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A B S T R A C T   

In this paper, we report on a new path of ZnWO4 phase formation, synthesized by the polymerizable complex 
(PC) method. At 550 ◦C, we obtained a single phase of the ZnWO4 complex oxide. To explain the phase trans
formation processes, we propose a mechanism based on the coexistence of more than one amorphous phase after 
the pre-pyrolysis process. These amorphous metastable phases indicate a different phase formation path, which 
has not yet been described in the literature for multi-component oxides processed by the PC method. The for
mation path proposed here shows the relevance of the metastable phases in the reaction processes of complex 
oxides.   

1. Introduction 

In recent years, more in-depth studies on phase transformation ki
netics, which take into account the stability of metastable phases, have 
promoted a better understanding of phase formation routes of multi- 
component oxides, leading to the development of more predictable 
synthesis routes [1–3]. Among the different synthetic routes to prepare 
complex multi-component oxides, the Pechini-type polymerizable 
complex (PC) method can be highlighted [4,5]. The PC method allows 
for very high stoichiometric control, leading to obtaining complex 
multi-component oxides, such as BaTiO3 [4,6], SrTiO3 [4,7], KTiNbO5 
[5], SrBi2Ta2O9 [8], and others [4,5,9]. 

Briefly, the PC method adopts the metal complex formation from the 
reaction of a hydroxycarboxylic acid (mostly citric acid (CA)) with a 
soluble metal precursor. Under heating, the CA-complex undergoes an 
esterification reaction with polyhydroxy alcohol (ethylene glycol (EG)) 
to produce a polymeric resin throughout, ensuring homogeneous dis
tribution and avoiding the segregation of different metallic ions immo
bilizing them in a rigid polyester network. Within this strategy, we 
ensure the initial cation ratio stoichiometry and the chemical 

homogeneity of the mixture at a molecular level leading to the crystal
lization of the desired inorganic phase without any spurious phases at 
low temperature [4,10]. Even when we identify an intermediate meta
stable compound, it has the cation ratio stoichiometry of the targeted 
compound. For instance, Leite et al. studied the synthesis of PbTiO3 
using the PC method and the authors reported the crystallization of a 
cubic PbTiO3 phase, which evolves to the tetragonal PbTiO3 phase with 
an increase in time and/or temperature [11,12]. On the other hand, 
when precipitation occurs during the polymerization step, homogeneity 
at a molecular level is lost and the phase formation process is controlled 
by a solid-state reaction. This situation must be avoided while synthe
sizing multi-component oxides via the PC method [13]. 

In recent years, we have observed that the scientific community has 
shown great interest in complex oxides of the wolframite tungstate oxide 
family [14,15]. Among these oxides, we can highlight ZnWO4 as a 
poly-functional material with attractive photoluminescent properties, as 
well as potential candidates for photocatalytic applications, and hu
midity sensors [16–18]. During the synthesis of ZnWO4 by the PC 
method, we noticed a different phase formation path from those re
ported so far in the literature. This path goes through the formation of 
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more than one amorphous phase during the pre-pyrolysis step. In this 
article, we will describe this new crystallization path. 

2. Material and methods 

In this work, the ZnWO4 was synthesized by the PC method, as fol
lows. In this synthesis, zinc nitrate hexahydrate (Zn(NO3)2.6H2O) (98%, 
Isofar), tungstic acid (H2WO4) (99%, Sigma-Aldrich), EG (C2H6O2) 
(99%, Isofar), CA (C6H8O7) (99.5%, Isofar) and ammonium hydroxide 
solution (NH4OH) (28% NH3 in H2O, Isofar) were used as starting 
materials. 

Initially, CA was dissolved in deionized water heated at 75 ◦C under 
constant stirring. Afterwards, H2WO4 was dissolved in deionized water 
using NH4OH and added to the CA solution. The formed tungstate citrate 
solution was stirred at 75 ◦C until a clear and homogeneous solution was 
obtained. Afterwards, Zn(NO3)2.6H2O was dissolved and added in a 
stoichiometric quantity to the citrate solution under agitation and at the 
same temperature. A CA/Metal molar ratio of 3:1 was used. After so
lution homogenization, EG was added to promote a polyesterification 
reaction. No visible precipitation was observed during the polymeriza
tion step. The citric acid/ethylene glycol ratio in mass was fixed at 60/ 
40. The obtained transparent polymeric resin was then pre-pyrolyzed in 
a conventional furnace at 350 ◦C for 4 h. Finally, the obtained pre- 
pyrolyzed precursor was heat treated at 400, 450, 500 and 550 ◦C for 
4 h under air atmosphere. 

The phase evolution was followed by simultaneous thermal analysis 
(TG-DSC model STA 409 Netzsch), thermogravimetric analysis (TG) 
with differential scanning calorimetry (DSC), using a 10 ◦C/min heating 
rate with a synthetic airflow of 20 cm3/min. The crystalline phases were 
identified by X-ray diffraction using a DMax/2500 PC diffractometer 
(Rigaku, Japan) with CuKα radiation (λ = 1.5406 Å), at room temper
ature, in the 2θ ranging from 20 to 60◦ with a step size of 0.02omin− 1. A 
detailed analysis of the phases was performed by Rietveld refinement 
using the General Structure Analysis System (GSAS) software [19]. 
Diffrac-TOPAS (Bruker) software, using the relationship between peak 
areas, was performed to estimate the crystallized fraction. The Rietveld 
routines adopted a 2θ ranging from 10 to 110◦ with a step size of 
0.02◦min− 1, exposure time of 2s. The theoretical diffraction pattern was 
taken from the Inorganic Crystal Structure Database (ICSD) no. 84540 
[20] and no. 50727 [21]. The refined parameters were the scale factor, 
background fitting with the Chebyschev polynomial of the first kind, 
shift lattice constants, profile half-width parameters, isotropic thermal 
parameters, lattice parameters, strain anisotropy factor, preferential 
orientation, and atomic functional positions. The phase formation and 
morphological evolution processes were also analyzed by Field Emission 
Scanning Electron Microscopy (FE-SEM FEI Inspec F-50 and FE-SEM 

Zeiss Supra) coupled with an Energy Dispersive X-Ray Spectroscopy 
(EDS). The FE-SEM analysis was performed at low (3 kV) and high (15 
kV) voltages using a high-sensitive solid-state backscattered detector 
(vCD FEI detector), as well as an in-lens detector for secondary electron 
image analysis. 

3. Results and discussion 

3.1. Phase formation path 

Fig. 1 shows the TG-DSC simultaneous thermal analysis results. In 
the TG curve, a total weight loss of 64% can be observed (Fig. 1a), 
suggesting that a significant amount of the organic precursor material is 
still present in the pre-pyrolyzed precursor. Four peaks related to the 
thermal decomposition of the residual organic material can be observed 
in the differential thermogravimetric (DTG) analysis (Fig. 1a, inset). The 
DSC curve of the pre-pyrolyzed precursor illustrated in Fig. 1b shows 
one endothermic peak at 75 ◦C and three exothermic peaks. It can be 
observed that the peaks reported in the DSC analysis match well with 
those reported in the DTG analysis (inset in Fig. 1a). Thus, we can 
attribute all these DSC peaks to the thermal decomposition of the re
sidual organic material. The intense exothermic reaction observed, 
related to the thermal decomposition of the residual organic material, 
should cover the signal of peaks related to other exothermic events, 
explaining why we cannot identify peaks related to phase trans
formation, such as crystallization. 

Since we were unable to follow the crystallization process of the 
ZnWO4 precursor by TG-DSC, we used “ex-situ” XRD analysis to follow 
the ZnWO4 phase evolution as a function of the temperature and the 
results are shown in Fig. 2. As can be seen, the pre-pyrolyzed precursor 
treated at 400 ◦C (Fig. 2a) showed a diffraction pattern characteristic of 
amorphous material, without the presence of any crystalline phase. At 
450 ◦C (Fig. 2b), we observed the first diffraction peaks, which were 
indexed to the WO3 crystalline phase (monoclinic structure, space group 
P21/n, Inorganic Crystal Structure Database (ICSD) nº 50727). This was 
the first phase to crystallize. However, we still observed a significant 
amount of the amorphous phase. Rising the temperature to 500 ◦C 
(Fig. 2c), we observed the coexistence of three phases, i.e. amorphous, 
WO3, and ZnWO4 (monoclinic structure, Inorganic Crystal Structure 
Database (ICSD) nº 84540). At 550 ◦C (Fig. 2d), all diffraction peaks 
were indexed to the ZnWO4 crystalline phase, which was the only phase 
present. The sharp and well-defined diffraction peaks at 550 ◦C indi
cated a high degree of structural order, proving the effectiveness of the 
PC method used in this work to obtain single-phase crystalline ZnWO4. 

A detailed Rietveld refinement XRD analysis was performed in the 
samples heat treated at 500 ◦C and 550 ◦C (see Figure S1 in the support 

Fig. 1. TG-DSC simultaneous thermal of the pre-pyrolyzed precursor. a) TG and DTG (inset) analysis; b) DSC analysis.  
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information) using GSAS Software. This analysis confirmed the presence 
of the two crystalline phases at 500 ◦C, as previously reported in Fig. 2c, 
as well as the presence of a single phase (ZnWO4) at 550 ◦C. At 500 ◦C, a 
semi-quantitative phase analysis (carried out by Diffract-TOPAS 

software) showed concentrations of 80.3% and 19.7% of crystalline and 
amorphous phases, respectively (see Figure S2 in the support informa
tion). Taking into account the crystalline phases only, a concentration of 
27% and 73% of WO3 and ZnWO4 was identified, respectively. The 

Fig. 2. XRD analysis of the pre-pyrolyzed materials treated at different temperatures, during 4 h. a) 400 ◦C; b) 450 ◦C; c) 500 ◦C; d) 550 ◦C.  

Fig. 3. –FE-SEM analysis, using SE image, of the pre-pyrolyzed materials treated at different temperatures, during 4 h. a) 400 ◦C; b)450 ◦C; c)500 ◦C; d) 550 ◦C.  
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structural crystallographic parameters and statistical indices of quality 
obtained from the Rietveld refinement are listed in Table S1 (see support 
information). The simulation performed by the TOPAS and GSAS 
showed very close values in agreement with the theoretical diffraction 
pattern used. 

The phase evolution was also followed by FE-SEM using the sec
ondary electron (SE) image, as shown in Fig. 3. As can be observed in 
Fig. 3a, the material treated at 400 ◦C shows a plate morphology, 
without the presence of grains. The absence of particulates is in agree
ment with the XRD data, which indicated the presence of an amorphous 
phase. In this sample, we also noticed the presence of regions with a 
different contrast and texture (indicated by the arrow). This different 
texture may indicate the presence of a second amorphous phase, which 
could not be identified by the XRD analysis. Increasing the temperature 
to 450 ◦C (Fig. 3b), we observed the appearance of well-faceted crystals 
with sub-micrometric dimensions originating from the amorphous ma
trix. The XRD data (Fig. 2b) indicates that they are WO3 crystals. At 
500 ◦C, we observed (Fig. 3c), a very complex structure, formed by the 
crystals of WO3, a second phase with crystalline characteristics (indi
cated by arrows) and the presence of the amorphous phase. The second 
phase with crystalline features was identified by XRD as ZnWO4 
(Fig. 2c). Finally, at 550 ◦C (Fig. 3d), we observed a material with a 
granular texture, i.e. an agglomerate formed by primary elongated 
particles of irregular sizes, similar to the morphology previously 
observed for ZnWO4 crystals formed at 500 ◦C. XRD analysis illustrated 
in Fig. 2d shows that at this temperature the granular material was in the 
ZnWO4 phase. 

To obtain more detailed information about the sample treated at 
500 ◦C, we performed FE-SEM analysis using the vCD detector at low 
and high operation voltage, as well as EDS analysis. The results are 
shown in Fig. 4. Fig. 4a shows the SE image collected at 3 kV in the vCD 
detector, where the presence of faceted crystals of WO3 and the presence 

of a crystalline phase (identified as ZnWO4 by XRD) located near the 
WO3 crystals can be observed, as well as spread by the amorphous 
matrix. Fig. 4b shows an image of BSE obtained at 15 kV, where the 
atomic number (Z) contract is clear. In this image, WO3 (which has a 
higher Z) presents a bright contrast and the regions richer in Zn present a 
darker contrast. EDS spot analysis performed in regions # 1 and # 2 (see 
Fig. 4c) reinforce that the brighter crystals are WO3 and that the crystals 
from region # 2 are richer in Zn, supporting the XRD analysis that in
dicates the presence of ZnWO4. It is important to note that the spatial 
resolution of the EDS is around 1 μm, therefore signals from the regions 
adjacent to the one analyzed can also contribute to the X-ray fluores
cence signal. Fig. 4d–e shows high-resolution SE images, where we see 
the presence of the well-faceted WO3 crystals (see detail in the inset of 
Fig. 4d), ZnWO4 crystals in contact with the WO3 crystals, as well as 
ZnWO4 crystals spread in the amorphous matrix without being in con
tact with the WO3 crystals (See Fig. 4e). 

3.2. General discussion 

As reported before, after the pre-pyrolysis, the XRD and FE-SEM 
analyses show the following phase formation sequence, as a function 
of the calcination temperature.  

Amorphous → WO3 + Amorphous → WO3 + Amorphous + ZnWO4 → 
ZnWO4                                                                                          (1) 

When we analyzed the sequence of phase transformations described 
in equation (1), we noticed the presence of amorphous phases in the 
different stages of the reaction path. The presence of different amor
phous phases during the phase formation process is supported by the FE- 
SEM analysis, shown in Fig. 3a–b. Another relevant point is that at the 
end of the reaction process we have the formation of only the ZnWO4 
crystalline compound, without the presence of spurious phases, 

Fig. 4. FE-SEM analysis using the vCD detector at a) 3 kV (SE image); b) 15 kV (BSE image); c) EDS analysis of regions # 1 and #2; d-e) high resolution of the SE 
image. The inset shows details of the WO3 crystal. 
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indicating that the stoichiometric ratio [Zn]/[W] = 1 is conserved. 
We propose two hypotheses to explain the reaction path reported 

here. Hypothesis 1 takes into account the coexistence of several amor
phous phases. After the pre-pyrolysis stage, three distinct amorphous 
phases are formed. One phase is rich in W (named as α), and the second 
phase is rich in Zn (α”). Finally, the third phase presents a stoichiometric 
ratio of metallic ions [Zn]/[W] = 1 (named as α’). These three phases 
coexist in the pre-pyrolyzed material, clearly showing a metastable 
equilibrium among them. 

The sequence of phase formation of this hypothesis requires the 
coexistence of amorphous phases with different stability in relation to 
the crystallization process. In this hypothesis, the least stable amorphous 
phase is the α phase, followed by phase α’. The most stable amorphous 
phase is the Zn-rich phase (α”). 

The chemical reaction equations (2)–(4) summarize the chemical 
transformation proposed by hypothesis 1. Upon heating, the α phase 
crystallizes, giving rise to WO3. By increasing the temperature once 
more, we notice that the ZnWO4 formation took place in two different 
events, following different formation mechanisms. The first one occurs 
via the crystallization process from an amorphous phase (see equation 
(3); α’ →ZnWO4). The second mechanism is via the solid-state reaction 
between α” and WO3 (see equation (4); WO3 + α” → ZnWO4’; where 
ZnWO4’ is the tungstate formed in a second event). It is interesting to 
note that we did not observe the formation of crystalline ZnO, rein
forcing the hypothesis of solid-state reaction between the crystalline 
WO3 and the amorphous α” phase to form the ZnWO4 crystalline phase. 
The reaction between the crystalline WO3 and the α” phase occurs via a 
solid-state mechanism, requiring the formation of a reaction interface 
between this phase and the crystalline WO3 phases (reaction front), as 
well as a diffusional process to propagate the reaction front, resulting in 
the crystalline ZnWO4.  

α + α’+ α” → WO3 + α’+ α” 400 ◦C < T < 450 ◦C                           (2)  

WO3 + α’+ α” → WO3 + α” + ZnWO4 450 ◦C < T < 500 ◦C             (3)  

WO3 + α” + ZnWO4 → ZnWO4 + ZnWO4’ T > 550 ◦C                      (4) 

The second hypothesis takes into account the coexistence of two 
amorphous phases after the pre-pyrolysis step; one amorphous phase 
rich in W (α), and the second phase rich in Zn (α”). Upon heating, the α 
phase crystallizes, giving rise to WO3 (see eq. (5)). By increasing the 
temperature, the reaction between crystalline WO3 and the α” phase 
occurs, leading to the ZnWO4 phase formation, via a solid-state reaction 
(see eq. (6)). The chemical reactions, equations (5) and (6), describe the 
chemical transformation proposed in hypothesis 2.  

α + α” → WO3 + α” 400 ◦C < T < 450 ◦C                                        (5)  

WO3 + α” → ZnWO4 T > 500 ◦C                                                     (6) 

We notice now the ZnWO4 formation took place in a single event and 
in a longer range of temperature (for T > 500 ◦C), following a solid-state 
reaction between α” and WO3 (see eq. (6)). In both hypotheses, we 
consider the coexistence of more than one amorphous phase, showing a 
new alternative for a phase formation path in the PC method. However, 
the electron microscopy study (Figs. 3c and Fig. 4d–e) clearly shows the 
presence of the ZnWO4 crystalline phase spread across the amorphous 
matrix. This detail is strong evidence against the formation of the 
ZnWO4 phase in a single event by the solid-state reaction (as predicted 
by hypothesis 2), as this reaction requires the existence of a reaction 
front between the WO3 and the α” phases during the whole reaction 
process. The existence of a third amorphous phase (with stoichiometry 
[Zn]/[W] = 1) and its direct crystallization into ZnWO4 may explain the 
presence of this phase spread across the pre-pyrolyzed precursor. Thus, 
we believe that hypothesis 1 is the most plausible to describe the ZnWO4 
phase formation process prepared by the PC method. 

Ryu et al. [22] reported the synthesis of the ZnWO4 compound by the 

PC process; however, they observed a different phase formation path. 
They first reported the formation of ZnWO4 and then the coexistence of 
ZnWO4 and WO3 phases, suggesting the existence of an amorphous 
phase rich in Zn. Moreover, they also reported the formation of the 
ZnWO4 single phase as the final product, at 600 ◦C. The different routes 
of crystallization observed between our work and that reported by Ryu 
et al. [22] must be related to the different routes used to obtain the 
polymeric resin. As described in the materials and methods section, we 
prepared the polymeric resin adding a soluble metal precursor and CA in 
water, and then added EG. On the other hand, Ryu et al. [22] made the 
whole reaction by adding the soluble metal precursor and CA directly to 
the EG. This procedure must have generated a polymeric resin with a 
different chemical distribution of the cation mixture. Therefore, this 
different polymeric resin induced a different phase formation path. 

4. Conclusions 

In this work, we studied the formation of the ZnWO4 phase via the PC 
method, as a function of the heat treatment temperature and observed a 
sequence of phase formation described in equation (1). At 550 ◦C, we 
obtained the ZnWO4 complex oxide, without undesired phases. To 
explain the reaction and phase transformation processes, experimentally 
observed, we proposed two hypotheses, both based on the coexistence of 
more than one amorphous phase after the pre-pyrolysis process. The 
existence of these amorphous metastable phases indicates a different 
formation path, not yet described in detail in the literature for inorganic 
phases processed by the PC method. Finally, this study shows the rele
vance of the metastable phases in the reaction processes of complex 
oxides. 
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