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a b s t r a c t

Novel, yellow, brown and brick-red colored, near-infrared reflective pigments based on yttrium
molybdate doped with metal ions such as Si4þ or Pr4þ are described. Replacing Si4þ for Y3þ in Y6MoO12

changed the color from light-yellow to dark-yellow and the band gap decreased from 2.60 to 2.45 eV due
to O2p-Mo4d charge transfer transitions. In contrast, replacing Pr4þ for Y3þ changed the color from light-
yellow to dark brown and the band gap shifted from 2.60 to 1.90 eV. The coloring mechanism is based on
the introduction of an additional 4f1 electron energy level of Pr4þ between the valence and conduction
bands. The NIR reflectance of the pigments on asbestos cement sheet was measured.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Much interest has attended roofing materials with high solar
reflectance and high thermal emittance, so that interiors stay cool,
thereby reducing the demand for air-conditioned buildings [1e4].
Solar radiation consists of w5% UV radiation, 43% visible radiation
and 52% near-infrared radiation (NIR; w780e2500 nm). The heat
producing region of the infrared radiations ranges from 700 to
1100 nm. Coatings colored with conventional pigments tend to
absorb NIR radiation that bears >50% of the power in sunlight
resulting in heat build-up [5]. Replacing conventional pigments
with “cool pigments” that absorb less NIR radiation can provide
coatings similar in color to that of conventional roofing materials,
but with higher solar reflectance. NIR reflective pigments have
been used in the military, construction, plastics and ink industries
[6]. IR reflective screens useful in green houses, made using
a polymer and reflective pigments, allow only visible light trans-
mission but reflect NIR light. NIR reflective pigments can also be
useful for camouflage applications [7].

Inorganic NIR pigments are mainly metal oxides and are
primarily employed in two major applications namely visual cam-
ouflage and reduced heat build-up applications. Most of the
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literature on NIR reflective pigments exists as patents [8e11],
which indicate their vast potential application. Complex inorganic
pigments based on mixed metal oxides (e.g., chromium green,
cobalt blue, cadmium stannate, lead chromate, cadmium yellow
and chrome titanate yellow), which have been used in camouflage,
absorb visible light but reflect the NIR portion of incident radiation
[1,2,5]. However, many of these pigments are toxic and there is
a need to develop novel colored, NIR-reflecting inorganic pigments
that are less hazardous to the environment. Recently, the industrial
utilization of lanthanides has increased rapidly because of their low
toxicity; consequently, a large number of rare earth based NIR
reflective pigments have been proposed as alternatives to tradi-
tional pigments [8,10,12]. In this work, a series of NIR reflective
coloured pigments of formula Y6�xMxMoO12þd (where M ¼ Si4þ or
Pr4þ and x ranges from 0 to 1.0) were synthesized and applied to
asbestos cement roofing material so as to evaluate their use as ‘cool
pigments’.
2. Experimental

2.1. Materials and methodology

Stoichiometric powder mixtures of Pr6O11 (99.9%), Y2O3 (99.9%),
SiO2 (99.9%) and MoO3 (99.9%), obtained form Sigma Aldrich, were
transferred to an agate mortar and homogenized by wet milling in
acetone. Residual acetone was removed by evaporation and the
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Fig. 2. XRD patterns of Y6�xPrxMoO12þd (x ranges from 0 to 0.9).
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resultant powders were calcined in platinum crucibles in a Naber-
therm electric furnace at 1600 �C for 12 h in air. The heating of the
furnace was programmed to increase the temperature at 5 �C/min.
The ensuing pigment powders were ground in an agate mortar.

A small strip of asbestos cement sheet (made up with small
amounts of asbestos fibre locked in cement slurry) was pre-coated
with an inexpensive white pigment that is highly reflective to NIR
light. Y5SiMoO12þd and Y5.4Pr0.6MoO12þd samples were ground,
sieved (<35 mm) and ultrasonicated (Vibronics, 250 W, India) for
10min to ensure complete dispersion of the pigment particles in an
acrylic-acralyn emulsion. The pigment:binder ratio wasmaintained
as 1:1 by mass. The viscous pigment solution was applied to the
asbestos cement sheet surface and dried.

2.2. Characterization techniques

The phase purity of the calcined pigment samples were deter-
mined using powder X-ray diffraction in a diffractometer (Philips
X’pert Pro) employing Ni-filtered Cu Ka (l ¼ 0.154060 nm) radia-
tion. Data were collected by step scanning over a 2q range from 20�

to 70� with a step size of 0.08� and 5s counting time at each step.
The diffuse reflectance of the powdered pigment samples were
measured (380e780 nm) using a UVevis Spectrometer (Shimadzu
UV-2450 with an integrating sphere attachment, ISR-2200) using
illuminant D65, 10� standard observer and measuring geometry
d/8�. For each colorimetric parameter of a sample, measurements
were made in triplicate and an average value was chosen as the
result. Typically, for a given sample, the standard deviation of the
measured colorimetric parameters was <0.10 and the relative
standard deviationwas�1%, indicating that themeasurement error
can be ignored. The near-infrared reflectance (780e2000 nm) of
the powdered pigment samples as well as the pigment coated
asbestos cement sheet was measured using a UVeviseNIR spec-
trophotometer (Shimadzu, UVe3600 with an integrating sphere
attachment, ISRe3100). The diffuse reflectance measurement
procedure in both UVevis and NIR regions used was as follows:
a set of powder sample holders filled with Barium sulphate for the
visible region and polyetetrafluoroethylene for the NIR region, was
mounted on both the sample and reference sides of the exit port of
the integrated sphere to set the baseline measurement. The sample
holder was then filled with powder pigment and its reflectance
Fig. 1. XRD patterns of Y6�xSixMoO12þd (x ranges from 0 to 1).
measured; in the case of pigment coated asbestos cement sheet, the
coated samples were placed in the sample side of the exit port of
the integrating sphere by replacing the standard powder sample
holder and their reflectance was measured.

Scanning electron micrographs of the samples were taken on
a scanning electron microscope (SEM) JEOL JSMe6390 model, with
an acceleration voltage of 20 kV. Thermo gravimetric (TG) and
differential thermal analyses (DTA) were performed in a Pyris
Diamond TG/DTA Perkin Elmer make. All the experiments were run
in a platinum crucible from 50 to 1000 �C with a heating rate of
20 �C/min in nitrogen atmosphere and with a sample weight of
8.87 mg. The particle size distribution of the typical pigment
sample was investigated in water medium with calgon as the
dispersing agent using the laser scattering particle size distribution
analyzer (CILAS 930 Liquid). The samples were ultrasonically
homogenized for 180 s during measurement and the signal was
evaluated on the basis of Fraunhofer bending. The thickness of the
pigment coating on asbestos cement sheet was measured
employing LEICA DMRX optical microscope.
Fig. 3. UVevis reflectance spectra of powdered Y6�xSixMoO12þd (x ranges from 0 to 1)
pigments.



Fig. 4. Photographs of Y6�xSixMoO12þd and Y6�xPrxMoO12þd pigments.
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3. Results and discussion

3.1. Powder X-ray diffraction analysis

Fig. 1 shows the XRD patterns of Y6�xSixMoO12þd (x ranges from
0 to 1.0) with different dopant amounts of silicon. The diffraction
pattern of Y6MoO12 can be very well indexed to a cubic structure
(JCPDF 30e1456) with a lattice constant of 0.5299 nm. The crystal
lattice would be distorted with the substitution of Si4þ for Y3þ in
Y6MoO12. This is due to the smaller ionic radius of Si4þ (0.0260 nm)
when compared to that of Y3þ (0.1019 nm) [13]. Further it can be
noted from the XRD patterns that the doping of Si4þ for Y3þ in
Y6MoO12 results in the formation of an additional phase of a-
Y2Si2O7 (JCPDF 21e1457). On the other hand, the doping of Pr4þ

(0.096 nm) for Y3þ in Y6MoO12 did not alter the phase significantly
as can be noted from the XRD patterns given in Fig. 2. The cell
parameter value for composition up to 4.3 mol % of Pr4þ match very
well with the high temperature cubic form of Y6MoO12, which
implies that the cubic form can be stabilized at room temperature
by doping with Pr4þ of up to 4.3 mol%. Above 4.3 mol%, the lattice
Fig. 5. NIR reflectance spectra of powdered Y6�xSixMoO12þd pigments.
constant increases slightly with increase in Pr4þ concentration and
reaches 0.5332 nm at 12.8 mol%. This increase of lattice constant is
resulted from the contribution of substitution of Pr4þ for Y3þ and
introduction of extrinsic vacancies by praseodymium doping,
which will expand the lattice [14,15].

3.2. Particle size and morphological analysis

Particle size analysis of the typical pigments Y6MoO12,
Y5SiMoO12þd and Y5.4Pr0.6MoO12þd reveal a mean diameter of
3.44 mm (size of 90% particles < 6.40 mm, 50% particles < 3.37 mm
and 10% particles < 0.14 mm), 8.82 mm (size of 90% particles
<20.91 mm, 50% particles < 6.69 mm and 10% particles < 1.31 mm)
and 4.61 mm (size of 90% particles < 8.50 mm, 50%
particles < 4.32 mm and 10% particles < 0.96 mm), respectively. The
homogeneous nature of the pigments can be understood from the
SEM images, the average grain size being less than 10 mm, which is
again in good agreement with our particle size analysis.

3.3. Effect of silicon doping on the optical properties
of Y6MoO12 pigments

The UVevis diffuse reflectance spectra of the Y6�xSixMoO12þd (x
ranges from 0 to 1) pigment samples are shown in Fig. 3. A strong
absorption noted below 485 nm in the UVevis reflectance spec-
trum of silicon free Y6MoO12 sample is due to the O2peMo4d
chargeetransfer transition of Mo6þ [16e18]. This absorption in the
blue region is responsible for the yellow hue of Y6MoO12, since blue
is a complimentary color to yellow. The band gap of the Y6MoO12
pigment is found to be 2.60 eV, which has been obtained by
Table 1
The color coordinates (�0.1) of the Y6�xSixMoO12þd (x ranges from 0 to 1) powder
pigments and band gap values.

Pigment composition Color coordinates Band
gap (eV)

L* a* b* C* ho

Y6MoO12 89.9 �6.3 48.2 48.6 97.5 2.60
Y5.6Si0.4MoO12þd 92.9 �7.3 54.3 54.8 97.7 2.54
Y5.4Si0.6MoO12þd 91.3 �6.9 55.7 56.1 97.1 2.52
Y5.2Si0.8MoO12þd 89.2 �4.8 60.2 60.3 94.6 2.47
Y5SiMoO12þd 87.3 �3.5 62.5 62.6 93.2 2.45

C* ¼ [(a*)2 þ (b*)2]1/2; ho ¼ tan�1(b*/a*).



Fig. 6. UVevis reflectance spectra of powdered Y6�xPrxMoO12þd (x ranges from 0 to
0.9) pigments.

Table 2
The color coordinates (�0.1) of the Y6�xPrxMoO12þd (x ranges from 0 to 0.9) powder
pigments and band gap values.

Pigment composition Color co ordinates Band
gap (eV)

L* a* b* C* ho

Y6MoO12 89.8 �6.3 48.2 48.6 97.5 2.60
Y5.85Pr0.15MoO12þd 59.5 19.7 36.6 47.0 61.7 1.99
Y5.7Pr0.3MoO12þd 51.9 20.9 30.9 41.6 55.9 1.95
Y5.4Pr0.6MoO12þd 42.9 18.7 20.6 37.3 47.7 1.92
Y5.1Pr0.9MoO12þd 39.3 15.2 15.7 21.9 46.0 1.90
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a straight forward extrapolation method from the corresponding
absorption spectrum [19]. It is evident from the reflectance spectra
of these pigments that the progressive doping of Si4þ for Y3þ in
Y6MoO12 gently changes the absorption edge from 484 to 510 nm.
The introduction of Si4þ into the Y6MoO12 lattice results in the
formation of an additional phase of aeY2Si2O7 which tends to
increase the apparent concentration of Mo6þ ions in the lattice. This
result in a red shift of the charge transfer band and intensify the
yellow hue of Y6MoO12 pigments (Fig. 4). Thus the band gap of the
Si4þ free pigment sample decreases from 2.60 eV to 2.45 eV, with
the increase of silicon concentration (from 5.7 to 14.3 mol%).
However, one can conclude that the increase of yellow hue of the
pigment sample is really not due to the formation of the impurity
phase of aeY2Si2O7.

Fig. 5 depicts the NIR reflectance of the Y6�xSixMoO12þd

(x ranges from 0 to 1) pigment samples. The silicon free sample,
Y6MoO12 exhibits 92% NIR reflectance at 1100 nm region. Doping of
5.7 mol% Si4þ for Y3þ in Y6MoO12 increases the NIR reflectance to
98%. On the other hand, further doping of more and more Si4þ for
Y3þ decreases the NIR reflectance to 86%. The high reflectance in
Fig. 7. NIR reflectance spectra of powdered Y6�xPrxMoO12þd pigments.
the NIR region exhibited by the designed new class of yellow
pigments indicates that these pigment formulations can serve as
cool pigments.

The CIE 1976 color coordinates of the powdered Y6�xSixMoO12þd

(x ranges from 0 to 1) pigment samples are shown in Table 1. The
systematic doping of Si4þ (from 5.7 to 14.3 mol%) for Y3þ in
Y6MoO12 results in an increase in the b* value from 48.2 to 62.5,
which shows that yellowness of the pigment samples enhances. At
the same time, the increase of Si4þ substitution leads to the loss of
green hue of the pigment that is evident from the lower values of
the color coordinate ea* (a* changes from �6.3 to �3.5). The
presence of silicon cations in the matrix of Y6MoO12 causes an
increase in b* and decreases the ea* color coordinate values. Hence
the color hue expressed by the color coordinate h� decrease from
97.5 to 93.2. The observed hue angle of the designed pigments are
found to be in the yellow region of the cylindrical color space
(h� ¼ 70�105 for yellow) [20]. Thus the pigments possess yellow
hue that are characterized by the improved richness of the yellow
color as can be noted from the increase in C* values (from 48.6 to
62.6). The coloring mechanism of the present pigments is essen-
tially based on the O2peMo4d charge transfer transition which
further intensify upon doping of Si4þ for Y3þ in Y6MoO12.
3.4. Effect of praseodymium doping on the optical
properties of Y6MoO12 pigments

Fig. 6 displays the UVevis diffuse reflectance spectra of the
Y6�xPrxMoO12þd (x ranges from 0 to 1) powdered pigment samples.
The doping of 2.1 mol % Pr4þ for Y3þ in the host lattice of Y6MoO12
introduces an additional energy level due to the 4f1 electrons
between the O2� valence and Mo6þ conduction bands. As a result,
Fig. 8. Photographs of Y5SiMoO12þd) and Y5.4Pr0.6MoO12þd pigments coated on
asbestos cement sheet.



Fig. 9. NIR reflectance spectra of Y5SiMoO12þd pigment coated on asbestos cement
sheet with different thickness.

Fig. 10. NIR reflectance spectra of Y5.4Pr0.6MoO12þd pigment coated on asbestos
cement sheet with different thickness.
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the absorption edge is red shifted significantly (from 484 nm to
624 nm) and the band gap of the pigment decreases from 2.60 to
1.99 eV. Therefore, the color of the pigment changes from yellow to
brick-red. Further, themore andmore substitution of Pr4þ (from 4.3
to 12.9 mol%) for Y3þ in the host lattice gently red shifts the
absorption edge and changes the band gap from 1.99 to 1.90 eV.
Consequently the pigment samples changes the color from brick-
red to dark brown (Fig. 4).
Table 3
Effect of coating on the color coordinates (�0.1) of the (a) Y5SiMoO12þd and (b) Y5.4Pr0.6M
1100 nm.

Y5SiMoO12þd

Thickness (mm) L* a* b* N (%) 1100 nm

90 84.4 �6.6 49.4 71.1
110 84.4 �6.6 49.3 80.9
250 84.6 �4.9 54.6 82.8
It can be seen from the NIR reflectance (700e2000 nm) of the
praseodymium doped Y6MoO12 powdered pigment samples shown
in Fig. 7 that the NIR reflectance decreases (from 92 to 74%) with the
increase in concentration of Pr4þ from 2.1 to 12.9 mol%. However
the high NIR reflectance values clearly highlight the potential for
the utility of these pigment samples as cool pigments. The NIR
reflectance of the typical powdered brick-red pigment sample,
Y5.85Pr0.15MoO12þd is found to be higher (88% at 1100 nm) than that
of Ce25Pr0.8FeOy red and Ce25Pr0.8MoOy orange-red pigments
reported elsewhere (<70% at 1100 nm) [12].

From the color coordinates of the Pr4þ doped Y6MoO12
powdered pigment samples depicted in Table 2, it is clear that the
progressive doping of Pr4þ (from 2.1 mol% to 12.9 mol%) for Y3þ in
Y6MoO12 dramatically decreases the b* from 48.2 to 15.7. This can
be clearly seen from the loss of the yellow hue of the pigment
samples with doping of higher concentration of Pr4þ. The extent of
redness that is expressed by the higher value of color coordinate a*
(from e 6.3 to 20.9) increases up to the content of praseodymium
4.3 mol% (x ¼ 0.3). As a result the color changes drastically from
yellow to brickered. Further more and more doping of Pr4þ for Y3þ

(upto 12.9 mol%) decreases the color coordinate a* value from 20.9
to 15.2. Thus the color of the pigment gently changes from
brickered to dark brown. The pigments have brown hue that are
characterized by the lesser richness of color represented by the
chroma (C*) values. The progressive substitution of Pr4þ for Y3þ in
Y6MoO12 significantly decreases the hue angle (h�) from 97.5 to
46.0. The hue angle values reveal that the Pr4þ doped pigments lie
in the brick red to dark brown region of the cylindrical color space
(h� ¼ 0e35 for red and 35e70 for orange) [20]. The preceeding
trends in color coordinate values could be due to the introduction of
a 4f1 energy level of praseodymium between the O2� valence and
Mo6þ conduction bands with the systematic doping of Pr4þ ions for
yttrium in Y6MoO12.
3.5. NIR reflectance of the pigments coated
on a roofing material (asbestos)

Recently there has been a lot of interest in building roofing
materials (like concrete tile, metal, clay tiles, wood and asbestos
cement sheets) with high solar reflectance and high thermal emit-
tance such that the interiors stay cool in the sun, reducing demand
for cooling power in conditioned buildings and increasing occupant
comfort in unconditioned buildings [4,21e23]The reflectance in the
near-infrared (NIR) spectrum (700e2500 nm) can bemaximized by
coloring the top coat with inorganic pigments that weakly absorb
and strongly backscatter (optional) NIR radiation. Multiple layers of
coatings can be applied to increase reflectance; however, each
additional coating increases cost. A two-step, two-layer process has
provenmore cost-effective. In the present study, the pigmentwhich
exhibits best chromatic properties has been chosen to coat on the
asbestos cement roofing sheet. The photograph of the coated
asbestos cement sheet is given in Fig. 8. The NIR reflectance spec-
trum of the Y5SiMoO12þd and Y5.4Pr0.6MoO12þd samples coatedwith
varying thickness over a base coat of TiO2 on asbestos cement sheet
oO12þd coated pigments with different thickness and NIR reflectance (%) values at

Y5.4Pr0.6MoO12þd

Thickness (mm) L* a* b* N (%) 1100 nm

95 47.0 17.9 19.9 65.8
120 39.7 15.8 16.3 75.6
260 38.8 15.7 16.2 78.0



Fig. 11. The TG-DTA of powdered (a) Y5SiMoO12þd and (b) Y5.4Pr0.6MoO12þd pigments.
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is shown in Figs. 9 and 10, respectively. It is evident from the diffuse
reflectance spectrum that the NIR reflectance of the bare asbestos
cement roofing sheet shows a low NIR reflectance of 35% (at
1100 nm). The coating of the present pigments has greatly enhanced
the NIR reflectance of the asbestos cement sheet. Further it can also
be noted that the NIR reflectance increases with increase in thick-
ness of the coatings of the respective pigments (NIR reflectance 71%
at 90 mm and 83% at 250 mm for yellow sample; NIR reflectance 66%
at 95 mm and 78% at 260 mm for red sample). The data on the color
coordinates andNIR reflectance at different thickness of coatings on
the asbestos cement roofing material is given in Table 3. As can be
noted from the color coordinate data that the b* value increases
(from 49.3 to 54.6) when the thickness of the yellow pigment
coating has been almost doubled (110e250 mm). However the �a*
values which represents the green component of the pigment
decreases (from�6.6 to�4.9) with increasing thickness from 110 to
250 mm. On the other hand, in the case of the red pigment coating
the variation of thickness from 120 to 260 mm does not have much
influence on the color coordinates.
3.6. Thermal and chemical stability studies of the pigments

The typical synthesized pigments, Y5SiMoO12þd, and
Y5.4Pr0.6MoO12þd, were examined for their thermal stability from 50
to 1000 �C and the results clearly indicate that there is negligible
weight loss and phase transition of the pigments (Fig. 11). The acid/
alkali and water resistance of the typical pigments Y5.4Si0.6MoO12þd,
and Y5.4Pr0.6MoO12þd, was investigated with 10% HCl/H2SO4/HNO3/
NaOH and H2O. A pre-weighed amount of the pigment was treated
with acid/alkali and soaked for half an hour with constant stirring
using a magnetic stirrer. The pigment powder was then filtered,
washed with water, dried and weighed. Negligible weight loss of
pigment was noticed for all the acids, alkali and water tested. The
color coordinates of the pigments were measured after acid/alkali
and water treatment and the total color difference, DE* of the
pigments are found to benegligible as evident from thedata reported
Table 4
The color coordinates (�0.1) of the (a) Y5.4Si0.6MoO12þd and (b) Y5.4Pr0.6MoO12þd

powder pigments after chemical resistance tests.

Y5.4Si0.6MoO12þd Y5.4Pr0.6MoO12þd

10% Acid/Alkali L* a* b* aDE* L* a* b* DE*

H2O 90.7 �6.8 54.7 0.7 41.9 17.9 19.5 0.8
NaOH 90.2 �6.9 54.1 1.5 41.0 17.6 19.7 1.5
HNO3 90.3 �6.8 54.6 1.1 41.1 17.9 19.8 1.4
H2SO4 90.6 �6.9 54.8 0.8 41.9 17.8 20.9 1.1

a DE* ¼ [(DL*)2 þ (Da*)2 þ (Db*)2]1/2
in Table 4. The above studies highlight that the pigments are chem-
ically and thermally stable.

4. Conclusions

A series of NIR reflective inorganic pigments of formula
Y6�xMxMoO12þd (where M ¼ Si4þ or Pr4þ and x ranges from 0 to
1.0), displayed a wide range of colors from light-yellow to dark-
yellow and brick-red to dark brown. The absorption edge of the
pigment samples shifted to higher wavelengths (485e510 nm)
upon replacing Si4þ for Y3þ in Y6MoO12. In contrast, the absorption
edgewas changed from 485 to 654 nm in the presence of Pr4þ. Thus
it is evident that various colors can be achieved by the incorpora-
tion of suitable metal ions in the Y6MoO12 lattice by tuning of the
band gaps. Most importantly, the pigments exhibited high NIR
reflectance (75e85%) when coated on asbestos cement sheet, thus
rendering them excellent candidates for use as ‘Cool Pigments’.
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