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Abstract NiWO, and ZnWO, were synthesized by the
polymeric precursor method at low temperatures with zinc
or nickel carbonate as secondary phase. The materials were
characterized by thermal analysis (TG/DTA), infrared
spectroscopy, UV—Vis spectroscopy and X-ray diffraction.
NiWO, was crystalline after calcination at 350 °C/12 h
while ZnWO, only crystallized after calcination at 400 °C
for 2 h. Thermal decomposition of the powder precursor of
NiWO, heat treated for 12 h had one exothermic transition,
while the precursor heat treated for 24 h had one more step
between 600 and 800 °C with a small mass gain. Powder
precursor of ZnWO, presented three exothermic transi-
tions, with peak temperatures and mass losses higher than
NiWO, has indicating that nickel made carbon elimination
easier.
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Introduction

Transition metal tungstates are technologically important
materials which have been attracting attention from
researchers due to their interesting physical and chemical
properties. For instance, they can be applied as scintillation
detectors, laser hosts, photoanodes, optical fibers, micro-
wave applications, humidity sensors, pigments, etc. [1, 2].
Among these tungstates, nickel tunsgate (NiWQOy,) and zinc
tungstate (ZnWQ,) have been extensively studied. NiWO,
has important electrochromic properties, besides a high
long-lasting structural stability [3] and good catalytic
properties [2]. ZnWO, has some advantages over other
materials, as high chemical stability, high average refrac-
tive index, high light yield, short decay time, and low
afterglow to luminescence [4, 5].

These tungstates crystallize with wolframite structure
that has monoclinic unit cell, space group P2/c or C3,
characterized by alternating layers of transition metal and
tungsten atoms parallel to the (100) plane [6].

Several methods of chemical synthesis have gained
popularity for preparation of ceramic oxides, including
tungstates. Among these methods, sol-gel, co-precipita-
tion, hydrothermal, citrate gel, polymeric precursors and
gel combustion can be cited [1, 7]. Chemical and physical
properties of metal oxides including tungstates are gener-
ally dependent on synthesis route.

In this work, NiWO, and ZnWO, were obtained by the
polymeric precursor method [8—10] that has been suc-
cessfully used in the synthesis of nanoparticles and thin
films of polycationic oxides, including tungstates [1]. The
objective of this work was the evaluation of the organic
material elimination and the wolframite short and long
range ordering according to the lattice modifier—zinc or
nickel.
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Experimental

Nickel tungstate (NiWQO,) and zinc tungstate (ZnWO,) were
obtained by the polymeric precursor method, as previously
described [1, 11, 12]. After synthesis of the powder pre-
cursors, they were milled in an attritor mill in alcoholic
media for 4 h followed by calcination at 350 °C for 12 h in
oxygen atmosphere for organic material elimination. The
powder precursors were characterized using thermogravi-
metry (TG) and differential thermal analysis (DTA) (SDT
2980—TA Instruments) in air atmosphere with a flow rate of
110 mL min~" and at a heating rate of 10 °C min™" up to
900 °C. About 10 mg of sample were weighted into alumina
pans. Characterization was also done by infrared spectros-
copy (IR), X-ray diffraction (XRD) and UV-Vis spectros-
copy. IR analyses were performed using an MB-102 Bomem
spectrophotometer, in the range of 400-2000 cm ™', using
KBr pellets. XRD patterns were obtained using a D-5000
Siemens diffractometer employing Ko Cu radiation. The
UV-Vis spectra were obtained in a spectrophotometer
(UV-2550 Shimadzu) at the 190-900 nm wavelength range
after calcination of NiWQ, at 700 °C/2 h.

Results and discussion

The thermogravimetric curves of the powder precursors
are presented in Fig. la and b. Comparing to literature

data [10, 13], a meaningful decrease in mass loss was
observed, indicating that the thermal treatment of the
milled powder precursor was successful in the carbon
elimination.

The thermal curves of the powder precursor of NiWO,
heat treated for 12 h showed two mass loss steps (Fig. la
and Table 1). The first one was endothermic, being
assigned to the elimination of water and gases adsorbed on
the powder surface. The second one was exothermic, being
assigned to the combustion of the organic material. The
powder precursor thermally treated for 24 h had one more
step between 600 and 842 °C, with a small mass gain
(Table 1).

In relation to the thermal decomposition of the powder
precursors of ZnWO, (Fig. 1b and Table 1), a higher mass
loss was observed, comparing to NiWO,. When calcination
was done at 12 h, the profile was similar to the NiWO,
(12 h) one. When calcination was done for 24 h, four
thermal decomposition steps were observed. The first one
had an endothermic peak assigned to the elimination of
water and gases adsorbed on the powder surface. The
others had exothermic peaks, assigned to the combustion of
the organic material. It was observed that a longer calci-
nation time at 350 °C did not lead to a decrease in the
amount of organic material. Moreover, this second calci-
nation made carbon elimination more difficult, as indicated
by the presence of one more step above 700 °C. This
behavior may be assigned to the formation of intermediate

Fig. 1 Thermal analyses (TG/

DTA) of the powder precursors
of a NiWO, and b ZnWO, after
partial carbon elimination 98
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Z:;;;zels flz :Stl;ltsp(;fwngTA Samples Steps Temperoature Mass DTA peak DTG peak
precursors of NiWO, and range (°C) loss timperature timperature
WO, (%) °0) °0)
NiWO,
12h 1 28-387 10.0 50.3 (endo) 101.5
2 387473 0.3 Not 423.8
observed
3 473-663 24 535.6 (exo) 533.2
24 h 1 42-487 4.5 58.2 (endo) 92.2
2 487-600 1.2 533.3 (ex0) 5323
3 632-842 +0.3 - -
ZnWOy
12 h 1 38-280 11.1 71.8 (endo) 713
2 280-710 24.5 663.3 (exo0) 663.3
24 h 1 28-379 7.9 60.4 (endo) 75.5
2 401-562 4.5 523.5 (exo) 515.8
3 562-712 11.1 664.3 (exo) 659.6
4 712-803 9.6 758.3 (exo) 756.3

compounds, which were already observed by other authors
[14].

For ZnWO, (12 h), the onset temperature of the second
step was 280 °C, which was lower than the calcination
temperature (350 °C). When the precursor was thermally
treated at this same temperature for 24 h, the onset tem-
perature of the second step was 401 °C. This result was
related to kinetic factors, showing that the precursor did not
reach the equilibrium after 12 h of calcination at 350 °C.

Wang et al. [15] evaluated the thermal decomposition of
nickel citrate intercalated into a layered double hydroxide
using TG/DTA coupled to a mass spectrometer. The same
steps observed in the present work were found—below
250 °C, only water was released, while the second step
involved liberation of CO, and H,O, characterizing a
combustion reaction. For the nickel sodium citrate, the
formation of carbonate was observed. Gajbhiye and Prasad
[14] studied the thermal decomposition of hexahydrated
nickel iron citrate and zinc iron citrate [16] in two different
works. They observed that the first step was assigned to the
citrate dehydration assigned to an endothermic peak.
Exothermic combustion reactions led to the formation of an
intermediate metastable compound with evolution of CO
gas and to the formation of the respective oxides at higher
temperatures.

Comparing the decomposition of the precursors of
NiWO, and ZnWOQ,, it was noticed that the peak temper-
atures were higher for ZnWQ, with higher mass losses,
indicating that zinc made carbon elimination more difficult.
This behavior was also observed in literature for other
systems containing zinc [8]. Unfortunately, we did not find
literature data about pure nickel and zinc citrates decom-
posed at the same conditions. This way, literature data

about the oxalate decomposition were used for comparison
with the present results.

Dollimore et al. [17] evaluated the thermal decomposi-
tion of different oxalates in air and in N, atmosphere. It
was observed that the decomposition temperature of zinc
and nickel oxalates in air were 390 and 352 °C, respec-
tively. In oxalates of bivalent metals, the extent to which
the Me—O bond is covalent depends on the electronega-
tivity of the metal. Decomposition will occur when a
temperature is reached at which rupture of the M-O link is
possible, or at which rupture of C—O bond occurs. The
decomposition of NiC,0, in nitrogen atmosphere gives Ni
metal. In air, the metal formed in the decomposition is
oxidized to metal oxide. For ZnC,0, decomposition, ZnO
is formed in air or in nitrogen atmosphere. For those oxa-
lates which produce the metal in nitrogen the decomposi-
tion temperature represents the temperature at which the
M-O link is ruptured and will depend critically on the size
and charge of the metal ion, whereas in those decomposi-
tions where the oxide is produced in nitrogen the decom-
position temperature represents the energy required to
break the C—O bond and this will depend less critically on
the nature of the cation.

Based on these results, we believe that the mass gain
observed in the precursor of NiWO, (24 h) was due to the
nickel oxidation, as TG/DTA analysis was done in air. This
mass gain was not observed for ZnWOQ,, as citrate
decomposition probably led to ZnO formation.

UV-Vis spectra of NiWO, after calcination at 700 °C
was used to evaluate the oxidation state of the cations
(Fig. 2). According to Lo Jacono et al. [18], Niz+06 has
absorption bands at 1.21, 1.65-1.74, 2.00-2.11, 2.83-2.88
and 3.35 eV due to the transition from 3A2g to the excited
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Fig. 2 UV-Vis spectra of the NiWOy, after heat treatment at 350 °C
for 12 and 24 h in oxygen atmosphere and calcination at 700 °C for
2 h. CT charge transfer

states 3T2g, lEg, 3T1g, szg and 3Tlg, respectively. This data
is confirmed by Lenglet et al. [19] who reported the same
bands at about 1.08-1.13, 1.72-1.75, 1.77-1.95, 2.71-2.79
and 2.97-3.00 eV. Llusar et al. [20] also reported spin-free
ligand field absorption energies at 1.07, 1.66, 1.83, 2.67
and 3.04 eV for the same transitions reported above.

Another possibility for UV—Vis absorption bands was the
presence of W, Lin et al. [21] synthesized an organic—
inorganic hybrid (H,en)(Hen),[H,P,Ws0,3]5-42H,0 by
the hydrothermal method at 140 °C for 7 days, and
observed an intervalence charge transfer transition (IVCT),
WO — W3, at 2.76 eV and a W' d-d transition at
2.95 eV. As the band at 2.95 eV was not observed in the
present work, we believe that W>" was not present after
calcination at 700 °C.

In the present work, absorbance bands at 1.48, 1.67, 2.74
and 3.7 eV were observed, being the first two bands of low
intensity localized in the blue range and the third and
fourth ones of high intensity localized in the ultraviolet

range. These bands were assigned to the presence of Ni*™
or to a charge transfer between clusters. Bands at 1.67 and
2.74 eV were assigned to the forbidden electronic transi-
tion from 3A2g to lEg and szg, respectively. The last band
at 3.7 eV may be related to charge transfer transitions. The
band at 1.48 eV could not be assigned to Ni**Og. Du Mont
et al. [18] reported that Niz+04 presents a 3T1 - 1T2
transition at 1.56—1.60 eV. Based on this information, we
believe that the band at 1.48 eV is assigned to the presence
of Ni*TO, indicating that Frenkel defects are present in
NiWO, with the dislocation of Ni*" from octahedral to
tetrahedral sites.

Figure 3 shows the IR spectra of the precursors of
NiWO, and ZnWOQO, after thermal treatment at 350 °C for
12 and 24 h in oxygen atmosphere. Band assignments are
presented in Table 2.

For wolframite, the total representation of the P2/c unit
cell contains 18 Raman-active modes (8A; + 10B,), 15
infrared-active modes (7A, + 8B,), and 3 acoustic vibra-
tional modes (A, + 2B,) [22, 23].

The wolframite structure is constituted by WOg poly-
hedra, with a dense packing of these coordination poly-
hedra in the unit cell. The tungstate ions are additionally
connected to each other by means of intermolecular
interactions of the W° oW type. The characteristic vibra-
tional bands corresponding to this structural fragment
appear at the 500-700 and 220-280 cm ™' regions and are
assigned to stretching and bending modes of the W° oW
unit, respectively [24, 25]. These bands are not observed
for tungstates with scheelite structure, which have only
WO, polyhedra.

Literature data about the scheelite structure points out the
presence of WO,~WOj; at the beginning of the crystalliza-
tion process. With temperature increase, the formation of
WOy, polyhedra is favored [26]. In the present work, a dif-
ferent behavior was observed for the precursors of ZnWOQO,
and NiWO,, in relation to the formation and bonding
between WOg polyhedra, which determines the short-range
ordering of the wolframite structure. While intense bands

Fig. 3 IR spectra of NiWO, (a) (a) 70 (b) 80
and ZnWOQO, (b) after heat 601 704
treatment at 12 and 24 h in
oxygen atmosphere 5 504 5 60+
N & 50
g 7 3
g 301 § 407
E 'E 30+ 12h
2 201 g,
; 10 12h ‘F 04 24h
24h 104
04
T T T T T T 0
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Table 2 Assignment of the infrared spectra of the precursors of NiWO, and ZnWOy after thermal treatment at 350 °C for 12 and 24 h in oxygen

atmosphere

NiWO, (cmfl) ZnWO, (cm™") Assignment Reference
12 h 24 h 12 h 24 h
1619 1621 1617 1612 COO™ monodentate, v(H,O), [28]
1406, 1404, 1401 1401, MeOg and v(CO5)*~ [28, 29]
1110 1104 1083, 1052 1083, 1052, MeOQg and v(CO3)*~ [28, 29]
995, 9914, 946 943, v (WOg)*™ [25]
876, 876, 879, 8764, Vas(WO6)® ™, W(WO oW)—st and v(CO3)*~ [25, 29]
826y, 826y, 814 812y, Vas(WOg)® ™ and v(W° oW)—st [25]
710 704 7224 174 Vas(WOg)® ™ and v(W° oW)—st [25]
639 635 595 595, Vas(WOg)®™ and v(WC oW)—st [25]
539, 539 - - Vas(WOg)®™ and v(WC oW)—st [25]
471, 450, 474, 452 - - 5(WOg)°"—bd [25]
Band characteristics: s small, vs very small, sh shoulder, br broad
Vibration modes: st stretching mode, bd bending mode, / lattice
Fig. 4 XRD patterns of the a
NiWQO, and b ZnWO, after the (C)) (b)
thermal treatment at 350 °C for
12 and 24 h in oxygen .
atmosphere and also at 400 °C 2 ;3
for 2 h, for ZnWO, > ~
g 24h =) 400°C/2h
— =
12h - 24h
12h
20 30 40 50 60 70 20 30 40 50 60 70
26 20

were observed between 900 and 400 cm ™' for NiWOy,, only
one broad band was observed at about 800 cm™' for
ZnWQy,, besides a low definition band around 600 cm ™!
(Table 2). This result indicated that a higher short range
order was observed for NiWQO,, which had the same bands
observed by Hanuza et al. [25] and Frost et al. [27].

This behavior may be related to the organic material
elimination, described by TG/DTA data, which is easier for
the precursor of NiWQ,. This result was also observed in
the IR spectra. Bands around 1610-1620 cm™' were
observed due to the presence of COO™ groups of ester
monodentated complexes [1, 28, 29]. Bands assigned to
carbonate groups were also observed at about 1400, 1080-
1100 and 876 cm™'. These bands were more intense in the
precursor of ZnWO, than in NiWO, one.

As a consequence of the carbon elimination and short-
range ordering of NiWO,, a long-range ordering was
already observed at this low calcination temperature, as
showed in the XRD patterns (Fig. 4). The peaks observed
were assigned to the wolframite structure with a monoclinic
unit cell, identified by JCPDS card 72-0480 for NiWO, and
89-0447 for ZnWOQO,. For NiWQy, the intensities of the

peaks increased meaningfully after calcination for 24 h.
ZnWO, presented a completely different behavior, with
a broad band characteristic of a disordered system, even
after calcination for 24 h. Wolframite crystallization only
occurred after one more calcination at 400 °C for 2 h.

Conclusions

The results obtained for ZnWO, and NiWQ, synthesis by the
polymeric precursor method showed different results, indi-
cating that the lattice modifier determined the wolframite
crystallization. For ZnWO, precursor, highly stable organic
compounds were formed, being stable up to 700-800 °C. As
a consequence, bonding among WOg octahedra got more
difficult and the crystallization only occurred after calcina-
tion at 400 °C. For NiWO, precursor, organic compounds
were easier to eliminate so that complete decomposition
occurred below 600 °C. In this sample, infrared spectra
showed that bonding among WOg octahedra was already
observed after calcination at 350 °C, leading to a higher
long-range order and well defined peaks in the XRD patterns.
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