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Abstract Al,CoO4—PbCrO,4 and Al,CoO4—Pb,CrOs crys-
talline powders in different proportions were obtained by
the polymeric precursor 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 overlapping decomposition reactions
due to different exothermal events, which were identified
as H,O and NOy elimination and polymer pyrolysis. The
X-ray diffraction patterns of the xAl,CoO4—(1 — x)PbCrO,4
and xAl,CoO4—(1 — x)Pb,CrOs mixed compounds, with
x =1,0.75, 0.5, 0.25 and 0, were obtained in the crystal-
line form with their respective phases, and proved consis-
tent with the nominal compositions. The synthesis of these
two systems yielded nine different colors and shades.

Keywords Al,CoO4—Pb,CrOs - Al,CoO4—PbCrO; -
Nanoparticles - Polymeric precursors

Introduction

PbCrO, is a crocoite, normally with a monoclinic P21/n

structure, which is used as a yellow pigment and as a
photosensitizer [1]. Dilead pentaoxochromate, Pb,CrOs, is
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a phoenicochroite of the PbO-CrOjz system [2] used as a
photoconductive dielectric material because of its centro-
symmetry in the monoclinic C2/m space group. Pb,CrOs
has been found to have a wide band gap energy (2.1-
2.3 eV), a high absorption coefficient in the visible and
ultraviolet light-spectrum (10*-10° cm™"), and a high-
speed photo-response in this spectral region. The photo-
response and performance of Pb,CrO5 devices suggest that
Pb,CrO5 may be classified as a new type of optoelectronic
dielectric material that could potentially be used in room
temperature photoconductors in the visible and ultraviolet
regions [3-8].

Various methods have been employed to synthesize lead
chromate as thin film [9] and ceramic disks [10], including
the solid solution reaction and calcination of PbO and Cr,Os3
mixed powder. On the other hand, PbCrO,4 nanocolloids
have been prepared in H,O/sodium bis(2-ethylhexyl)sul-
fosuccinate, (AOT)/n-heptane, water-in-oil microemulsion
medium [11]. PbCrO4 nanorods and Pb,CrOs microparti-
cles were synthesized separately by a hydrothermal method
in the presence of polyvinylpyrrolidone surfactant at pH
~7 and pH > 14 at 140 °C for 20 h [12]. Manipulation of
the thermodynamic and kinetic control processes plays a
key role in crystal growth, which determines the final
crystal habit, phase, shape, and structures [13, 14]. To our
knowledge, a simple solution method has not been used
to discriminate different phases and polymorphs of lead
chromate at room temperature. Xu et al. [15] reported
a systematic synthesis of lead chromates nanocrystals
with different polymorphs and phases, such as monoclinic
PbCrQy, orthorhombic PbCrO,, Pb,CrOs, and K,Pb(CrOy),
by a simple precipitation reaction with no additives at room
temperature. They showed that the pH value and the molar
ratio of Pb®>" and CrO,>~ exert a significant influence on the
discrimination of polymorphs and phases of lead chromate.
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The CoAl,Oy spinel phase, called Thénard’s blue, has long
been known and extensively studied [16, 17]. This phase
may be considered as deriving from Co(II)Co(III)O,4 by
replacing all the Co(III) with Al

This work involved the synthesis of Al,CoO4-Crocoite
composite nanoparticles and a study of their thermal
behavior as a function of the structural and optical prop-
erties for pigment applications. Al,CoO4-Crocoites sam-
ples were prepared by the polymeric precursor method.
This method, also called the Pechini method [18], allows
for the production of nanocrystalline powder samples at
relatively low temperatures. This synthesis produces a
polymer network starting from a polyhydroxy alcohol and
an alpha-hydroxycarboxylic acid, with metallic cations
homogeneously distributed throughout the matrix [19]. The
samples were characterized by thermal analysis, thermo-
gravimetric and differential scanning calorimetry, X-ray
diffraction, diffuse reflectance and colorimetric coordinate
techniques.

Experimental procedure
Synthesis

The polymeric precursor method involves the polymeri-
zation of a metallic citrate using ethylene glycol [20-22]. 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 in a homogenous resin in which the
metal ions are distributed uniformly throughout the organic
matrix.

Lead acetate [(CH5CO,),Pb - 3H,0O], chromium (VI)
oxide [CrO;], aluminum nitrate [AI(NO3); - 9H,0O)] and
cobalt nitrate [Co(NO3); - 6H,0)] were used as precursors.
Aluminum nitrate, cobalt nitrate, chromium oxide and lead
acetate were dissolved in water and then added to an
aqueous acid citric solution.

The ethylene glycol (HOCH,CH,OH) was mixed to
promote polymerization of the citrate by a polyesterifica-
tion reaction. The citric acid:metal molar ratio was 4:1,
while the citric acid:ethylene glycol ratio was 3.0:6.1
(molar ratio). The compositions studied here are listed in
Table 1 with their respective names.

Characterization
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
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Table 1 Nominal compositions and respective names used in this
work

Composition Name
PbCrO,4 100Pb
75PbCr0O4-25A1,Co04 25A175Pb
50PbCrO4-50A1,Co04 50AI50Pb
25PbCr0O4-75A1,Co04 75A125Pb
Al,CoOy 100A1
25Pb,CrO5-75A1,Co04 75A125Pb2
50Pb,CrO5-50A1,Co04 50AIS0Pb2
75Pb,CrO5-25A1,Co0, 25A175Pb2
Pb,CrOs 100Pb2

10 °C min~'. AlLO; was used as reference material during
the thermal analysis.

After annealing at 700 °C for 2 h, the powders were
structurally characterized using an automatic diffractome-
ter (Rigaku, Rotaflex RU200B) with CuKo radiation
(50 kV/100 mA, 1.5405 A) and a graphite monochroma-
tor. The scanning range was between 10° and 70° (20) with
a step size of 0.02° and a step time of 1 s.

Diffuse reflectance and colorimetric coordinates of the
pigments were measured in the 400 and 700 nm range,
using a spectrophotometer (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 I’Eclairage) [23]. In
this method, L* is the lightness axis [black (0) — white
(100)], b* is the blue (—) — yellow (+4) axis, and a* is the
green (—) — red (+4) axis, and AE is defined as the total
color difference (AE> =L + a™> + b™).

Results and discussion
Thermal analysis

It is well known that metal complexation and polymeri-
zation reactions occur during synthesis by the polymeric
precursor method [24]. In the material studied here, the
complexation of aluminum and cobalt with citric acid led
to the following reactions:

Al(NO3); - 9H,0 + 3C6O7Hg

and
CO(NO3)2 . 6H20 + 2C6O7H8
— CO(C6O7H7)2+2HNO3 + 6H,0 (2)

forming nitric acid and water. The lead complexation
reaction occurred as follows:
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(CH;CO,),Pb - 3H,0 + 2C40;Hg

— Pb(C407H;),+2CH3COOH + 3H,0 3)

with the formation of acetic acid and water, while that of
chromium was:

CI'O3 + 6C6O7H8 — CI'(C607H7)6+3H20 (4)

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"* [0COCH,C(OH)(COOH)CH,COOH],
+ 3HOCH,CH,0H —
M"* [0OCOCH,C(OH)(COOH)CH,COOCH,CH,OH],

+ x/H,O (5)

In the compounds studied here, the polyesterification
reactions (Reaction 5) occurred continuously until the
polymer network was formed. Therefore, the main organic
compounds contained in the resin were alcohol, water,
acetic acid, nitric acid and polyester.
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Figure 1 presents the TG and DSC curves of the mix-
tures for Al,CoO4—PbCrO4 and Al,CoO4—Pb,CrOs sys-
tems. In the Al,CoQ, crocoites, the molar proportions were
100/0, 75/25, 50/50, 25/75 and 0/100. Although the method
is basically semi-quantitative, mass variations can be
measured accurately. The TG curves revealed a series of
overlapping decomposition reactions due to different exo-
thermal events, which are indicated by the DSC curves.

Samples 100Al, 100Pb, 75AI125Pb2, and 100Pb2 showed
low residual mass due to the high content of solvents; they
were dried for 4 h at 100 °C. The other samples showed
high residual mass due to predrying at 300 °C for 1 h.
In general, four thermal events were detected: H,O, NOy;
polymer degradation; polymeric degradation (CH2- gro-
ups); and (-CO- and —COO- groups). The addition of
Al,CoOy to the PbCrO,4 or Pb,CrOs compound was found
to raise the final decomposition temperature from around
400-500 °C to 800-950 °C. The addition of Al,CoO,
undoubtedly influences the catalytic effect of crocoites on
the elimination of organic compounds (mass loss step
between ~400 and ~800 °C). This effect was clearly
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Fig. 1 a DSC curves of the Al,CoO,~PbCrO, systems, b DSC curves of the Al,CoO4~Pb,CrOs systems, ¢ TG curves of the Al,CoO4—PbCrO,

systems and d TG curves of the Al,CoO4—Pb,CrOs

@ Springer



926

M. 1. B. Bernardi et al.

visible in the DSC results, which showed the exothermic
peak between 300 and 400 °C for 100Pb and between 400
and 500 °C for 100Pb2 broadened and shifted to high
temperatures. This finding allows us to conclude that the
inclusion of Al,CoOy to the crocoites increases the syn-
thesis temperature to obtain crystalline materials without
organic compounds.

X-ray diffraction

Figure 2a and b show the X-ray diffraction patterns at
room temperature for different samples calcined at 700 °C
for 2 h at a heating rate of 10 °C min~".

In the case of the PbCrO4—Al,CoO, system (Fig. 2a),
the composition containing 75% of Al,CoO, presented
only the major compound in crystalline form, while the
other compound was in the amorphous state. Compositions
containing 50% and 25% of Al,CoOy resulted in a mixture
of the Pb,CrO5 and Al,CoO, crystalline phases. An anal-
ysis of the Pb,CrOs—Al,CoO, system (Fig. 2b) containing
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Fig. 2 X-ray diffraction patterns of: a PbCrO,—~Al,CoO,4, and b
Pb,CrO5—Al,Co0O, systems, heat-treated at 700 °C/2 h
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75% of Al,CoO, revealed that only this major phase
crystallized at 700 °C, while the compound remained
amorphous. The other compositions containing 50% and
25% of Al,CoO, showed the desired Pb,CrOs and
Al,CoOy crystalline phases. In both systems of this study,
the Pb,CrOs phase crystallized preferentially. The crocoite
phases require less energy (temperature) to crystallize than
the Al,CoO, phase. However, the incorporation of large
amounts of Al,CoQ,4 delays the formation of crocoites in
lower concentrations.

The structures of the phases found in the simple systems
were: AlL,CoQy4, PbCrO,4 and Pb,CrOs, according to the
index of the crystallographic cards nos. 38-0814, 74-2304,
and 84-0678, respectively. The main aspect of spinels is the
presence of two metallic cations, A" and B>, in tetra-
hedral and octahedral positions, respectively. The way in
which such sites are occupied depends on the calcination
temperature [25, 26].

A complete determination of the crocoite structure and
two-dimensional refinement was already done by Quareni
and De Pieri [27] in 1964. Based on this early study, it was
possible to refine the lead and chromium parameters and to
determine the positions of the oxygen atoms. In 1965, the
same author confirmed the earlier determination of the
structure and refined the atomic parameters, particularly
the parameters of the oxygen atoms which could not be
determined very accurately by the two-dimensional refine-
ment [28]. The orthorhombic and monoclinic modifications
of PbCrO,4 have very similar interatomic distances, which
confirm the evidence for multiple bonds in the CrO3 > ions.
PbCrO, powders are monoclinic, with space group
P2,/n (14), and cell parameters of: a = 7.145(4) A b=
7.436(4) A; ¢ = 6.795(4) A; A = 0.9609; C = 0.9138;
f = 102.420° and Z = 4. The Al,CoO, powders are cubic,
with space group Fd3 m (227): a = b = ¢ = 8.086(1) A,
Z =8, and origin at center, (3-m), and the 24 cations
occupy 8 tetrahedral (a) positions, 1/8, 1/8, 1/8, and 16
octahedral (d) positions, %2, 2, %2, while the anions are
located in 32 (e) positions, u, u, u [29].

Toda and Morita [30] studied the crystal structure of
Pb,CrOs. This structure was analyzed under the assump-
tion that the lead, chromium, and oxygen atoms are ionic,
in order to use the scattering factors of each ion. The final
locations of Pb>*, Cr®* and O?>~ were determined from a
comparison of the calculated relative intensities, the bond
lengths and the bond angles against the observed values.
Their study resulted in a monoclinic structure: c2/m. The
values of the Pb—O bond length were consistent with that in
Pb,SO5 [31], where the values of the bond angles of O—Cr—
O are around 109°. Pb,CrO5 powders are monoclinic, with
the space group C,/m (12), and the cell parameters are:
a=14018 A; b =5683 A; ¢ =7.148 A; A = 2.4667,
C = 1.2569; f = 115.23°, and Z = 4.
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Diffuse reflectance

Color generation is known by a mechanism called charge
transference. This mechanism consists of the electron
movement of an ion to another in response to the absorp-
tion of light energy, resulting in a temporary change of the
valence state for both ions and originating the material’s
color [32]. This mechanism is responsible for the color of
PbCrO,4 and Pb,CrOs compounds. Cr(VI) is not favored
energetically. Cr(VI) is a strong attractor of electrons, and
the movement of an electron fraction from oxygen to the
central ions results in a stable configuration, leading to a
transition of charge transference between ligand-metal
(anion-cation), which gives rise to the color of the
compounds.

The transition metal group, also called iron group, has
elements that present an incomplete 3d electronic sub-
level. In the ion formation process, the atom of a transition
metal loses its external 4 s electrons and its configuration
becomes: 1 5% 2 5% 2p° 3 s 3p° 3d", where n corresponds to
the quantity of electrons in the d sub-level, the Co element
with electronic configuration has Co?" and Co® " valences
and also, albeit less commonly, Co'" and Co*" valences.
The diffuse reflectance of the Al,CoO, compound depicted
in Fig. 3a and b has characteristic Co>" bands with a 3d’
electronic configuration. At around 590 nm there is an
absorption band of cobalt in tetrahedral sites (’E), while
another band at around 510 nm corresponds to cobalt in
octahedral sites (*T), producing powders of intensely blue
tones.

The diffuse reflectance spectra show absorption bands at
around 560 nm for the PbCrO, compound (mustard color)
and between 500 and 600 nm for the Pb,CrOs (reddish),
which shift to red by increasing the thermal treatment
temperature. The mustard shade of PbCrO, (not pure
green) is a combination of green and red (650 nm).

Figure 3a and b indicate that the mixtures were effective
in generating various colors ranging from blue to red.
Three systems yielded nine different colors, whose shades
changed upon modifying the calcination temperature.

Colors can be measured by several methods, but in
ceramics the most common method to specify the color of a
product is CIE-L*a*b*. This method measures the intensity
of the diffuse reflectance in the visible region to obtain the
three colorimetric coordinates, L*, a*, b*, which determine
the black/white lightness, green/red and blue/yellow color
intensities, respectively, and also the total color difference,
AE. Table 2 presents the colorimetric coordinates (L*, a*,
b*) and total color difference (AE) of Al,CoO4,~PbCrO,
and Al,CoO4—Pb,CrOs5 powder systems, using type D65-
10° (day light) light source, according to the CIE-L*a*b*
standard colorimetric method. These colorimetric coordi-
nates must be analyzed jointly to determine the final color

@ —=— ALCOO, y
—e—75A125Pb ’/‘
2 —4—50A150Pb ///
g —v—25A175Pb e /

. e / Y
) . o—PbCrO, . # A /
T LN /R, *

51 \-\ hd R ad /v/
: | |
A
: NN ‘/ J/
(5] A
% /A/A x. ?(A\ A V%:/
Q A o o\ A\& / / l/
& A o ® _aat Y e
i /A/A/A o« !"\'\wa‘\“‘/‘ v /
lcats s o= 2 S W AR
asi i cnnl .\':=::i::|:I:I:IZ|:.7
T T T T T
400 450 500 550 600 650 700
Wavelength /nm
S
b)) _._ ALCoO, /,/‘
i) —e—25A175Pb2 /’
‘E | —4—50AI50Pb2 Wl /!
= P4
= —v—75A125Pb2 /
=1 —e—Pb CrO_ hd
3 2 5 y / v/
§ 0/ '/
o S
3 . e ~fover”
© . v e /
= e x/ / 7%
K A
E //v';':A/‘ NN _af
v A .. ¥ A A A—A-A AN
sty N e ’
ﬂz‘g:f—o—o—kq_o—o—o—M\I\::::.=_ ,._._.?.:%/
T T T T T
400 450 500 550 600 650 700

Wavelength /nm

Fig. 3 Diffuse reflectance spectra of the nanometric a Al,CoOy—
PbCrO,, and b Al,CoO4—Pb,CrOs powders systems, heat treated at
700 °C/2 h

of pigments, especially the a* and b* coordinates. The
pigment powders are preferred red colored, some com-
pounds are red-yellow colored and others red—blue colored.
Also, there are compositions showing green color.

Table 2 Colorimetric coordinates (L*, a*, and b*) and total color
difference (AE) of Al,CoO4-PbCrO,4 and Al,CoO,4-Pb,CrOs powders
systems, using light source type D65-10° (day light), following the
CIE-L*a*b* standard colorimetric method

Samples Light source  a* b* L* AE

PbCrO,4 D65-10° 10.26 26.85 3770 4741
25A175Pb D65-10° 25.10 —1.01 13.79  28.66
50A150Pb D65-10° 31.23 —6.65 2.78  32.05
75A125Pb D65-10° 20.64 —10.90 —6.78  24.30
AlCo0,04 D65-10° 45.44 —-9.77 —-51.64 69.48
75A125Pb2  D65-10° —695 —3.88 21.06 2251
50A150Pb2  D65-10° —5.74 5.94 21.18 2273
25A175Pb2  D65-10° —2.32 17.29 29.16  33.98
Pb,CrOs D65-10° 33.78 28.02 38.53 58.40
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