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Synthesis and Characterisation of
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School of Materials Science and Engineering, Shaanxi University of Technology (SNUT), Hanzhong, China, School of
Environmental and Chemistry Engineering, Kunming Metallurgy College, Kunming, China

Anew class of near-infrared (NIR) reflectance pigments based on Co4_MgxCra_,AlO4 (X =
0-1 and y = 0-2) was synthesised using the Pechini-type sol-gel process. The developed
powders were characterised by thermogravimetry and differential scanning calorimetry,
X-ray diffraction (XRD), ultraviolet—visible near-infrared diffuse reflectance spectroscopy,
and colour Commission Internationale del’Eclairage (CIE) 1976 (L*a*b*) colour scales. The
XRD patterns revealed characteristic peaks of the spinel structure with good crystallinity.
Substituting Mg?* for Co?* ions in the tetrahedral positions and AI** for Cr®* ions in the
octahedral positions of CoCr,O4 reduces the cost and changes the colour of the pigment
(green to yellow and then blue). Moreover, the synthesised pigments exhibited high NIR
solar reflectance in the 780-2,500 nm wavelength range. The thermal and chemical
stability of the pigments was also studied. Our findings demonstrate the potential for
applying these pigments in cool colourants.
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HIGHLIGHTS

(1) A new class of near-infrared reflectance pigments based on Co;.,Mg,Cr,.,Al,O, (x=0-1 and
y=0-2) were synthesised via Pechini-type sol-gel method.

(2) The colours of the pigment samples can be tuned from green to yellow and then blue.

(3) Decreasing the Co and Cr contents reduces the cost and environmental damages.

(4) Pigment properties make it a potential candidate for use as cool pigments.

INTRODUCTION

In recent years, near-infrared (NIR) reflective pigments have received considerable attention in
construction, plastic, ink, and military industries. NIR reflective pigments are complex metal oxides
with high reflectance for NIR radiation (Song et al., 2019; Ali et al., 2018; Rossi et al., 2020; Jing et al.,
2018; Zhou et al., 2020). The everyday use of solar reflective roofing materials has been proven to save
energy, alleviate urban heat islands, and curb global warming (Ferrari et al., 2015; Zou and Zhang,
2020; Yang et al,, 2017). Most of the literature on NIR reflective pigments are available as patents
(Swiler et al., 2003; Blonski et al., 2001), demonstrating their vast applications. Many of these
inorganic pigments consist of hazardous heavy metals such as cobalt (Co), lead (Pb), cadmium (Cd),
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and chromium (Cr), which are restricted under present
environmental regulations. Several of these methods are
expensive (Hedayati et al., 2015; Schildhammer et al, 2017;
Yuan et al, 2018). Recently, many rare-earth-based NIR
reflective pigments have been suggested as substitutes for
traditional pigments, owing to their low toxicity (Raj et al,
2019; Han et al, 2014). Aju Thara et al. (2017); Zhao et al.
(2015) prepared a series of NIR pigments based on yttrium
molybdate (Y,Mo030;,) and yttrium cerate, and illustrated the
NIR reflectance and colouring mechanism. However, rare-earth
compounds are expensive because they are difficult to mine.

Numerous methods have been employed to synthesise simple
oxide or oxide-based systems. Most conventional methods involve
solid-state reactions (Zhang et al.,, 2018), co-precipitation (Frolova
et al,, 2017), hydrothermal (McMahon et al., 2019; Elakkiya and
Sumathi, 2020), evaporative drying (Droguet et al., 2021), and sol-gel
(polymeric precursor method) (Lima et al, 2020). The sol-gel
method should be emphasised as it has numerous desirable
characteristics, such as using affordable reagents and reducing
costs, and requiring low temperature for oxide synthesis. In
addition, the method has excellent chemical homogeneity at the
molecular level of all components and has easy stoichiometric
control in complex systems (Gonzaga et al., 2020).

Spinel pigments, which are represented chemically as AB,Oy,,
have generated an increasing interest. These pigments exhibit a
myriad of colours and tonalities owing to their ability to
accommodate different cations (Bao et al., 2016). For example,
cobalt chromite (CoCr,0,) is an essential commercial material
and is extensively used as a catalyst, magnetic compound, and
pigment owing to its superior properties. Because cobalt and
chromium are generally rare and harmful, incorporating less
toxic and expensive metals into the CoCr,0,4 minimises the cost
of production and impact on the environment. Therefore, in this
study, Mg>* substitution for Co”* and AI’" substitution for Cr’*
in CoCr,0, was facilitated using the Pechini-type sol-gel process.
The effects of these enrichments on the crystal structures, optical
properties, and thermal and chemical stabilities of as-synthesised
pigments were thoroughly investigated.

EXPERIMENTAL

Materials and Methods

Magnesium  nitrate  (Mg(NO;),-6H,0), cobalt nitrate
(Co(NOs3),-6H,0), citric acid (CA, CcHgO-), chromium nitrate
(Cr(NO3)3-9H,0), aluminium nitrate (AI(NO3);-9H,0), and
ethylene glycol (EG, C,HsO,) were the starting materials. All
chemicals utilised were analytical grade, acquired from Beijing
Chemical Reagent Corporation, and used as received without
further purification. All pigment samples of Co,_Mg,Cr,_,Al,O,
(x =0-1and y = 0-2) were synthesised using the Pechini-type sol-
gel method.

First, CA was dissolved in distilled water and stirred
continuously at 80°C. Subsequently, nitrates of cobalt,
chromium, magnesium, and aluminium were added
stoichiometrically into the acid solution. The molar ratio of
the CA/metal was 3:1. After dissolution, EG was added at a
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CA/EG ratio of 3:2. All solutions were mixed using a magnetic
stirrer. The resultant solution was then heated on a hot plate at
approximately 80°C for approximately 1h to produce
polymerisation gel through a polymerisation reaction.
Subsequently, the beaker was kept in a thermostat drier at
120°C for 12 h. The preliminary heat treatment (350°C) of the
gel was performed in air for 2 h. Gas liberation by combustion
during heat treatment partially degraded the organic structure
and its expansion, forming a brittle black powder precursor.
Finally, the obtained powder of the precursor was ground into a
fine powder and then calcined at 900°C at a heating rate of 10°C/
min for 6 h to remove residual organic materials, and powder
samples were synthesised.

Characterisation Techniques

Thermogravimetry and differential scanning calorimetry (TG-
DSC) were performed using a STAR E TGA/DSCI instrument to
analyse the powder precursor and synthesised pigments. The
powdered samples were heated under nitrogen in the temperature
range 50-900°C at a rate of 20°C/min. Approximately 10 mg of
the sample was loaded into aluminium crucibles for testing.
Tabular a-Al,0; was used as the reference for weight loss.

A Rigaku Ultima IV X-ray diffractometer equipped with Ni-
filtered Cu Ka radiation (A = 0.15406 nm, 40 kV, and 40 mA) was
used to examine the crystal structures of the synthesised samples at
25°C. Step scanning over an angular range of 26 (10°-80°) with a step
size of 0.02°and a counting time of 5 s at each step were used for data
collection.

The diffuse reflectance of the samples was measured with a 5-
nm step size in the range 380-2,500 nm using a Lambda 950
UV-vis NIR spectrophotometer with an integrating sphere
attachment, calibrated by a white standard (D65 illumination
such as daylight).

The colour Commission Internationale del’Eclairage
chromaticity analysis software (Perkin Elmer) was used to
estimate the pigment colour parameters from the reflection
data of visible light. The CIE 1976 L*a*b*colourimetry method
was employed following the recommendations of the CIE. In this
system, the L* value signifies the lightness or darkness of the
colour (L* is equal to 0 and 100 for black and white, respectively).
The values of a* (green () — red (+) axis) and b* (blue (-) —
yellow (+) axis) indicate the colour hue. The parameter C*
(chroma) represents the colour saturation and is defined in
Eq. (1) (Sukmarani et al., 2020; Gong et al., 2021).

C* — (a*z + b*z)l/z, (1)

The measurement standard JG/T 235-2014 was used to guide
the calculations for the NIR solar reflectance (R*) in the
wavelength range 780-2,500 nm. The function R* was
determined using Eq. (2), as follows:

o o TINA) o
T T 2500, 4. 44\
Joa iV

where i(A) is the solar special irradiance (W m~2nm™Y), and (1)
corresponds to the spectral reflectance achieved experimentally
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FIGURE 1| (A) TG-DSC curves of CoCr,0, pigment precursor (B) XRD diffraction patterns of Coy_,MgyCr.0O4 (x = 0.00, 0.25, 0.50, 0.75, 1.00) pigments (C) XRD
diffraction patterns of Cog 25Mgo.75Cra-yAlO4 (y = 0.0, 0.5, 1.0, 1.5, 2.0) pigments (D) UV-vis absorption spectra of Co1_,MgxCr.0, (x = 0.00, 0.25, 0.50, 0.75, 1.00)
powdered pigments (E)photographs of Cos_MgxCr204 (x = 0.00-1.00) and Cop 25Mgo.75Cra-_yALO, (y = 0.0-2.0) pigments.

(W m™). The NIR solar reflectance value quantifies the
unabsorbed solar radiation on the surface of a substance and
signifies the build-up of heat in structures upon exposure to the
Sun (Hedayati et al., 2015).

RESULTS AND DISCUSSION

Thermal Analysis

Figure 1A shows the thermal analysis (TG-DSC) results for the
synthesised pigment. The TG curve depicts three different stages
with a total weight loss of 43%, which can be observed from the
TG curve. For instance, increasing the temperature (50°C-300°C),
decreased the weight of the CoCr,0, precursor by 13%. Weight
loss is associated with the removal of residual water,
unpolymerised CA, and EG from the precursor. The weight
loss increased by more than 25% at 300°C-600°C.

An exothermic peak in the DSC curve was observed at
approximately 500°C-600°C, indicating the evolution of H,O,
CO,, and NOy via the combustion of the nitrates and organic
impurities (Liu et al, 2015). Furthermore, a highly exothermic
peak in the DSC curve was observed at 700°C-800°C, which was
attributed to the precursor decomposition into CoCr,0O, particles.
The mass loss was less than 5% at temperatures higher than 600°C,
implying the realisation of final CoCr,0O, pigments.

Powder X-Ray Diffraction Analysis

Figure 1B shows the XRD patterns of the as-synthesised
Co;_Mg,Cr,0, (x = 0.00, 025, 0.50, 0.75, and 1.00)
precursors after grinding and calcining at 900°C for 6 h. The

analysis revealed peaks of the cubic spinel structure, which were
observed for all samples. The space groups, Fd3m, of CoCr,0,
and MgCr,0, were distinguished based on JCPDS 22-1084 and
65-3106, respectively. In addition, the XRD patterns did not
exhibit non-spinel impurity phases.

Figure 1C  illustrates the XRD  patterns of
Cog25Mgo 75CryALLO, (y = 0.0, 0.5, 1.0, 1.5, and 2.0). All the
diffraction peaks were associated with the cubic spinel crystal
structure of CoCr,0,, and the structure was not altered by co-
doping with Mg*" and AI’*. The addition of AI** ions slightly
shifted the XRD peaks towards higher diffraction angles than the
parent oxide. A variation in the cell volume may have caused the
observed 20 shift. Typically, an increase in the AI** concentration
decreases the cell volume because a smaller AI** (0.051 nm)
displaces the larger Cr** (0.061 nm) ions (Liu et al., 2015; Wu
et al., 2018). Supplementary Tables S1, S2 show that there is no
obvious change in cell volume with the increase in Mg
concentration in CoCr,O,4, which is mainly due to the similar
ionic radii of Mg>* and Co®". With the increase in Al
concentration, the cell volume decreases regularly, indicating
that the replacement of Cr by Al is successful. The pigment
morphology was characterised by SEM (Supplementary Figure
S1), and the average grain size was less than 5 um. Elemental
mapping analysis (Supplementary Figure S2) further revealed
that Cr, Co, O, Mg, and Al elements exhibited a uniform
distribution.

Optical Properties of Magnesium Doping
Figure 1D demonstrates the UV-vis absorption spectra of the
powdered Co;_Mg,Cr,O, (x = 0.00, 0.25, 0.50, 0.75, and 1.00)
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FIGURE 2| (A) NIR reflectance of Co;_4MgxCr,04 (x =0.00, 0.25, 0.50, 0.75, 1.00) powdered samples (B) UV-vis absorption spectra of Cog 25Mgdo 75Cr2—yAlLO4 (v
=0.0, 0.5, 1.0, 1.5, 2.0) powdered pigments (C) NIR reflectance of Cog 25Mgo.75Cra_,AlyO4 (y = 0.0, 0.5, 1.0, 1.5, 2.0) powdered samples (D)TG-DSC analysis of
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samples. An intense triple band at approximately 570, 610, and
660 nm was observed for the CoCr,O, sample spectrum. The
absorption peaks steadily weakened with increasing and
decreasing concentrations of Mg and Co, respectively.
According to the Tanabe-Sugano energy level diagrams, the *F
ground-state term separates into three terms, A, *T,, and *T,(F)
in the tetrahedral coordination of Co®* ions with the d’
configuration, while the *P excited-state term transforms into
“T,(P). Thus, the three possible spin transitions are v;: 1A,(F)—
4T5(F), v5: *A,(F)— *T,(F), and v5: *A,(F)— *T,(P). The first and
second bands lie within the IR region, whereas the third band lies
in the visible region. The broadband can be ascribed to the ;
transition (*A,(F)— *T,(P) transition) of Co?" ions, which
decomposes into three bands because of L-S Russell-Saunders
coupling (Hedayati et al., 2015; Lourenco et al., 2016). Therefore,
this broad triple band within 500 and 700 nm results in blue
pigmentation of compounds containing Co>".

The chromatic properties of the synthesised
Co;_xMg,Cr,O, pigments were assessed using their CIE
1976 L*a*b*colour coordinates (Supplementary Table S3).
The addition of Mg*" lightened the colour of the samples,
as evidenced by the increasing L* from 52.92 to 77.56. In
contrast, increasing Mg>* substitution results in the loss of the
green pigment hue, as is apparent from the change in the

colour coordinate a* from —38.80 to —7.32. Moreover, the b*
values increased from —15.43 to 9.14, indicating intensification
of the yellow colour in the pigments. The C* values,
representing the richness of the colour hue, decreased
significantly from 41.76 to 11.71. The observed hue angles
of the pigments are found to be in the green region of the
cylindrical colour space. Figure 1E shows the photographs of
the synthesised powdered pigment samples.

Figure 2A shows the NIR reflectance spectra of the
Co;_Mg,Cr,0, pigments. The base compound, CoCr,O,, has an
NIR solar reflectance (R*) of 55.1%. Simultaneously, substituting
Co”" ions with Mg”" ions decreased the NIR reflectance of the
pigments from 55.1 (x = 0.00) to 52.8% (x = 0.50). Further doping of
Mg** with Co** increased the NIR reflectance to 60.3% (x = 1.00).
Supplementary Table S3 presents detailed information on the NIR
solar reflectance of the powdered pigments. The NIR reflectance of a
typical pigment sample CogpsMgy;5Cr,04 (R* = 56.3%) was
significantly higher than that of the Y,BaCuOs green pigment
reported elsewhere (R* = 50%) (Shankland et al., 1974; Jose et al.,
2014). The designed class of pigments displayed high reflectance in
the NIR region, suggesting that these formulations could be
considered cooling pigments. In addition, with the increase in
Mg doping amount, the as-prepared pigments showed a red shift
in the band gap transition.
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Optical Properties of Aluminium Doping
Figure 2B illustrates the UV-vis absorption spectra of the

developed Cog,5Mgo75Cr>_yAl,O4 (y = 0.0, 0.5, 1.0, 1.5, and
2.0) samples. A prominent blue shift of the triple band occurred
when the AI’* content was increased from 0 to 2. The energy level
of the excitation state for Co>* and the position of the absorption
band are dependent on the Co”" ion surroundings. The gradual
substitution of AI>* for Cr’* indicates a substantial change in the
volume of the octahedral site. Subsequently, oxygen ligands
experience less attraction from octahedrally coordinated ions
because of the lower atomic mass of aluminium than that of
chromium. Therefore, the exposure of the oxygen ligands is more
to Mg**and Co”", enhancing the splitting of the d-orbital energy
levels and the blue shift of the absorption band (Figure 2B)
(Hedayati et al., 2015; Shankland et al., 1974).

The  chromatic =~ properties  of  the  synthesised
Coy25Mgo 75Cr,_yAl,O4 pigments were obtained from their CIE
1976 L*a*b* colour coordinates (Supplementary Table $4).
Substituting AI** for Cr’* in Cog,5Mgy75Cr,0y spinel increased
a* and decreased b*, weakening the intensity of the green colour in
the pigments while enhancing the blue pigmentation. Substituting
APP* with Cr’" ions in the spinel structure decreased L* from 64.82 to
53.87, darkening the samples. Consequently, C*, which represents
the richness of the colour hue, decreased from 34.93 to 24.33.
However, the L* and C* values changed slightly when AI’* was
completely substituted with Cr’* ions in the spinel structure. With
the increasement of Al doping, the hue angles of pigment move from
green to blue region of the cylindrical colour space. Figure 1E shows
photographs of the synthesised powdered pigment samples.

Figure 2C shows the NIR reflectance spectra of the powdered
samples. The NIR solar reflectance of the samples decreased from
56.3 (y = 0.0) to 51.9 (y = 1.5) with the substitution of AP for
Cr’*. Supplementary Table $4 lists the NIR solar reflectance of
the powdered pigments. The reflectance reached a maximum (R*
= 61.7%) for y = 2.0, which was higher than that of aluminium-
doped cobalt chromite pigments of similar colour, as reported
elsewhere (R* = 52%) (Hedayati et al., 2015). Furthermore, with
the increase in Al doping amount, the as-obtained pigments also
exhibit a red shift in the band gap transition. These observations
demonstrate that Mg2+ and A" co-doped CoCr,0, systems are
appropriate cooling pigments.

Studies on Thermal and Chemical Stabilities

of the Pigments

The Cog,5Mg)75A1,0, pigments were investigated from 50 to
900 °C for their thermal stability. The results indicated that there
was a negligible weight loss and phase transition of the pigment
(Figure 2D). The chemical resistance of the pigment was
investigated using 5% HCI/H,SO,/HNO; and NaOH (Bao
et al, 2016; Jose and Reddy, 2013). A pre-weighed pigment
powder was soaked in an acid/alkali solution for 30 min and
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stirred using a magnetic stirrer. The pigment powder slurry was
filtered, washed with water, dried, and weighed again. Negligible
weight loss of the pigment was observed for all the tested acids
and alkalis. The colour coordinates of the pigments were
measured and had negligible total colour difference (AE*)
(Supplementary Table S5). These results demonstrate that the
pigments were chemically and thermally stable.

CONCLUSION

In this study, a series of NIR reflective pigments with the
general formula Co;_yMgCr,_,Al,O4 (x = 0-1 and y = 0-2)
were synthesised using the Pechini-type sol-gel method. The
effect of Mg®>* and AI’* enrichment on the structure and
optical and chromatic properties of the products was
investigated. XRD analyses revealed that the pigments were
well crystallised in spinel cubic structures. The pigments
exhibited a wide range of colours from green to yellow and
blue and showed clear NIR reflective performance (greater
than 51%). The pigments also showed good thermal and
chemical stability.
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