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Abstract Zinc oxide is a widely used white inorganic
pigment. Transition metal ions are used as chromophores and
originate the ceramic pigments group. In this context, ZnO
particles doped with Co, Fe, and V were synthesized by the
polymeric precursors method, Pechini method. Differential
scanning calorimetry (DSC) and thermogravimetry (TG)
techniques were used to accurately characterize the distinct
thermal events occurring during synthesis. The TG and DSC
results revealed a series of decomposition temperatures due
to different exothermal events, which were identified as H,O
elimination, organic compounds degradation and phase
formation. The samples were structurally characterized by
X-Ray diffractometry revealing the formation of single
phase, corresponding to the crystalline matrix of ZnO. The
samples were optically characterized by diffuse reflectance
measurements and colorimetric coordinates L*, a*, b* were
calculated for the pigment powders. The pigment powders
presented a variety of colors ranging from white (ZnO),
green (Zng97C00.030), yellow (Zngg7Feo30), and beige
(Zny.97V0.030).
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Introduction

Inorganic pigments are traditionally based on transition
metal compounds. Research on ceramic pigments has lately
been dedicated to improve traditional colored systems from
an environmental point of view and maintaining their
coloring properties and technological requirements [1].

Attempting to achieve zero emissions and waste, as well
as a reduction of energy costs, a good understanding of the
reaction mechanisms depending on the chemical compo-
sition is required. Moreover, the product performance must
meet the growing social demands with regard to safety,
sustainability, and minimal environmental impact [1].

Zinc oxide (ZnO) has a wide direct band gap of 3.37 eV at
room temperature and a large exciton binding energy of
about 60 meV with the electrical and optical properties of a
II-VI semiconductor. It has useful characteristics, such as
excellent thermal and chemical stability, a large piezoelec-
tric constant, and an easily modified electric conductivity [2].

In ZnO, the Zn atoms are tetrahedrally coordinated to
four oxygen atoms, where Zn d electrons hybridize with the
oxygen p electrons. The interest in determining electrical
and optical properties of doped bulk ZnO is motivated by
the need to develop an understanding of the material
response to impurities introduced by doping [3]. Zinc oxide
(ZnO) has attracted attention because of the wide range of
applications such as solar cells, luminescent, electrical, and
acoustic devices, as well as chemical sensors [4], varistors
and pigment in paints [3].

In recent years, many techniques and methods have been
investigated for the obtention of ZnO nanostructures, such
as solvothermal method [5], sol-gel technique [3], solid-
state reaction [6], and Pechini method [7]. Lima et al. [8]
mention the different methods, such as physical and
chemical vapor deposition, metal organic vapor-phase
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epitaxy, microwave plasma deposition, pyrolysis, chemical
bath deposition, heterogeneous nucleation in mixed or/and
aqueous solution, and the hydrothermal method.

This study involved the synthesis of Zn;_,M,O
(M = Co, Fe, and V) system, with x = 0 and 0.03 (%mol)
powders and a study of their thermal behavior as a function
of the structural and optical properties for pigment appli-
cations. The samples were prepared by the polymeric
precursor method. This method, also called the Pechini
method [9], allows for the production of nanocrystalline
powder samples at relatively low temperatures. This syn-
thesis produces a polymer network starting from a poly-
hydroxy alcohol and an alpha-hydroxycarboxylic acid,
with metallic cations homogeneously distributed through-
out the matrix [10]. The samples were characterized by
thermal analysis, thermogravimetric and differential scan-
ning calorimetry, X-ray diffraction, diffuse reflectance, and
colorimetric coordinate techniques.

Experimental procedure

The polymeric precursor method is based on the poly-
merization of metallic citrate using ethylene glycol.
A hydrocarboxylic acid such as citric acid is normally used
to chelate cations in an aqueous solution. The addition of a
polyalcohol such as ethylene glycol leads to the formation
of an organic ester. Polymerization promoted by heating to
around 100 °C results a homogenous resin in which the
metal ions are distributed uniformly throughout the organic
matrix. The resin is then calcined to produce the desired
oxides [11].

Zinc nitrate (Zn(NOs),-6H,O—Alfa Aesar 99%), citric
acid (C¢HgO;-H,O—Synth 99.5%), cobalt nitrate (Co
(NO3),)-6H,O—Dindmica 98%), ammonium metavana-
date (NH,VOs;—Merck 99%), and iron II sulfate (Fe-
(SO4)-TH,O—Dindmica 98%), were used as precursors.

The zinc nitrate, citric acid, and dopants were dissolved
in water and then mixed into an aqueous citric acid solution
(100 °C) under constant stirring. Next, ethylene glycol
(HOCH,CH,0OH) was added to polymerize the citrate by a
polyesterification reaction. The citric acid:metal molar
ratio was 3:1, while the citric acid:ethylene glycol mass
ratio was 60:40. The compositions studied here are Zn;_,
M, O (M = Co, Fe, and V), where x (%mol) = 0 and 0.03.
The resulting resin was calcined at 330 °C for 30 min at
10 °C/min, leading to the formation of the precursors
powder used for thermal analysis.

The thermal decomposition and crystallization processes
were studied by TG (Netzsch STA 409C) and DSC tech-
niques in an oxygen atmosphere at a heating rate of
10 °C min~"'. Al,O; was used as reference material during
the thermal analysis.

@ Springer

After annealing at 600 °C for 30 min at 10 °C/min in an
electric furnace, the powders were structurally character-
ized using an automatic X-ray diffractometer (Rigaku,
Rotaflex RU200B) with CuKa radiation (50 kV, 100 mA,
4 =1.5405 A) and in a 0-20 configuration using a
graphite monochromator. The scanning range was between
20 and 70° (26), with a step size of 0.02°. Diffuse reflec-
tance and colorimetric coordinates of the pigments were
measured in the 400 and 700 nm range, using a spectro-
photometer (Minolta, CM2600d) equipped with standard
type D65 (day light) light source, following the CIE-
L*a*b* colorimetric method recommended by the CIE
(Commission Internationale de 1’Eclairage) [12].

Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the
Zn;_ M0, with M = Co, Fe, and V, samples obtained
after heat treatment at 600 °C for 30 min. Comparison of
the observed d-values of all the samples with the standard
(ICSD file n° 36-1451) clearly revealed the formation of
stable monophasic zincite with a hexagonal (wurtzite-type)
crystal structure of ZnO.

The cell parameter values for the obtained Zn,_,M,O
powders (Table 1) are comprised between the value
a=b=32498 A, ¢ = 52066 A and V = 47.62 A® cor-
responding to wurtzite structure ZnO.

The addition of transition metals induces small changes
in the unit cell dimensions. The changes in lattice param-
eters are in accordance with the metal-oxygen distances
due to effective ionic radii of cations [13, 14] (Table 1).

It is well known that metal complexation and poly-
merization reactions occur during synthesis by the poly-
meric precursor method [15]. In the material studied here,
the complexation of cobalt and zinc with citric acid led to
the following reactions:
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Fig. 1 X-ray diffraction patterns of Zn,;_ M, O (M = Co, Fe, and V)
samples calcined at 600 °C/30 min
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Table 1 Lattice parameter, crystallite size and cell volume of
Zn,;_ M0 (M = Co, Fe, and V) samples

Sample Tonic radii of cations/A a =b/A /A VIA3
ZnO (Zn™) 0.74 [6] 3.248 5.205 475
Zn0_97C00_03O (C0+2) 0.72 [6] 3.247 5.207 47.5
Zngo7Feg0:0  (Fe™) 0.65 [14] 3.249 5207 47.6
Zng.97V0.030 (V™) 0.79 [20] 3.246 5.208 47.5

CO(NO3)2 6H,0 + 2C¢0O;Hg — CO(C6O7H7)2 + 2HNO;
+ 6H,0 (1)

and

Zn(NO3)2 6H20 + 2C6O7Hg — Zn(C(,O7H7)2 + 2HNO3
+ 6H,0 (2)

forming nitric acid and water. The vanadium complexation
reaction occurred in three steps: first the ammonium
metavanadate is almost completely dissociated in aqueous
solution:

NH,VO; — NH; + VO~ (3)

It is well known that in acid medium containing zinc, a
fast reduction of vanadium occurs. The solution turn at first
blue (VO™ ions), then green (V" jons), and finally violet
(V2 ions) [16]. In the final step, the vanadium complex-
ation reaction occurred as follows:

V2 4+ NHj + 2CO7Hg — V(Cs07H7), + NH; + 2H*
(4)

with the formation of ammonium.

The iron complexation reaction must be written in three
steps: first, the iron sulfate is almost completely dissociated
in aqueous solution, followed by the formation of Fe** ions
since Fe™ is readily oxidized in the presence of water and
oxygen [17].

Fe(S0) 09— Fegﬁl) + so;@q) (5)
Fe?;jl) — Fe?;l) +e (6)

Finally the iron complexation reaction occurred as
follows:

-2
2Fe?;u3]) + 3 (SO4) (4 +6C6O7Hg g
— 2Fe(C607H7)3+3HZSO4 (7)

with the formation of sulfuric acid.

Mixing these metallic complexes (metallic citrates)
above 70 °C triggered the onset of the esterification
reaction between metal citrate and ethylene glycol, as
follows:

M"+[OCOCH,C(OH)(COOH)CH,COOH],
+ 3HOCH,CH,OH
—. M™[0COCH,C(OH)(COOH)CH,COOCH,CH,OH],
+xX'H,0 (8)

In the compounds studied here, the polyesterification
reactions (Eq. 8) occurred continuously until the polymer
network was formed. Therefore, the main organic
compounds contained in the resin were alcohol, water,
ammonium, nitric acid, sulfuric acid, and polyester.

The TG/DSC results presented in Fig. 2 shows the
thermal behavior of the Zn;_,M,O precursor. Organic and
other volatile (H,O, NO,, CO,, N,O,, etc.) products are
lost/removed at temperatures below 440-500 °C. The mass
remains constant at higher temperature, indicating oxide
formation [18].

The DSC curve shows two exothermic peaks in the
300-500 °C range corresponding to NO, formation, poly-
mer combustion, and oxidation of other organic residues
[18]. These two exothermic peaks are associated with two
main events; the lowest temperature is due to pyrolysis of
the “puff”, i.e., oxidation of the system, and the highest
temperature as a result of the crystallization of the ceramic
powder.
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Fig. 2 a DSC curves of Zn;_ ,M,0 (M = Co, Fe, and V) samples
and b TG curves of Zn;_ M0 (M = Co, Fe, and V) samples

@ Springer



876

T. M. Mildo et al.

The peak centered around 400-480 °C refer to pure ZnO
samples. In contrast, for samples doped with 3% Co, Fe,
and V a shift towards lower temperatures occur. This
finding allows us to conclude that the inclusion of transi-
tion metals lowers the phase formation temperature to
obtain crystalline materials without organic compounds.

ZnO has been worldly used as white inorganic pigment
and transition element is known to produce various colors
when doped in oxide matrices. This transition element is an
efficient coloring agent in glasses and ceramic pigments
because of the mobility of its 3d electrons [6].

Qualitative and quantitative information about the color
of the samples were obtained using spectral methods.
Figure 3 presents the diffuse reflectance spectra for the
Zn,_,M,0O samples. Pure ZnO showed an absorption edge
around 400 nm. Doped ZnO samples exhibited absorptions
in the visible region in addition to the absorption edge due
to the bands originating from the crystal-field transitions of
transition metals ions replacing Zn in tetrahedral coordi-
nation [3].

In the case of Co doped ZnO, three well defined
absorption bands at 655, 610, and 568 nm assigned as the
Co™ d—d (tetrahedral symmetry) crystal-field transitions
*As(F) = *A1(G), *Ax(F) — *Ti(P) and “Ax(F) — *E (G),
respectively [19]. The absorption around 560 nm for
V-doped samples represents typical d—d transition of V"
ions in a tetragonal crystal field [3]. For Fe doped ZnO
samples, an absorption band around 480 nm has been
attributed to Fe>" in tetrahedral coordination [3]. No sig-
nificant absorption corresponding to Fe®™ ions was
observed and so determination of presence of tetrahedral
Fe>* by optical spectra was not possible. This result is in
agreement with the assumption presented above regarding
the oxidation of Fe*" to Fe** and the reduction of V> ions
to V2T during synthesis.

Table 2 presents the colorimetric coordinates (L*, a*,
b*) of Zn,_,M,O powder systems, using type D65-10°

Zngg7Feg30 L - -7

Diffuse reflectance/arb. units

Zng 97C0p 030

400 450 500 550 600 650 700
Wavelength/nm

Fig. 3 Diffuse reflectance spectra of Zn;_,M,O (M = Co, Fe, and
V) samples calcined at 600 °C/30 min

@ Springer

Table 2 Colorimetric coordinates (L*, a*, and b*) of Zn,_ M,O
(M = Co, Fe, and V) powders systems, using light source type D65-
10° (day light), following the CIE-L*a*b* standard colorimetric
method

Samples L* a% b
ZnO 81.34 —-0.73 8.52
ZH0_97C00_03O 38.22 —12.43 7.22
Zn0_97F60_03O 78.86 4.39 34.57

Zn 970,030 90.56 —2.95 13.07

(day light) light source, according to the CIE-L*a*b*
standard colorimetric method. These colorimetric coordi-
nates must be analyzed simultaneously to determine the
final color of pigments, especially the a* and b* coordi-
nates. The pure ZnO sample presented a white color. The
samples become greenish with cobalt content, yellowish
with iron, and a beige color for the ones doped with
vanadium was obtained.

Conclusions

The polymeric precursor method proved efficient to syn-
thesize pigments with colors ranging from white (ZnO),
green (Zng97C00030), yellow (Zngo7Fego30), and beige
(Zng 97V (.030). Powders of the system pure ZnO and
Zny97Mp 30 (M = Co, Fe, and V) were synthesized as a
single phase with wurtzite structure. The DSC and TG
techniques allowed to determine the temperature range of
processes: degradation of the polymer (pyrolysis of the
organic compounds), elimination of nitrates and water, and
phase formation. For the powders obtained the inclusion of
the different dopants to ZnO lowers the phase formation
temperature to obtain crystalline materials without organic
compounds. Diffuse reflectance spectra confirmed the
assumption regarding the oxidation of Fe*" to Fe** and the
reduction of V> ions to V> during synthesis.
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