorphs: monoclinic
(m-ZrO,) (from room temperature to 1170 °C), tetrago-
nal (z-ZrO,) (from 1170 to 2270 °C) or cubic (c-ZrO,)
(from 2270 °C to its melting temperature) (Patil et al.
2008). The tetragonal and cubic polymorphs are only
stable at high-temperature but can be stabilized at room
temperature by forming solid solutions with some ox-
ides (Stevens 1986; Hannink et al. 2000).

Metastable tetragonal zirconia has excellent mechan-
ical properties with applications ranging from extrusion
dies, cutting tools to bio-implants (Shukla and Seal
2005; Manicone et al. 2007). Cubic zirconia has a high
oxygen mobility and found applications as electrolyte in
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oxygen sensors and solid oxide fuel cells (Shukla and
Seal 2005). Nanocrystalline zirconia exhibits different
phase stability allowing the tetragonal and cubic phases
be retained at room temperature without stabilizers
(Tsunekama et al. 2003; Pitcher et al. 2005).

Nanocrystalline zirconia can be obtained from hy-
drous zirconia, and the crystallinity depends on the syn-
thesis conditions as alkali and its concentration, the rate
of addition during the reaction, pH, and temperature.
Some other parameters need to be taken into account,
such as the presence of other anions/cations, the use of
surfactants and post-treatment processes as well as the
washing and drying (Srinivasan and Davis 1992;
Srinivasan et al. 1993; Chuah and Jaenicke 1997;
Chuah et al. 1998; Dell’Agli et al. 1999; Dell’Agli et al.
2008; Matsui and Ohgai 2002; Jiao et al. 2003; Stenina
et al. 2008).

Many authors consider hydrous zirconia and zirconi-
um hydroxide as synonyms. Huang et al. (2001), how-
ever, evaluated the two substances and proposed a struc-
ture for hydrous zirconia consisting of a cluster of 16
zirconium cations, 20 non-bridging hydroxo groups, 22
bridging hydroxo groups (may be understood as Zr-O-
Zr bonds), and 20 coordinated water molecules.
According to authors (Huang et al. 2001), hydrous
zirconia and zirconium hydroxide are different materials
with mass losses after calcination of 21.5 and 32.2%,
respectively. Besides that, they have different solubility
in acidic medium and only zirconium hydroxide is
soluble in aqueous HNOs. In addition, it is used as the
precursor material for the production of zirconia, hy-
drous zirconia also finds application as a catalyst in
various chemical reactions of commercial interest
(Jaenicke et al. 2008; Song et al. 2011), as well as for
removal of contaminants present in aqueous media
(Chitrakar et al. 2006; Pan et al. 2013).

Hydrous zirconia can be produced by several
methods, including forced hydrolysis in acid me-
dium (Markovi¢ and Milonji¢ 2006), sol-gel
followed by refluxing (Stefani¢ et al. 2000; Aguila
et al. 2006) or ultrasound (Gubanova et al. 2015), re-
verse microemulsion (Tai et al. 2004), and polymeric
precursor (Castro et al. 2008). However, the pre-
cipitation from ZrCly, ZrOCl,-8H,O or ZrO(NO3),
solutions with alkalis followed by refluxing or
hydrothermal treatment of the powders is the most
widely used method reported throughout the literature
(Chuah et al. 1998; Dell’ Agli et al. 2008; Stenina et al.
2008; Wang et al. 2007).

@ Springer

First reported by Clearfield (1964), the production of
nanocrystalline hydrous zirconia, cubic or tetragonal,
with crystallites size from 2.0 to 2.5 nm presented similar
structure to the calcined oxide. The author considered the
hydrous zirconia as ZrO, with many hydroxyl groups
and molecular water adsorbed on the powder surface.

Zirconia was first obtained from ZrW,0Og when try-
ing to remove WOj3; which had not reacted in the syn-
thesis of ZrW,Og (Perottoni 2000). Although at first it
was believed that the material obtained was amorphous,
Somavilla et al. (2011) presented experimental evidence
that the reaction between NaOH solution and ZrW,0Og
resulted in hydrous tetragonal zirconia (ZrO,2H,0)
nanoparticles with crystallite size less than 2 nm.
Therefore, more studies need to be done to find out
how the experimental parameters affect the hydrous
zirconia obtained from ZrW,Og and also the mechanism
of hydrolysis of the zirconium tungstate, which is an
insoluble precursor in water, to prepare zirconia.

«-ZrW,0Og is a bimetallic oxide synthesized from
710, and WO; at temperatures near to 1200 °C and
rapidly cooled to retain metastable cubic phase at room
temperature (Vural 2011; Lind 2012). The crystal struc-
ture of «-ZrW,Og can be described as a three-dimensional
arrangement of corner-sharing ZrOg octahedra and WO,
tetrahedra. In each WO, tetrahedron, one of the oxygen
atoms is not bonded to the neighboring zirconium (termi-
nal oxygen), providing the ZrW,Oyg structure with a high
degree of flexibility and isotropic negative thermal expan-
sion (—8.7x107° K") over a wide temperature range
(from —272.7 to 777 °C) (Lind 2012; Chaplot 2005).

Accordingly, this study aimed to investigate the pro-
duction of hydrous nanocrystalline zirconia from
ZrW,0g, with different synthesis conditions to elucidate
the influence of NaOH concentration, reaction time and
temperature. In fact, it is expected that not only the
hydrous zirconia, but also the zirconia obtained by this
method, can exhibit very particular characteristics (as
specific area, porosity, and crystalline structure) due to
the precursor (Deshmane and Adewuyi 2012), thus
having an impact on possible applications.

Materials and methods

Synthesis of zirconia

All experiments were carried out at the same proportion
of a-ZrW,0g (Wah Chang Co., Albany - OR, USA) to
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NaOH solution, namely 0.2 g of zirconium tungstate for
100 mL of solution. The effect of NaOH (Vetec, 97%)
concentration on synthesis product was evaluated using
1,2,3,4 and 5mol L' at 5 h at 80 °C. Reaction time
impact was evaluated at 5 and 10 min and 1, 3, 5, 8 and
10 h at 80 °C using a 1 mol L™' NaOH solution. The
effect of reaction temperature was assessed at 60, 70, 80,
90 and 100 °C using a 2 mol L™' NaOH solution for 5 h.
All experiments were carried out using Teflon flasks
under magnetic bar stirring. The precursor (zirconium
tungstate) was added only after the solution had reached
the prescribed temperature. After each reaction, the
resulting suspension was filtered using a membrane with
a pore size less than 0.45 pm and the retained products
were thoroughly washed with deionized water until
neutral pH. After dried at 120 °C for 12 h, the product
was stored at room conditions for further characteriza-
tion. Over 85% of the zirconium present in the original
zirconium tungstate is recovered in the filtered sample.

Characterization

The sodium content was estimated by semiquantitative
EDS analysis on a Shimadzu SSX-550 scanning elec-
tron microscope, working at 15 kV, with an acquisition
time of 15 min and a working distance of 16 mm. The
tungsten content was determined by EDXRF, using the
Fundamental Parameters method, in a Shimadzu EDX-
7000 spectrometer operating with a rhodium tube at
50 kV, with an acquisition time of 100 s.

Samples were also characterized by XRD using a
Shimadzu LABX XRD-6000 diffractometer operating
with CuK« radiation (A=0.15418 nm). The measure-
ments were carried out with a step size of 0.05°, inte-
gration time of 2 s, 1° divergence and scattering
slits, 0.15 mm receiving slit and sample rotating at
10 rpm. Crystallite size was calculated according
to the procedure described by Delhez et al. (1993),
subtracting the instrumental contribution to peak broad-
ening and taking into account the most intense diffrac-
tion peak (26 ~ 30.2°) fitted by a pseudo-Voigt profile
function.

Crystallite size and some interplanar distances for the
sample synthesized with NaOH 1 mol L™, at 80 °C for
1 h, were also evaluated by TEM in an FEI TECNAI 20
microscope operating at 200 kV. For this analysis, the
sample was previously dispersed in acetonitrile using an
ultrasound bath, and a thin film of this suspension was
deposited on a copper grid and covered with carbon.

Phase identification was carried out with the aid of
Raman spectroscopy with an HORIBA LabRAM HR
Evolution 800 spectrophotometer equipped with a He-
Ne laser (A =632.8 nm). Raman spectra were acquired
from 100 to 1000 cm ', with 10 accumulations of 100 s
each, using a 600 lines mm ' diffraction grating, 50 um
entrance slit, and a X 50 microscope objective.

Further vibrational spectroscopy analysis was per-
formed using diffuse reflectance Fourier-transform in-
frared spectroscopy (DRIFTS) on a PERKIN-ELMER
Spectrum 400 spectrometer. The spectra were collected
from 4000 to 450 cmﬁl, with a resolution of 4 cm ™' and
64 scans. Before this analysis, samples were dried for
24 h at 120 °C to remove residual moisture.

Simultaneous TG and DSC measurements were car-
ried out on an NETZSCH STA 449 F3. The evolved
gases were analyzed by mass spectroscopy on an
NETZSCH QMS 403 mass spectrometer. For this,
around 15 mg powdered samples were packed inside
Pt crucibles around 15 mg, evacuated at 80 °C for | h
and then heated to 1000 °C at 10 °C min ' using Ar
(40 mL min~'). Water (m/z=18) and CO, (m/z=44)
content in the evolved gases were deconvoluted in indi-
vidual contributions using Gaussian fits (see Fig. S3 in
Supplementary Information) (Wang et al. 2007).

Zr and W chemical distribution, as well as particle
size and morphology analysis, were carried out using a
field emission gun SEM TESCAN Mira3 LM micro-
scope operating at 15 kV. Before analysis, ZrW,0g was
dispersed in water and ZrO, in an HCl solution (0.01 mol
L"), sonicated during 4 min, and then deposited on an
aluminum sample holder, let dry at room conditions and
finally recovered with gold. Additionally, mapping im-
ages of the elements Zr and W, corresponding to an area
of 1.2 mm? on the samples, were performed using X-ray
microfluorescence in a BRUKER M4 Tornado spec-
trometer operating with a rhodium tube at 50 kV and
600 pA.

The specific area was determined by analysis of the
isotherm of adsorption of nitrogen at 77 K on an
MICROMERITICS Gemini IIT 2375 analyzer. Data
analysis was performed according to BJH method
(Barrett et al. 1951). The cross section area of nitrogen
used in the calculations was 0.162 nm” (Sing et al.
1985). Pore width was estimated considering that the
nitrogen monolayer thickness was equivalent to that
proposed by Halsey (Rouquerol et al. 2014). The pres-
ence of micropores in the samples was evaluated by the
empirical method suggested by Sing (Sing and Williams
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2005), known as «ag-plot, taking ZrW,Og as the refer-
ence. This approach allowed the determination of the
external surface areas (agx7) of the samples in the mul-
tistep region (Marczewski 2002).

The true density (p) of ZrW,0g and the samples
synthesized using different reaction times (5 min, 5
and 10 h) with NaOH 1 mol L' at 80 °C was evaluated
by He picnometry on an MICROMERITICS AccuPyc
IT 1340 gas pycnometer. The samples were kept in a
vacuum at ambient temperature for at least 10 h before
specific area and density measurements. Particle sizes
(dper) were estimated as dpgr=6/pagrr (Rouquerol
etal. 2014).

Results
Elemental analysis
The samples, regardless synthesis conditions, are com-

posed mainly of Zr and O. Furthermore, except for
samples produced with NaOH 1 mol L™ to 80 °C for

5 min to 1 h, all others samples have sodium as an
impurity (Table 1). Tungsten content in the samples
was dependent on synthesis conditions. The W concen-
tration tends to decrease with increasing reaction time
and temperature, and also with NaOH concentrations
higher than 1 mol L™ remaining, however, approxi-
mately constant for NaOH concentrations exceeding
2mol L\,

The EDS mapping images of the 5 min sample
(Fig. 1a, b) showed only some particles rich in tungsten
and poor in zirconium. However, a homogeneous dis-
tribution of these elements was observed in the rest of
the material. A similar result was obtained in mapping
images taken by X-ray microfluorescence (Fig. Sla).
The compositional maps for samples obtained after 5
(Fig. 1c, d) and 10 h of reaction time (Fig. S1b) exhibit a
homogeneous distribution of tungsten throughout the
material. In a few cases (for instance, the sample pro-
duced for 5 h with NaOH 1 mol L™" at 80 °C) some
smaller agglomerates showed no evidence at all of tung-
sten in their composition (Fig. 1d), as confirmed by EDS
spectrum of this part of the sample.

Table 1 Semiquantitative tungsten and sodium content, XRD crystallite size results and Lorenztian fraction in the pseudo-Voigt peak profile (1)

Experimental condition Tungsten (atom%)

Sodium (atom%)

XRD crystallite size (nm) 1 (dimensionless)

NaOH concentration effect (for 5 h at 80 °C)

1 mol L™ 0.36 0.73
2mol L™ 0.21 1.49
3mol L 0.20 1.28
4mol L 0.14 1.36
5mol L™ 0.19 1.18
Synthesis reaction time effect (with NaOH 1 mol L™" at 80 °C)
5 min 2.85 -
10 min 1.10 -
lh 0.74 -
3h 0.68 1.18
5h 0.36 0.73
8h 0.27 1.31
10h 0.25 1.13
Synthesis reaction temperature effect (with NaOH 2 mol L™" for 5 h)
60 °C 0.67 0.97
70 °C 0.38 0.97
80 °C 0.21 1.49
90 °C 0.17 1.88
100 °C 0.09 1.62

1.11
1.04
1.05
0.97
1.01

[NSIEN SR S B S AR S

1.11
1.12
1.17
1.29
1.11
1.00
1.00

W W N = e e e

1.06
1.28
1.04
0.91
0.87

W W N = =
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Fig. 1 Mapping images of the samples synthesized for (a, b) 5 min and (¢, d) 5 h with NaOH 1 mol L™ at 80 °C. (1) scanning electron

micrograph; (2) zirconium; (3) tungsten
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X-ray diffraction

The X-ray diffraction (XRD) in Fig. 2a showed the
presence of crystalline peaks characteristic of WO;
(ICSD 1620) and a few Bragg peaks that might be
assigned to monoclinic (ICSD 41572) as well as
tetragonal/cubic zirconia (ICSD 97004/89429). This
observation agrees with the existence of some parti-
cles free of zirconium according to EDS mapping
(Fig. 1a). However, the WO; Bragg peaks disappear
in just 10 min of synthesis, indicating that the resid-
ual oxide must have been solubilized in the highly
alkaline medium forming tungstate ions (WO,H).
Low-intensity Bragg peaks were also observed in
the XRD pattern of ZrW,Og (Fig. 2b), thus indicating
that there is a small contamination of zirconia in the
precursor material.

While the monoclinic zirconia peaks remain present
in the XRD pattern of all samples, regardless the exper-
imental parameters of the synthesis, the tetragonal/cubic
zirconia Bragg peaks get better defined with increasing
reaction time and temperature, with only minimal
changes upon increasing NaOH concentration. These
observations are also valid for the crystallite size derived
from the most intense Bragg peak (26 ~30.2°) (Table 1).
Table 1 also shows the fraction of Lorentzian profile (1)
obtained from the fitting to the Bragg peak at ~30.2°.
The analysis of samples produced with NaOH solutions
other than 4 mol L™ (for 5 h at 80 °C), those synthesized
by periods of time less than 8 h (with NaOH 1 mol L™ at
80 °C) and also those produced using temperatures
below 90 °C (with NaOH 2 mol L' for 5 h) yielded
1n>1. A super-Lorentzian profile (n>1) indicates a
broad crystallite size distribution (Langford et al. 2000;
Balzar and Popa 2002).

NaOH concentration did not seem to affect the
product’s crystallite size significantly. As synthesis
time increased, the product’s crystallite size also
increased up to a maximum of 3 nm at 8 h, remain-
ing essentially unchanged for 10 h of synthesis time
(Table 1). Regarding the effect of temperature on the
synthesis (Table 1), it was noted that the crystallite
size also increased, possibly because of the forma-
tion of Zr-O-Zr bonds through condensation of hy-
droxyl groups and release of H,O. For temperatures
up to 80 °C, the crystallite size distribution is mul-
timodal (crystallites rearrangement in progress),
while that above 80 °C, the size remains constant
(3 nm).

@ Springer

Transmission electron microscopy

Transmission electron microscopy (TEM) of the sample
produced with NaOH 1 mol L™ for 1 h at 80 °C is
shown in Fig. 3a. This analysis revealed micrometer size
polycrystalline agglomerates as suggested by the elec-
tron diffraction pattern (Fig. 3b) consisting of crystal-
lites smaller than 5 nm. The interplanar distance was
calculated using the ImageJ software for the marked
area in Fig. 3a and evaluated by the fast Fourier trans-
form in Fig. 3c. The interplanar distance, 0.295 nm, is
similar to the expected value for a scattering angle 260 =
30.3°, as obtained for this sample by XRD using CuKx
radiation, and can be assigned to either tetragonal or
cubic zirconia.

Raman spectroscopy

Figure 4 shows the Raman spectra of some sam-
ples produced under different experimental condi-
tions (Raman spectra for the entire set of samples
are in Supplementary Information - Fig. S2).
Raman spectroscopy allowed unambiguous identi-
fication of the tetragonal and cubic phases of zirconia in
the synthesized samples, which was not possible by
XRD.

Regardless of the experimental condition, the Raman
spectra of all the samples exhibited a broad peak be-
tween 500 and 600 cm ', which can be assigned to
cubic zirconia (Tahir et al. 2007). Tetragonal zirconia
can be detected in samples produced at 90 and 100 °C
(for 5 h with NaOH 2 mol L") (Fig. 4b), as well as in
those produced with 3 and 4 mol L™' NaOH solutions
(at 80 °C for 5 h) (Fig. 4c). Indeed, the Raman spectra of
these samples show peaks at 143 cm ', assigned to the
angular deformation of the O-Zr-O and Zr-O-Zr bonds,
and ~260 cm ', characteristic of Zr-O bond stretching
(Tang and Zheng 2004).

Characteristic peaks of monoclinic zirconia (~175
and ~190 cm™ ") were present in the Raman spectra of
all synthesized samples (Kim and Hamaguchi 1997;
Daramola et al. 2010). Those peaks were more clearly
identifiable in the spectra of samples obtained at higher
temperatures and NaOH concentration, as well as longer
reaction time, thus indicating a better crystallization of
the monoclinic phase in these materials (Fig. S2). The
Raman spectrum of the sample produced for 5 min at
80 °C, with NaOH 1 mol L ™" (Fig. 4a) exhibited a peak
around 802 cm ™' which can be attributed to monoclinic
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Fig. 2 a XRD patterns of
samples synthesized with NaOH
1 mol L ™! at 80 °C, for different
reaction times, and the precursor
ZrW,0s. b Evidence of the
presence of tungsten oxide P
(#=1ICSD 1620), monoclinic
(@ =1CSD 41572) and tetragonal/
cubic zirconia (O =ICSD 97004/
89429) in ZrW,0Og and in the
sample synthesized for 5 min; the
small ticks at the bottom mark the
expected positions of the Bragg
peaks from y-ZrW,0g

and «-ZrW,0g
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tungsten oxide (Ross-Medgaarden and Wachs 2007) in
good agreement with previously described XRD results.

Infrared spectroscopy

All samples exhibited a diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) spectrum
similar to that shown in Fig. 5. Accordingly, regardless
the synthesis conditions and the drying step at 120 °C

Fig. 3 a High-resolution TEM of the sample produced with
NaOH 1 mol L', for 1 h at 80 °C; b electron diffraction pattern;
¢ fast Fourier transform of the demarcated region

25 30 35 40 45 50 55 60
20 (degrees)

20 21 22 23 24 25 26 27 28 29 30 31 32
20 (degrees)

65

before the DRIFTS analysis, samples still have physi-
cally and chemically bonded water as signaled by
the broad infrared bands at ~3360 cm ' and ~
1637 cm . However, the infrared bands assigned
to hydroxyl (between 4000 and 3500 cm ') and
carbonate (between 1800 and 800 cm ') vibrations
(Bachiller-Baeza et al. 1998) experienced changes de-
pending on the experimental conditions used in the
synthesis (Table 2).

Tntensity (arbitrary unit)

100 200 300 400 500 600 700 800 900 1000

Raman shift (cm™)
Fig. 4 Raman spectra of samples produced using different syn-
thesis conditions. a NaOH 1 mol L™, 5 min, 80 °C; b NaOH 2 mol
L', 5 h, 100 °C; ¢ NaOH 3 mol L', 5 h, 80 °C. Blue = -ZrOs;
red = m-ZrOy,; green = ¢-ZrO,; black = m-WOs3
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Fig. 5 DRIFTS spectrum of the sample synthesized with NaOH
1 mol L™" for 5 h at 80 °C

Simultaneous thermal analysis—mass spectrometry

When subjected to thermogravimetric analysis (TG), all
samples exhibited a significant weight loss during the
pre-treatment under a vacuum at 80 °C. This weight loss
is due to water and CO, weakly bonded to the material
(12.3£2.2%), and is followed by a second weight loss
by heating to 1000 °C (7.6+1.0%). The average total
weight loss was 19.8+2.3%, and sample masses
remained constant above 850 °C. Identification of
chemical species in the evolved gas was aided by quad-
rupole mass spectrometry (QMS, see Supplementary
Information Fig. S3 and Tables S1-S3).

With regard to the effect of NaOH concentration on
the synthesis products, the sample produced with NaOH
5 mol L™" and dried at 120 °C exhibits stronger Raman
peaks characteristic of monoclinic zirconia as compared
to samples produced with lower NaOH concentrations
(Fig. S2a). This sample underwent a significant water loss
(21%) at temperatures above 400 °C, possibly because
water adsorbs in greater amounts in monoclinic zirconia,
as seen in hydration modeling studies (Piskorz et al.
2011; Piskorz et al. 2012). This sample also has fewer
types of carbonate species present on its surface (Table 2),
with little evidence of polydentate carbonate, for exam-
ple. Perhaps this could explain the observation that the
temperature range over which CO, loss is observed in the
mass spectrometric analysis is narrower (between 245
and 690 °C) than in samples produced with lower
NaOH concentrations (between 224 and 826 °C and
between 185 and 675 °C for the samples produced with
NaOH 1 and 2 mol L', respectively) (Table S1).
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DRIFTS results (Table 2) suggest that samples pro-
duced at increasing synthesis temperature have different
types of carbonate species adsorbed, including
polydentate carbonates, which are only eliminated at
higher temperatures during thermogravimetric analysis.
Accordingly, the sample produced at 60 °C showed a
significant CO, loss (47%) below 250 °C, which might
be attributed to the decomposition of bicarbonate spe-
cies. On the other hand, the sample produced at 100 °C
exhibited a greater loss of CO, above 500 °C (45%,
compared to 10 and 13% for the samples produced at 60
and 80 °C, respectively) (see Table S2). This last sample
showed the strongest Raman peaks of tetragonal zirco-
nia (Fig. S2¢) which, according to literature, may favor
the formation of surface polydentate carbonates
(Bachiller-Baeza et al. 1998). With regard to water loss
under heating, samples have exhibited greater weight
loss contributions at higher temperatures (292 and
337 °C for samples produced at 60 and 100 °C, respec-
tively) (Table S2). This indicates that water is increas-
ingly strongly adsorbed as the temperature of synthesis
increases.

In results from DRIFTS analysis (Table 2), all sam-
ples, regardless of the reaction time, showed bands cor-
responding to bicarbonate species that are eliminated at
low temperatures (300 °C). However, from 5 h of reac-
tion on, samples began to show evidence of the presence
of polydentate carbonate which, according to the litera-
ture, have higher thermal stability (Bachiller-Baeza et al.
1998; Kock et al. 2013). Therefore, for samples obtained
with reaction times of 5 h or greater, CO, losses came to
have significant contributions above 500 °C (around
38%), which can be attributed to the elimination of
polydentate carbonates (Table S3). Regarding water loss,
as the synthesis time increased the greatest weight loss
contributions also occurs at higher temperatures, from
200 to 270 °C (1 h) to 338 °C (3 h) and to 385 °C (for
10 h reaction) (Table S3). This suggests that with in-
creasing reaction time, a more condensed structure (with
Zr-O-Zr substituting for Zr-OH bonds) leads to a mate-
rial with higher thermal stability.

Samples were also characterized by differential scan-
ning calorimetry (DSC) and, after thermal treatment in
an inert atmosphere up to 1000 °C, were again analyzed
by Raman spectroscopy (Table 3). The loss of physical-
ly and chemically bonded water and the elimination of
CO, (by decomposition of bicarbonate or CO,
interacting with the surface by hydrogen bonds) (Wang
et al. 2007) is accompanied by an endothermic event
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Table 2 Band assignments for the DRIFTS spectra of zirconia samples

Wa\zg?ll;l ber Assignment Influence of synthesis conditions
OH The band has the same intensity independent of the
7 ‘ N\ concentration of NaOH used for 5 h reactions at 80°C.
7Zr 7r Ir However, for a given concentration of NaOH, an increase in
3695 . . .
Triply coordinated time or temperature enhances this band, which becomes
hydroxyl (Bachiller- | better defined, suggesting that these factors affect the
Bacza et al. 1998) formation of Zr-OH bonds with the elimination of water.
o In experiments varying NaOH concentration, this band was
‘ ‘ observed only in the products of reaction with NaOH 1 mol
c L. This behavior can be attributed to the fact that a larger
1700 / 7\ amount of hydroxyl groups in the medium, with increasing
HO o NaOH concentration, disfavors the presence of ionized
Free ionized bicarbonate. Regarding temperature, the band was only
bicarbonate (Pokrovski  eyident in the sample produced at 60°C. This band was
et al. 2001) present in all samples produced at varying reaction time.
o}
<
o O These bands are the only common to all samples, regardless
~1570-1370 of the experimental condition, and are related to the presence
. = of Zr*'-O” sites of high basicity (Daramola et al., 2010).
Bidentate carbonate
(Bachiller-Baeza et al.
1998; Kock et al. 2013)
These carbonate bands can provide information about the
P system crystallization stage: using NaOH 5 mol L™ these
o bands are missing, possibly because in this situation the high
' system crystallization rate, due to a significant amount of
~1460-1420 z_ ,C\ - hydroxyl available in the medium, reduces the sites available
S o ‘o S for carbonate adsorption. On the other hand, the
approximation of cationic centers promoted at temperatures
I(’;)éi?:\z'ﬁtztc;fz%g?‘;e above SOOC anq fr(?m 5 h of reaction time 'favors the
formation of this kind of polydentate species.
OH OH
‘ | These bands are present in samples that have more terminal
/ = N/ ¢ \ hydroxyl groups that are linked to coordinately unsaturated
~1236. 1016 l6) 0O o zirconium ions (Morterra and Orio, 1990), like those
’ ’ N produced with NaOH 1 and 3 mol L™ (for 5 h at 80 °C), 60
and 794 7w 7

Bicarbonate (Bachiller-

Baeza et al. 1998; Palmer

and Eldik, Silverstein et
al. 1991)

°C (with NaOH 2 mol L™ for 5 h), and in all those samples
produced with different reaction times (with NaOH 1 mol L™
at 80 °C).

extending from room temperature to about 400 °C.
Further exothermic events associated with structural
modifications in the samples upon heating are summa-

rized in Table 3.

Samples produced in 5 min, 10 min, 1 h and 8 h (with
NaOH 1 mol L™" at 80 °C), and at 60 and 100 °C (with
NaOH 2 mol L™! for 5 h) (Table 3), exhibited an exo-
thermic peak with weight loss between 430 and 590 °C.

@ Springer
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This exothermic peak may be related to the elimination
of hydroxyl groups (and associated CO,) by condensa-
tion reactions. The temperature of this thermal event, as
well as the enthalpy and activation energy, is dependent
on the synthesis conditions (Table 3). In fact, the sample
produced with NaOH 5 mol L ™" (for 5 h at 80 °C) barely
exhibits this exothermic peak.

At temperatures above 500 °C, samples lose CO,
originally present in the form of surface bidentate and
polydentate carbonates (Wang et al. 2007). A more
complex behavior is observed above 850 °C (Table 3).
Indeed, while some samples exhibit exothermic abrupt
events at 950 °C, other shown less abrupt events be-
tween 890 and 950 °C, all without any significant ac-
companying mass loss and possibly associated to phase
transitions, judging by the corresponding Raman
spectra before and after heating (Table 3). In con-
trast, most of the samples showed no distinct peaks at
higher temperatures.

According to the literature, the tetragonal-
monoclinic phase transition in nanocrystalline zirco-
nia may occur above 500 °C. This non-equilibrium
phase transition has, therefore, a kinetic character
(Blesa et al. 1985), so that the presence of impurities
and different phases, crystallite size and even the
thermal history of the sample may interfere with
the phase transition. Therefore, it was not possible
to establish a clear relationship between the obser-
vation of the sharp exothermic peak at 950 °C and
the synthesis conditions. Anyway, there was a ten-
dency to the predominance of the tetragonal phase in
samples produced with higher concentrations of
NaOH and lower temperatures and synthesis time.
The crystallite size for this phase, calculated
according to Djuraro et al. (2000) and shown in
Table 3, revealed that these samples are nanocrys-
talline even after heating to 1000 °C in an inert
atmosphere.

Scanning electron microscopy

Scanning electron microscopy (SEM) images of the
zirconia samples exhibit a heterogeneous distribution
of particle size and agglomerates (only micrographs
related to the effect of time are shown) (Fig. 6b, c).
Overall, the images show zirconia particles and
micrometer-sized agglomerates of nanoscale particles,
with corners and irregular shapes resembling the zirco-
nium tungstate precursor (Fig. 6a).

@ Springer

A common feature for all the samples is that, con-
trarily to the precursor ZrW,Oyg, the surface of particles
and agglomerates, while seemingly smooth and homo-
geneous at low magnifications, is composed of nearly
spherical nanoparticles smaller than 20 nm (500,000x).

Surface area, porosity, and density

Nitrogen adsorption isotherms at 77 K and pore size
distribution are summarized in Figs. 7 and 8. Results for
the specific area calculated according to the Brunauer,
Emmett, and Teller (BET) method, the outer area and
porosity obtained from the ag-plot, total pore volume
obtained by the Barrett, Joyner and Halenda (BJH)
method, the true density and particle size calculated
from the surface area and density are summarized in
Table 4. The ag-plots were constructed taking into
account the parent zirconium tungstate as a reference
(Fig. S4).

The specific area and total pore volume experienced
a significant increase in samples of zirconia produced at
different reaction times, as compared to the precursor
(Table 4). Zirconium tungstate exhibits a type Il adsorp-
tion isotherm (Fig. 7a), according to the classification of
the International Union of Pure and Applied Chemistry
— IUPAC (Sing et al. 1985), characteristics of non-
porous or macroporous material (pores greater than
50 nm) materials. Given that zirconium tungstate pre-
sents a small pore volume and the fact that the adsorp-
tion isotherm grows faster at relative pressures near
unity, it can be inferred that ZrW,Og is macroporous
(Sing et al. 1985). This was further corroborated by the
pore size distribution (Fig. 8a), for which the largest
pore volume is close to 50 nm.

After only 5 min of synthesis, the product already
exhibits a behavior dissimilar to that of the precursor.
All zirconia samples evaluated have type IV adsorp-
tion isotherms (Fig. 7b-d) with the hysteresis loops
characteristic of mesoporous materials (pore size be-
tween 2 and 50 nm) (Sing et al. 1985). In the case of
the sample obtained after 5 min of synthesis, the
adsorption and desorption curves in the hysteresis
region are almost parallel horizontally, and there is
no adsorption saturation for high pressures. This be-
havior is similar to that of type H4 hysteresis loop,
typical of narrow slit-shaped pores within the micro-
pore range, i.e., less than 2 nm (Sing et al. 1985;
Rouquerol et al. 2014), a finding that is in agreement
with pore volume distribution (Fig. 8b). For the
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)

200 nm

200 nm 100 nm

200 nm 100 nm

Fig. 6 SEM micrographs of a ZrW,Os and samples synthesized for b 5 min, and ¢ 10 h with NaOH 1 mol L™ at 80 °C; magnifications: (1)

% 1000; (2) x 200,000; (3) x 500,000

sample obtained after 5 min of synthesis, the constant
C is similar to that of the precursor (Table 4), sug-
gesting that both samples have similar surfaces, in
contrast to samples synthesized for 5 and 10 h.

The remaining zirconia samples subjected to N, ad-
sorption analysis exhibited H2-type hysteresis loops,
thus suggesting a complex porous structure formed by
interconnected pore networks of different shapes and
sizes, commonly observed in inorganic oxide gels and
porous glasses (Sing et al. 1985; Rouquerol et al. 2014).
Average pore size increased from 2.5 to 3 nm upon
increasing reaction times from 5 to 10 h. There is no

@ Springer

indication of pores greater than 10 nm for any of these
samples (Fig. 8b).

The zirconia samples exhibited specific areas
(external and total) larger than that of parent
ZrW,0g. Furthermore, the primary particle size of
the samples (about 5 nm) is almost three orders of
magnitude lower than that of ZrW,0g (1.7 pum).
The true densities reported in Table 4 are lower
than that for monoclinic (5.56 g cm ), tetragonal
(6.10 g cm °) and cubic zirconia (5.83 to 6.20 g
cm >, depending on the dopant) (Stevens 1986;
Shukla and Seal 2005).
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Somavilla et al. 2011). Accordingly, despite an increase
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reaction was appar-

ently slow and, therefore, the presence of residual
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tungsten was associated to unreacted ZrW,Og particles.
The reacting suspensions remained opaque during the
entire synthesis process and, therefore, there was no
visual clue that a solubilization-precipitation process
was involved in the formation of nanocrystalline hy-
drous zirconia.

These previous assumptions on the mechanism of
formation of hydrous zirconia from zirconium tungstate
were now put to the test based on an extensive set of
experiments under different synthesis conditions. First
of all, it now seems that the presence of residual tung-
sten in all hydrous zirconia samples (Table 1) may be
explained by some tungstate ions bonded to the zirconia
nanoparticles. In fact, there is no evidence of ZrW,Og or
WO; in the XRD pattern of the synthesized samples,
except for the sample produced by 5 min, whose XRD
pattern exhibited some minor WO; Bragg peaks, as
previously mentioned (Fig. 2a). Moreover, even after
only 5 min of reaction, the product’s XRD pattern is
already completely different to that of the precursor, thus
indicating that the reaction is very fast, contrarily to
what was previously thought. Accordingly, one can
infer that the residual tungsten may be present in the
crystal structure of zirconia or, more likely, on its sur-
face, helping to stabilize the cubic and tetragonal phases.
Those particles with little or no tungsten in the compo-
sition possibly consist of monoclinic zirconia (Fig. 1d).

Low magnification scanning electron micro-
graphs (Fig. 6) suggest that particle size and mor-
phology remain essentially unaltered with the reaction.
Micrographs at higher magnifications, however, show
the presence of nearly spherical particles (5 nm) much
smaller than the primary particles of ZrW,Og (1.7 pum)
(Table 4). Moreover, the analysis of the acg-plot (Fig. S4)
suggests an increase in the external area of the samples
(Table 4). One may thus conclude that the synthesis of
hydrous zirconia from zirconium tungstate cannot pro-
ceed through a topotactic reaction, wherein porosity
increases by removing part of the structure while exter-
nal area and particle size remain unaltered (Alario
Franco and Sing 1974).

Based on the experimental evidence gathered in this
work, the production of nanocrystalline hydrous
zirconia from ZrW,0g in NaOH aqueous solution
may be understood as follows. In the first step,
OH ions react with ZrW,Og giving WO, 2 and
highly hydrated/hydroxylated zirconium structures.
These hydroxylated species further undergo condensa-
tion reactions with the elimination of water molecules,

giving rise to Zr-O-Zr bonding and structuring into
small crystallites of zirconia.

Parallel to this two-steps mechanism, it cannot be
ruled out a possible contribution from a solubilization/
precipitation route. Indeed, some portions of the mate-
rial reacted in aqueous NaOH solution can be hydrox-
ylated to the point of yield complex zirconium ions of
the type Zr(OH)s and Zr(OH)¢> ", soluble in the alka-
line medium and forming colloidal species (Antunes
2016). Indeed, according to the zirconium ion solubility
diagram proposed by Mompean et al. (2005), if only
30% of the initial mass of ZrW,Og were solubilized in
the reaction with NaOH, the concentration of Zr** ions
(about 10> mol L") would be sufficient for the forma-
tion of polynuclear species or colloidal precipitates of
zirconia. The formation of colloidal zirconium species
was also observed by Cho et al. (2005) and Kobayashi
(2010), who determined the solubility of Zr(OH), and
Zr0, at different pH values. Monoclinic zirconia parti-
cles (already present in the precursor - as verified by
XRD), which does not solubilize easily, as well as the
newly formed nanocrystalline zirconia agglomerates,
can act as heterogeneous nucleation sites, facilitating
the precipitation of complex zirconium ions. With the
progress of polymerization/condensation reactions,
these colloidal species may also undergo Zr-O-Zr bond-
ing, thus contributing to the formation of zirconia
crystallites.

Increasing reaction time and temperature are factors
that facilitate the condensation of hydroxyl groups and
formation of Zr-O-Zr bonds, with the release of water
molecules (Chuah 1999). Zr-O-Zr bonding can also be
promoted by the presence of OH  ions in the medium,
which act deprotonating the surface hydroxyls present
in the hydrous oxide. The residual positive charge on the
zirconium makes it prone to make a bond to oxygen ions
on the surface of adjacent colloids.

The maximum crystallite size for the hydrous zir-
conia samples obtained in this study was approxi-
mately 3 nm (Table 1). The stabilization of zirconia
at such a small crystallite size is probably linked to
some residual tungsten and sodium ions, as previous-
ly suggested, respectively, in studies conducted by
Cortés-Jacome et al. (2002) and Lara-Garcia et al.
(2014). The presence of such residual chemical spe-
cies possibly reduces the surface energy of the crys-
tallites, interfering with its growth, and further con-
tributes to the stabilization of tetragonal/cubic phase
of zirconia as a nanoscale effect.

@ Springer
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Samples produced for 5 min to 1 h and 8 h (with
NaOH 1 mol L™! at 80 °C), and at 60 and 100 °C (with
NaOH 2 mol L' to 5 h) exhibited an exothermic DSC
peak around 450550 °C (Table 3) accompanied by loss
of water and CO,. According to the literature, this exo-
thermic peak can be assigned to crystallization of an
amorphous fraction to the tetragonal phase (Chuah
1999; Nawrocki et al. 1993; Chen et al. 2009). Besides,
this exothermic peak may also result from the cubic to
tetragonal zirconia phase transition. This phase transition
may be triggered by a slight increase in crystallite size
with the elimination of surface water/hydroxyl and CO,,
which were stabilizing the cubic phase by reducing the
specific surface energy.

The hydrous zirconia surface areas obtained by
BET, greater than 30,000 m? mol ™! (assuming a mo-
lecular weight of 143 g mol "), put these samples in
the region of the nanocrystalline zirconia phase dia-
gram in which the amorphous phase should be ther-
modynamically stable Pitcher et al. (2005). However,
phase stability may be altered by the presence of
tungsten and sodium contaminants, in addition to
water and CO, adsorbed at the particles surface.
The presence of such chemical species affects the
zirconia nanoparticles surface energy, to the point
that cubic zirconia (identified by Raman spectrosco-
py in all samples regardless synthesis conditions)
may become more stable than the amorphous phase
in crystallites less around 3 nm in diameter.

Although the cubic phase is not included in the
diagram proposed by Pitcher et al. (2005),
Tsunekama et al. (2003) observed the transition
from cubic to tetragonal zirconia in 2.05+0.15 nm
crystallites having a O:Zr ratio of 1.792. Thus, given
the presence of Na and W contaminants, along with
the high degree of hydration/hydroxylation and car-
bon dioxide adsorbed at the surface, as well as the
unusually small crystallite size, it is reasonable to
suppose that the amorphous, cubic and tetragonal
phases of zirconia may be simultaneously present
in samples produced from alkaline attack of zirconi-
um tungstate, as demonstrated by the results obtain-
ed in this work.

Regarding the true density reported in Table 4, the
reduction of the nanocrystalline zirconia density to
values close to 5 g cm > can be understood in terms of
the presence of a hydroxide layer on the particles sur-
face, an effect that is more pronounced as the particle
size is less than 50 nm (Opalinska et al. 2015). In a
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previous study, it was found that samples composed of
11 nm zirconia particles had a true density of 5.22 g
cm > (Opalinska et al. 2015). Accordingly, samples
consisting of particles with sizes below 10 nm and
specific areas higher than 100 m* g ' should have a true
density of less than 5.20 g cm >, in agreement with the
results here reported.

Conclusions

The production of zirconia in the form of a hydroxylated/
hydrated material from the ZrW,Oy is a rapid and spon-
taneous process in a highly alkaline environment (pH >

13) even at moderate temperatures (60 °C) and for short
periods of time (5 min). The morphology of the particu-
late materials obtained under different synthesis condi-
tions was not affected by NaOH concentration, tempera-
ture and reaction time. In fact, all samples consisted of
nanoparticle agglomerates of various sizes and shapes,
with irregular surfaces, high specific areas and
mesoporosity, with a strong tendency to adsorption of
water and carbon dioxide. Also, all samples, regardless
synthesis conditions, had Raman spectra similar to that of
nanocrystalline cubic zirconia with a small contribution
of monoclinic phase (already present as an impurity in the
precursor material).

As the NaOH concentrations employed always pro-
vided an excess of OH ions in the medium and pH
values higher than 13, this parameter did not significant-
ly affect the resulting products. On the other hand, upon
increasing reaction time and temperature, the products
tend to exhibit a more ordered and condensed structure.
This also impacts on the onset temperature for elimina-
tion of water and CO, in the evolved gases in thermal
analysis. Temperature and reaction time provides a
mean to control the amount of residual tungsten and
the crystallite size, which afforded materials rich in
tetragonal zirconia, with crystallites lower than 15 nm,
after treatment at 1000 °C under an inert atmosphere.

The proposed synthesis mechanism of hydrous zir-
conia from zirconium tungstate involves the replace-
ment of WO, by OH groups, accompanied by some
degree of solubilization of the zirconia structure due to
high hydroxylation of its surface, yielding colloidal
species which give rise to crystallites with a structure
similar to that of cubic zirconia. Colloidal species of
complex zirconium ions polymerize/condense via a
mechanism facilitated by heterogeneous nucleation
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due to the presence of monoclinic zirconia nuclei and
the high saturation of the medium, which promotes
nucleation over growth. Thus, the size of the zirconia
crystallites remains around 3 nm. The presence of some
residual sodium and tungsten, along with water/
hydroxyls and carbon dioxide adsorbed on the surface,
may also contribute to the stabilization of the cubic
phase by reducing the surface energy of such small
hydrous zirconia crystallites.
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