Journal Pre-proof

Synthesis of Magnesium Metallophosphate Bluish Pigment for Thermo-Reflective
Coatings Using Cassava Polysaccharide Combustion

Nayara Balaba, Julia de O. Primo, Dienifer F.L. Horsth, Polona Umek, Carla
Bittencourt, Fauze J. Anaissi

PILI: S0254-0584(26)00829-1
DOI: https://doi.org/10.1016/j.matchemphys.2026.132836
Reference: MAC 132836

To appear in:  Materials Chemistry and Physics

Received Date: 12 November 2025
Revised Date: 29 May 2026
Accepted Date: 21 June 2026

Please cite this article as: N. Balaba, J.d.O. Primo, D.F.L. Horsth, P. Umek, C. Bittencourt, F.J. Anaissi,
Synthesis of Magnesium Metallophosphate Bluish Pigment for Thermo-Reflective Coatings Using
Cassava Polysaccharide Combustion, Materials Chemistry and Physics, https://doi.org/10.1016/
j-matchemphys.2026.132836.

This is a PDF of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability. This version will undergo additional
copyediting, typesetting and review before it is published in its final form. As such, this version is no
longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are providing
this early version to give early visibility of the article. Please note that Elsevier’s sharing policy for the
Published Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the production process,
errors may be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

© 2026 Published by Elsevier B.V.




Synthesis of Magnesium Metallophosphate Bluish Pigment for
Thermo-Reflective Coatings Using Cassava Polysaccharide

Combustion

Nayara Balabal?*, Julia de O. Primo!, Dienifer F. L. Horsth2, Polona Umek?3, Carla

Bittencourt?, Fauze J. Anaissi!”
9

! Department of Chemistry, Universidade Estadual do Centro-Oeste, UNICENTRO, Alameda
Elio Antonio Dalla Vecchia, 838, 85040-167, Guarapuava, PR, Brazil

2 Chimie des Interactions Plasma-Surface (ChIPS), Research Institute for Materials Science
and Engineering, University of Mons, 7000 Mons, Belgium

3Solid State Physics Department, Jozef Stefan Institute, 1000 Ljubljana, Slovenia

*E-mail: anaissi@unicentro.br and nayarabalaba20@gmail.com




T

Sample 1

Extraction

Starch as fuel

» .

Sample 5



Abstract

This study explores cassava starch as a sustainable alternative for synthesizing
metallophosphate pigments for reflective coatings. The study investigates the use of cobalt and
alkaline ions to produce stable purple and pink pigments with enhanced reflective properties,
addressing the environmental and economic dimensions of pigment synthesis. The synthetic
methodology integrates starch as an organic fuel in a green combustion strategy, offering
environmentally friendly and cost-effective pigment production. Characterization techniques
have been used to assess the properties of the synthesized pigments, including X-ray
diffraction, field emission scanning electron microscopy, X-ray photoelectron spectroscopy,
and Fourier transform infrared spectroscopy. The CoxMgi-xPO4 and LiCoxMg1xPO4 pigments
showed discernible improvements in NIR reflectance among the synthesized samples,
achieving solar reflectance values (R%) of 75% and 70%, respectively. These findings
emphasize the importance of composition in determining pigments' reflective properties, which
are essential for their use in practical applications requiring thermal insulation and color

aesthetics.
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1. Introduction

The recent increase in atmospheric temperatures, attributed to rising CO2 emissions
and the intensifying urban greenhouse effect, is a significant concern.[1] This phenomenon is
associated with the decline in reforestation efforts in urban regions, exacerbating urban heat
islands and leading to elevated temperatures compared to rural areas.[2] This situation has
increased energy consumption for cooling, heat-related health problems, and mortality.[2]
Therefore, the development of coating materials for passive cooling has become increasingly
important. These materials reflect near-infrared (NIR) radiation in the solar spectrum,
effectively reducing heat accumulation indoors and enhancing urban thermal comfort.[3,4]
Inorganic pigments such as TiO2 and ZnO are commonly used due to their inherent white color
and reflectivity.[S] However, the plain white color may lack the vibrancy of colorful
alternatives. Therefore, research in cool coatings focuses on novel synthesis methods of
original colored pigments, such as yellow-colored BiVOa,[6] and blue-colored YInMn,[4] to
address this challenge.

Synthetic inorganic pigments have a long history and remain widely used due to their
diverse properties and applications. Colors like purple, pink, and blue are highly valued for
their association with royalty, distinctiveness, and sophistication.[7] The use of cobalt (Co) as
a chromophore ion in the synthesis of purple-blue pigments has been highlighted in various
studies.[3,7-9] When combined with lithium ions, pink-magenta tones can be achieved. The
oxidation state, coordination number, and geometry of the cobalt ion play a fundamental role
in determining the final color, ranging from violet to blue. The versatility of the Co?"
chromophore across different geometries, including tetrahedral, trigonal bipyramidal (TBP),
square pyramidal, and octahedral, enables a range of colors and shades.[10] However, the
extensive use of cobalt in electric vehicle battery production has led to its classification as a
‘critical raw material’ due to scarcity.[11] Therefore, efforts are focused on optimizing
syntheses to reduce cobalt usage in purple-blue synthetic pigments.[9]

Transition metal phosphates (TMPs), including cobalt phosphates, show promise as
matrices for material engineering and are being investigated for various applications such as
sorbent anodes, rechargeable batteries, thermo-resistant materials, glasses, and pigments for
reflective coatings.[9,12—15] TMPs can form solid solutions by accommodating different metal
substitutions, leading to the synthesis of ceramic pigments based on different phosphates.[9]
Phosphates form stable complexes with metal ions, particularly those of hard or intermediate

ones. For example, metal ions like Mg?" form complexes of a hard nature, while Co*" exhibits



an intermediate nature. Additionally, alkaline ions like Na' and Li" are known to form hard
complexes.[16]

Common methods for synthesizing TMPs include the precipitation of inorganic metal
salts with phosphorus precipitant,[15] sol-gel[17] or solvothermal methods,[18] solid-state
maceration of salts[3] and phosphates under high-temperature high-pressure (HTHP)
conditions[19]. The proposed synthesis approach involves using green combustion chemistry
to synthesize metallophosphates and use them as inorganic pigments. The method includes
synthesizing a green combustion solution using starch as the organic fuel. Starch decomposes
upon heating, releasing volatile gases that sustain combustion.[20] Starch also acts as a
reducing agent, aiding in the reduction of metal ions to metal nanoparticles.[21]

This study emphasizes pigment synthesis, focusing on minimal environmental impact,
enhanced chemical reactivity, efficient combustion, reduced calcination temperature, and the
use of plant polysaccharides as a fuel source.[5,22] Cassava starch (Manihot esculenta) was
used as the polysaccharide source.[22] The research explores various combinations of alkaline,
alkaline-earth, and transition-metal ions to synthesize phosphate-based pigments, aiming to
develop vibrant, stable, and cost-effective pigments. By doping magnesium metal phosphates
with cobalt and alkaline ions (Na" and Li"), stable purple and pink pigments with reduced firing

time and improved reflective properties were achieved.

2. Materials and Method
2.1 Reagents

The reagents used to synthesize the pigments were of analytical purity and had not
undergone any prior treatment: cobalt(Il) chloride (CoCl2:-6H20, 98%, NEON); monobasic
ammonium phosphate (NH4H2PO4, 98%, SYNTH); magnesium carbonate (MgCOs, 99%,
SYNTH); anhydrous sodium carbonate (Na2CO3, 99%, SYNTH); lithium chloride (LiCl, 99%,
VETEC). The starch was extracted from fresh cassava, and the stalks were harvested in the

region of the city of Palmital, in the state of Parand, Brazil.

2.2 Synthesis of phosphate pigments

The pigments were synthesized from colloidal emulsions of cobalt, magnesium, and
phosphate salts, with doping levels varying between Na and Li ions. The pigments were
synthesized by the wet route in two steps. The labeled sample, formulations, and the amounts

of each reagent in moles are shown in the reactions in Table 1.



Table 1. Nomenclature table and main reaction proposed for each pigment synthesized

Chromophore molar

Sample ratio

Proposed main reactions

2MgCOs + 2NH4H2PO4 —
Mg2P207 + 2CO2(g) + 2NH3s(g) + 2H20(v)
3MgCOs + 2CoCl2 + 2NH4H2PO4 —
Sample 2 Co00.1MgooPOy4 C02Mg3PO4+ 3CO2g) + 2Clag) + 2NH3(g) +
3H20()
0.5Na2CO3 + 0.9MgCO3 + 0.1CoCl2 +
NH4H2PO4 —
NaMgo.9C00.1PO4 + 1.4CO2(g) + 0.1Clzg) +
NHsg) + 1.5H20)
LiCl + 0.9MgCO3 + 0.1CoCl2 + NH4H2PO4 —
Sample 4 LiCo¢.1MgooPOy4 LiMgo.9Co00.1PO4 + 0.9CO2(g) + NH3g) +
1.5H20)
0.5Na2CO3 + LiCl + 4MgCO3 + CoCla +
4NH4+H2PO4 —
NaMg4(POs)s + LiCoPO4 + 4CO2g) + 1.5Clx(g)
+ 4NH3(g) + 5.5H20w)

Sample 1 MgPO4

Sample 3 NaCoo.1Mgo.oPO4

Sample 5 LiNaCoo.1Mgo.oPO4

In the first synthesis step, the reagents were added to 50 mL of deionized water and
homogenized under stirring for 1 hour. Subsequently, the mixture was heated to 150 °C while

stirring continuously for 90 minutes, forming a viscous liquid (Figure 1).

Step 2

\/,’

Sample 1 Sample 2 Sample 3

® @

= Caleination
Incorporation of the salts 150 °C 750 °C, 10 °C/min
in deionized water 120 min. Sample 4 Sample 5

Figure 1. Scheme for synthesizing magnesium phosphate and cobalt pigments based on starch.

During this initial heating process, the volatile molecules of NH3 and H20 vapor are
decomposed, helping maintain the solution's homogeneity with the precursors [3]. The
colloidal suspensions of the pigments were calcined at 750 °C for 2 hours with a heating ramp

of 10 °C/min. The resulting pigments are shown in Figure 1. The final step involved sample



cleansing, in which the samples were heated in a boiling aqueous solution for 15 minutes, then
filtered; this process was repeated 5 times. Subsequently, the samples were dried at 70 °C for
24 hours. The pigments (Table 1) were macerated in an agate mortar and pestle set and then

stored.

Characterization techniques

The samples were characterized by Powder X-ray diffraction (PXRD) (D2 Phaser,
Almelo, Netherlands), equipped with a copper cathode (A = 1.5418 A), operated at 30 kV,
current of 10 mA, with a working window between 10° and 80° (20) scanned with step of 0.026
0/s. X-ray diffraction patterns were collected using a PANalytical Empyrean diffractometer
operating in Bragg—Brentano 0/0 reflection geometry. Powdered samples were gently pressed
onto the sample holder to ensure homogeneous distribution and mechanical stability during
analysis. A spinning sample stage was employed during acquisition (1 s revolution time) to
improve particle statistics and reduce preferential orientation effects. The morphology of the
particulate samples was examined using a field-emission scanning electron microscope (FE-
SEM, Verios G4, Thermo Fisher, Waltham, Massachusetts, USA). For the SEM analysis, the
samples were dispersed in isopropyl alcohol, and a drop of dispersion was deposited on a
polished Al sample holder. Before the SEM investigation, a ~5-nm-thick carbon layer was
deposited on the specimens’ surfaces. The oxidation state and chemical composition of
pigments were determined by X-ray photoelectron spectroscopy (XPS) (Versaprobe PHI 5000,
from Physical Electronics, Chanhassen, Minnesota, USA) equipped with a monochromatic Al
Ka X-ray source. The spectra were analyzed by CASA-XPS software (Version 2.3.17PR1.1);
the binding energies were calibrated using the Cls peak (284.6 ¢V) of carbon impurities as a
reference. The Multipack version 9.8 software (ULVAC-PHI, 2017, Chigasaki, Japan) was used
to evaluate the relative elemental composition. The chemical groups were identified, chemical
bonds were determined, and the crystal structure was characterized using Fourier transform
infrared spectroscopy (FTIR) (Perkin Elmer Frontier device, Waltham, Massachusetts, USA).

The samples were analyzed in ATR (Attenuated Total Reflection) mode. The sample
was placed in direct contact with an ATR crystal, and the infrared light was transmitted through
the crystal and into the sample for the formation of absorbance or transmittance spectra with a
wider wavenumber. Samples were scanned from 650 to 4000 cm™! at a spectral resolution of 4
cm !, To analyze the molecules, we also used Raman spectroscopy to study vibrational,
rotational, and other low-frequency modes, which were recorded with a micro-Raman system

(Senterra, Bruker Optik GmbH, Massachusetts, USA; A = 532 nm; laser power = 10 mW). The



electronic spectra of the powdered pigment samples were measured over the range 400-900
nm (UV-Vis Ocean Optics spectrophotometer, model USB-2000, Dunedin, Florida, USA). The
optical reflectance of the pigment powders and their corresponding coatings was measured
using a UV-Vis-NIR spectrophotometer (PerkinElmer Lambda 950, Waltham, Massachusetts,
USA). As a baseline standard, BaSO4 was used to measure the optical properties of the samples
between 300 and 2500 nm. The NIR solar reflectance (R*) of the pigments and coating in the
wavelength range of 750-2500 nm was obtained by the following Equation (1), based on
standard ASTM G173-03, which is the standard for reference solar spectral irradiance (amount
of sunlight energy per wavelength) under clear atmospheric conditions. It was mathematically
derived using the SMARTS (Simple Model for the Atmospheric Radiative Transfer of

Sunshine) radiative transfer model[23-25]:

JZ20% r i)

R*= 250 amm

d(A) M

where r(A) is the spectral reflectance obtained from the experimental, and i(A) is the spectral

irradiance obtained from the standard of ASTM G173-03 reference spectra (W-m >nm™").

Laser scattering analysis was employed to determine the particle diameter of the
samples. These measurements were carried out using Horiba's LA-960 laser-scattering particle-
size distribution analyzer (Kyoto, Japan). Colorimetric analysis was carried out on the pigments
in powder form and after application to plaster blocks, using a portable colorimeter (3nh, model
NR60CP) with a D65 light source. The representative data from the colorimetric analyses
(CIEL*a*b* Commission Internationale de I'Eclairage) are as follows: the L* parameter
represents brightness and ranges from 0 to 100. The a* parameter represents the variation
between red and green, where +a tends towards red and -a* tends towards green. The b*
parameter represents the variation between blue and yellow, where +b* tends towards yellow
and -b* tends towards blue. [26]. The total color deviation is expressed by the value of AE,
which was created by the CIE to quantify the perceptual difference between two colors[27] and

can be calculated using Equation (2):

AE = /(L' — Li")2 + (a," — a;")? + (by" — by")? 2



To interpret these AE values in the real world, we can assess them based on the intensity
of the color difference. According to previous studies [26—28] colorimetric AE values can be
classified as: color difference not perceptible (up to 0.2), very weak perception (0.2-0.5), weak
(0.5-1.5), clear (1.5-3.0), very clear (3.0-6.0), strong (6.0-12.0), and very strong perception
(above 12.0) [26,28].

2 Results and discussion

The importance of sample cleanliness evaluated by PXRD and mapping SEM/EDX
Horsth et al. [29] emphasized the formation of NaCl as a by-product when reagents
containing sodium and chloride are utilized, necessitating a cleaning step for its removal. The
presence of NaCl as a contaminant can significantly affect pigment properties, particularly
stability. X-ray diffraction analysis of Sample 5 (LiNaCoo.1Mgo9POs4) before the cleansing
process revealed characteristic peaks of the NaCl crystalline phase, and the disappearance of

the main NaCl peaks was observed after the cleansing (Fig. 2a).
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Figure 2. (a) Identification of the contaminating NaCl phase (ICSD database) in Sample 5
(LiNaMgo.9Co0.1PO4), comparing before and after the cleaning step. Micrograph and chemical
mapping of the undoped Sample 1 (b) shows the distribution of magnesium, phosphorus, and
oxygen on the surface, represented by the colors orange, pink, and green, respectively. Sample

5(c) is doped with the chromophore cobalt and the alkali ions Na and Li.

Furthermore, elemental mapping via SEM/EDX of Sample 5 before cleansing indicated

the presence of excess NaCl with uniform distribution (Fig. 2c). In contrast, the elemental



distribution on the surface of Sample 1 (MgPO4) shows the absence of NaCl (Fig. 2 b),
revealing only magnesium phosphate (Mg, O, and P) with a homogeneous distribution
throughout the substrate.[30] Therefore, before the cleansing step, samples doped with lithium
and cobalt exhibited excess chloride, resulting from precursor salts that formed NaCl.[8]
Following this observation, all samples were cleaned using the process described in the

experimental part.

Surface morphology study by scanning electron microscopy

Figure 3 shows the surface morphology of sample 1 as determined by scanning electron
microscopy (SEM) analysis. In Fig. 3a, a structure resembling irregularly stacked platelets is
evident. The magnified image (Fig. 3b) reveals numerous pores within the platelet structures,
indicating that H2O vapor and volatile substances such as NH3 played a significant role in

generating porosity in this sample [31].

Figure 3. Micrograph of the undoped Sample 1 with cobalt or alkaline ions. The micrographs
at 100pum (a) and 10 pm (b).

Upon cobalt ion addition, sample 2 (Coo.1Mgo9POs) shows a similar platelet-like
morphology characterized by disordered arrangement and varying thicknesses (Fig. 4a). The
magnified view in Fig. 4b reveals irregular surfaces and small pores within each platelet; this
morphology was attributed to uncontrolled and spontaneous combustion.[32] Additionally,
Figs. 4c and 4d show the morphology of sample 3 (NaCoo.1Mgo.9PO4), displaying a disordered
morphology of large, irregularly shaped particles with varying sizes, as well as agglomerates
of small pseudo-spheres. This morphology is likely to result from the release of a substantial

amount of gas during combustion synthesis [33,34].



The morphology of sample 4 (LiCoo.1Mgo9oPOs) (Fig. 4e and 4f) is characterized by
large particles with a rough surface, cracks, and small particles distributed on the surface of
larger particles (marked by the red circle in the image). Upon analyzing the micrograph of
Sample 5 (Fig. 4g and 4h), the images reveal the formation of stacked particles in a layer-by-
layer configuration, characteristic of olivine-type LiMgPOs structures [35] along with
aggregates of small pseudo-spheres as observed in the surface of NaMg3(PO4)3 as described by
Zhou.[34] The formation of a flower-like morphology was observed in the LiCoPO4 olivine
phase; this morphology was reported to depend on the organic additive and its concentration

used in the synthesis [36].

Figure 4. Micrographs of the pigments (a-b) Sample 2; (c-d) Sample 3; (e-f) Sample 4 and (g-
h) Sample 5.



Structural phase by PXRD

The crystalline structure of the pigments was identified using X-ray diffractometry
following the cleansing stage. The diffractograms were identified and processed using Match!
software and the ICSD database (COD). Sample 1 (Fig. 5a) shows the beta magnesium
pyrophosphate crystallographic phase p-Mg2P207 (COD:15326), which crystallized in the
monoclinic space group C2/m-C32h. Simple diphosphates (or pyrophosphates) typically have
two structural variants that depend on the formation temperature: the o structure at low
temperatures and the B structure at high temperatures, precisely above 500 °C.[37]

The analysis of Sample 2 (Fig. 5b) revealed the same crystallographic structure as
Sample 1, magnesium cobalt diphosphate -Mg2P>07 (COD:15326). This phase belongs to the
monoclinic system and crystallizes in the space group P21/C (14).[38]. This means the cobalt
in the diphosphate structure resulted from the low concentration. This is because cobalt radio
is similar to magnesium and can be incorporated into the magnesium phosphate host structure
without disrupting it.[38]

The diffractogram for Sample 3 (Fig. 5c) matched the monoclinic phase pattern of
sodium magnesium orthophosphate NaMga(PO4)3 (COD:35496). This compound crystallizes
in the orthorhombic structure with a space group Pnma (62), featuring a three-dimensional
network composed of [PO4] tetrahedra and [MgOs] polyhedra interconnected by P-O-Mg
bridges.[39] Additionally, specific peaks correspond to the crystallographic phases Co2P207
and Mg2P207 at 29.6°, 35.5°, 36.9°, 43.1°, and 55.9°, respectively.

The XRD profile for Sample 4 (Fig. 5d) shows a mixture of two phases,
LiMg3(PO4)P207 (COD:428811) with an orthorhombic cell structure and Pnma (62) space
group (Fig. 4Sd). This structure incorporates mixed anion phosphates, where orthophosphate
and pyrophosphate anions coexist as independent units.[40] The main structural characteristics
of LiMg3(PO4)P207 include infinite [Mg30O10] parallel layers along the bc plane,
interconnected along an axis, and alternating PO4 and P20O7 chemical groups that form large
tunnels along the two crystallographic directions.[40] The second phase identified was
LiCoPOs (COD:14847), also known as Olivine, which crystallizes in the orthorhombic
structure with space group Pnma.

The crystal structure of LiCoPO4 consists of octahedral cobalt atoms and tetrahedral
phosphorus atoms linked to oxygen atoms shared at the corners or edges, with lithium ions
incorporated into octahedral vacancies in the crystal lattice.[41] Fig. 5 (e) shows the XRD

pattern for the Sample 5 pigment, revealing three main phases: lithium magnesium phosphate
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(LiMgPO4 COD:11770), sodium magnesium orthophosphate NaMga(PO4)3 (COD:35496), and
lithium cobalt phosphate (LiCoPOs4 COD:14847). LiMgPOu crystallizes in orthorhombic
systems, where the tetrahedral POs, octahedral LiOs, and MgOe groups constitute the structure,

forming the 3D crystal lattice [42].
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Figure 5 - X-ray diffractograms for pigments a)Sample 1; b) Sample 2 c¢) Sample 3; d) Sample
4 and e) Sample 5.

Meanwhile, the three-dimensional network structure of LiCoPO4 comprises octahedra
[CoOgs], tetrahedra [PO4], and Li" ions in octahedral voids.[43] These compounds belong to a
large family of orthophosphates with the general formula ABPO4 and their structure depends
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on the relative size of the ions. For instance, in the case of LiMgPO4, where the sizes of the
monovalent A (Li") and bivalent B (Mg?**/Co?") ions are relatively small, the final compound
adopts the structure of olivine.[42] Figure 4S shows the comparison of diffractograms after
cleansing Sample 5, in which the secondary phase of the NaCl formed was reduced.

Samples 3, 4, and 5 showed more than one phase by PXRD, it is not uncommon for
synthetic inorganic pigments to have more than one crystalline phase, especially when it comes
to metal oxides and other complex compounds. During pigments synthesis, different crystalline
phases can form due to variations in the synthesis parameters, such as the calcination
temperature. In this work we propose a synthesis using starch as the green fuel for combustion
and formation of the materials, aiming for a lower burning temperature and lower costs, adding
alkali metals such as Li and Na to vary and intensify the colors of the materials without
increasing the amount of cobalt ions (a relatively more expensive metal). As phosphates are
compounds that can include different metals, the exact composition can influence the formation
of various crystalline phases. Variations in the proportion of constituent elements can lead to
the coexistence of different phases. There are studies of phosphate pigments that have more
than one phase, such as cobalt/iron[44], strontium/zinc[45], and
strontium/calcium/aluminium[46] phosphates.

In order to verify the thermal stability of the phases obtained, a test was carried out.
The powdered pigments were heated to a temperature of 1000 °C with a ramp of 10 °C/min for
2 hours. After this experiment, the XRD analysis was redone and we observed that the existing
phases remained the same. However, the intensities of the diffractogram peaks slight changed.
The increase in the intensity of the X-ray diffraction peaks after heating the samples is directly
related to an improvement in the crystalline order of the material. This may have occurred due
to the growth of grains and reduction of structural defects during the sintering of the
samples.[47] In the supplementary materials, Figure 1S shows the diffractogram data after

calcining the pigments in powder.

Chemical characterization by XPS

XPS was used to study the chemical composition of the samples after cleansing (Table
2). The higher concentration of Na than Li can be related to a better incorporation of Li in the
bulk of the material and a migration of Na to the surface. As XPS is a highly surface-sensitive
technique, it detects electrons from only the first few nanometers of the sample. If lithium is
present at a very low concentration beneath the surface layer, the technique may not detect

it.[48]
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The presence of carbon can be linked to byproducts of carbonate salts used in the
synthesis (MgCO3 and Na>COs). Also, it can be attributed to residual carbonaceous species
originating from cassava starch used during synthesis, in addition to adventitious surface
carbon commonly observed in air-exposed samples[49]. It is important to emphasize that no
secondary crystalline carbon-containing phases were identified in the XRD patterns, indicating
that the residual carbon is predominantly amorphous/surface-related and does not affect the

structural formation of the synthesized phosphate materials.

Table 2. Composition of the samples after the cleansing step according to XPS.

Elements (atm%)
C 0 Mg P Co Li Na Cl
Sample 1 147  61.1 9.0 15.2 - - - -
Sample 2 13.7  60.1 9.9 15.3 1.0 - - -
Sample 3 183 543 129 104 1.1 - 3.0 -
Sample 4 13.3 575 6.0 13.7 1.7 6.7 1.1 -
Sample 5 140 528 54 10.8 3.5 2.9 10.6 -

Sample

The XPS spectra in the Mg 1s, O 1s, and P 2p binding energy range are shown in Fig.
6. The spectra were calibrated based on the C 1s reference peak at 284.6 ¢V and reproduced
using Gaussian-Lorentzian function (GL30%) components. The Mg 1s XPS spectra were
reproduced using a single component, centered at 1303.5 eV attributed to Mg in Mg-O bonds
in the phosphate structure, corresponding to the Mg** ion.[50]. The P 2p spectra were
reproduced using two doublets, corresponding to the 2p3/2 and 2pl1/2 components. The
component P 2p3/2 centered at 134.0 eV is consistent with the presence of pentavalent
tetracoordinate phosphorus found in phosphates and/or polyphosphates in O=P-O bonds.[51]
These results support the formation of metallophosphates, suggesting the presence of the
structure Mg2P207,[52] which aligns with the phase identified through XRD.[53] The doublet
with the 2p3/2 component centered at 132.8 eV is attributed to the presence of phosphine oxide
species in O-P-C bonds.[54].

The O 1s XPS spectra of samples 1, 2, 3, and 4 were reproduced with three components
(Gaussian-Lorentzians), component 1, centered at 531.5 eV, corresponding to the Co-O bond

[53], consistent with the Co2P207 structure identified by XRD.
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Figure 6. XPS of the Sample 1 (a, b, ¢); Sample 2 (d, e, f)); Sample 3 (g, h, 1); Sample 4 (j, k,
1) and Sample 5 (m, n, o) for the center level spectra of the elements Mg 1s, P 2pand O Is.

14



Component 2, centered at 529.9 eV, attributed to the Mg-O bond,[52] and component
3, centered at 533.3, corresponding to oxygen bound to metals (M-O) such as Co, P, or Mg
[55]. The O 1s spectrum of Sample 5 (Fig 6 o) reproduced with three components centered at
530.7, 532.9, and 535.4 eV associated with lattice oxygen (O?). This refers to oxygen doubly
bound to phosphorus (P=0), lithium carbonate (LiCOs) formed from carbonate salts, and
oxygen singly bound to two phosphorus atoms (O-P-O), respectively.[56,57]

Figure 7 shows the Co 2p3»2, Na 1s, and Li 1s photoelectron spectra. The Co 2p3.
spectrum for Sample 2 (Figure 7a) was reproduced using six components: the components
centered at 775.5 and 780.2 eV are associated with the Co LMM Auger peaks [58]. The
components centered at 782.7 eV and 784.5 eV are characteristic of Co®" ions in CoO

(tetrahedral coordination) and in Co(OH)2, respectively [59,60].
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Figure 7. XPS of the pigments Sample 2 (a), Sample 3 (b), Sample 4 (¢ ), and Sample 5 (d )
for the center level spectra element Co 2p. XPS and Sample 3 (e); Sample 4 (f), Sample 5 (g

and h), for the center level spectra of the elements Na Is and Li 1s.

The Co(OH)2 component indicates that the surface of the pigment particles is hydrated.
The components at 787.9 eV and 791.9 eV are the respective satellites of the CoO and Co(OH)2
components, further demonstrating the presence of cobalt oxides/hydroxides.[59,61] The
Auger peaks were not observed in the Co 2p spectrum of the other samples. The Li 1s peak
centered at 55.4 eV can be assigned to surface carbonate species (Li2CO3),[56] verifying the
assignment observed in the O 1s component (Fig. 5S d). The Na 1s spectra centered at 1070.4

confirm the presence of Na atoms occupying the lattice positions along the b-axis of sodium
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magnesium orthophosphate NaMg4(PO4)3.[62] These values are those reported in the literature,
confirming the presence of Na2HPOus-type structures [62].

Vibrational spectroscopy by FTIR and Raman

Figure 8a shows the FTIR spectra; the spectra of samples (2, 3, 4, and 5) exhibited a
broad band centered at 3373 cm™!, associated with the bond stretching of free water molecules
(vOH), and at 1640 cm™' corresponding to the bending vibration spectral region of the water
molecules (BHOH). The broadening of the half-width of the signal for Sample 2 can be
attributed to the strong interaction between water molecules and metal ions, indicating a
gradual transformation of water from a free state to being confined/bound to the reaction

products, aftecting both for v OH and 6 HOH [63].
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Figure 8. FTIR (a) and Raman (b) spectra of the metallophosphates pigments.

To characterize the metallophosphates, the features in the spectral range of 1200-650
cm’!, where the primary vibrations of the phosphate groups are located.[63] The band centered
at 1400 cm™ corresponds to the asymmetric stretching vibrations of oxygen atoms doubly
bonded to phosphorus, v2(P=0); in tetrahedral structures, the pigments containing Na+ exhibit
the highest relative intensity. Given the large nature of Na ions, they likely induce a polarization

effect of the modifying cation (Na) on the P=O bond, resulting in a modification of the charge



density at the anionic site.[64,65] A band identified between 1100-1083 cm! corresponds to the
asymmetric stretching of the P-O-P bonds in the pyrophosphate groups, v3(PO3*). This
interaction also polarizes the cation towards the P-O-H bond, although the P=O bond is more
electron-rich than the O-H bond.[66] The band at 980 cm-1 in the middle represents the
symmetric stretching mode of the phosphorus-oxygen bond, v:(P-O).[67]

Two low-intensity bands observed in the Sample 1 spectrum were not present in the
spectra of the other samples. These bands, located at 735 cm™ and 1226 cm™, are assigned to
the asymmetric stretching vibration of the P-O-P group (v« P-O-P), which is characteristic of
the magnesium pyrophosphate phase Mg2P>07,[67,68] consistent with XRD data. The defects
in the crystalline structure are attributed to the substitution of Mg?" by Li*, Na*, or Co*" ions
[69].

The Raman spectra of the pigments are shown in Figure 8b. The Raman spectrum of
Sample 1 exhibits three bands characteristic of the Mg2POs structure, aligning with the XPS
and XRD analysis. These characteristic features of the f-Mg2P207 structure are a peak middle
at 1060 cm™ attributed to the terminal symmetric P-O stretching mode (v3sP-O), a peak centered
at 730 cm™! associated with the symmetrical P-O stretching mode of the P-O-P bond (v4 P-O-
P), and a low-intensity peak above 1100 cm™ identified as the asymmetric P-O stretching
modes (v3a P-0).[70] The 1060 and 730 cm! peaks are in the Sample 2, Sample 3, and Sample
4 spectra. However, only the Raman peak at 1060 cm™ is observed in the Sample 5 spectra.

Furthermore, the peak centered at 954 cm’

originated from the symmetrical stretching
vibration of the phosphate groups (non-degenerate viP-O). This particular peak was detected
exclusively in cobalt- and alkali-ion-containing materials, not in Sample 1, indicating that ionic
substitution influences the material structure.[71] Other peaks were assigned as follows: at 363
and 432 cm™! corresponding to the double degenerate single bond bending mode v2(O-P-O);
and at 550, 593, and 630 cm™! associated with the triple degenerate single bond bending mode,

v4(O-P-0), with variation in relative intensity and widths of the peaks for all samples, except

pristine Sample 1 [71].

Electronic spectrum (UV-VIS)

Figure 9a illustrates the UV-Vis absorbance spectrum of Sample 2, displaying multiple
bands around 500 nm (463, 523, and 584 nm). This triplet is in agreement with the presence of
the Co?" ions in the octahedral and trigonal bipyramidal coordination, which represent the
crystallographic sites for the cobalt ion in the structures.[38] The bands middle at 584 and 523
nm (corresponding to *T1(F) —*Ax(F), *T1(F) —*T1(P) transitions, respectively) are attributed
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to the spin-allowed transitions of Co?" ions in an octahedral ligand field. In comparison, the
band at 463 nm corresponds to the *A>—*E(P) transition indicative of the transition of Co®" in
high-spin trigonal bipyramidal sites.[38] In contrast, the absorption spectrum of sample 3 (Fig.9
b) exhibits a doublet between 500 and 600 nm. The “T1g—*T1g(P) transition implies mixing
the prohibited spin transitions for 2G and 2H derived doublet states, along with the weak

*A»—*E(P) transition, often appearing only as a shoulder [72].
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Figure 9. UV-vis absorbance spectra of Sample 2 (a), Sample 3 (b), Sample 3 (c), and Sample
3 (d) for pigments containing the chromophoric ion Co?*, thus being able to interpret the

transition bands d-d.

For Sample 4 (Fig. 9 c), the spectrum is similar to that of Sample 2 and Sample 5 (Fig.
9 a, d), showing identical d-d triplet electronic transitions as cobalt, albeit with broader and
more intense bands than Sample 2. The splitting of the triplet in the high-energy absorption
region was attributed to spin-orbital coupling (L-S Russell-Saunders) and Jahn-Teller
distortion, leading to the broadened band.[73] In the absorbance spectrum of Sample 5 (Fig. 9
d), the bands became more pronounced, with the triplet of bands observed at 538, 580, and 635
nm associated with the d-d transition of the Co®* ion *A2(F) —*T1(P), a spin-allowed transition

in tetrahedral geometries with Jahn-Teller distortion resulting in the bluish-purple hue.[26] The
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low-intensity bands around 487 nm (denoted by the symbol *) are linked to the spin-forbidden
transition, attributed to transitions between octahedral and tetrahedral sites[74].

Even though all the pigments have the same chromophore ion (Co**), the different
chemical environments modify the electronic distribution around the atoms or molecules,
altering the energies of the possible electronic transitions. These changes in transition energies
result in different absorption bands in the UV-Visible spectrum. Each change in the chemical
environment can lead to subtle or significant changes in the optical properties of the

substance[75].

NIR reflectance

Beyond their aesthetic properties, inorganic pigments are currently being investigated
for their potential to mitigate the urban heat island effect. Figure 10 shows the NIR reflectance
spectra of the pigments. Fig. 10a corresponds to the NIR reflectance spectrum adjusted
according to the measurement standard JG/T235-2014, where the spectral reflectance is
multiplied by the normalized solar hemispherical irradiance 1 (A). Among the five synthesized
samples, Sample 2, Sample 3, and Sample 4 exhibit a reflectance profile exceeding 60%
characteristic of "cool" reflective inorganic pigments, indicating their capacity to function as

cool pigments with enhanced thermal insulation properties for practical applications [74].
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Figure 10. (a) Diffuse reflectance spectra of the powdered pigments synthesized, and (b) NIR
solar reflectance spectra of the powdered pigments adjusted to the standard solar spectrum.

Notably, Sample 5 (Fig. 10a) demonstrated a substantial decrease in solar reflectance

compared to the other samples, attributed to significant absorption in the 1200-1600 nm range
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due to d-d transitions for tetrahedral Co?* ions [3], leading to pronounced absorption in the NIR
region and the UV-Vis data for this pigment. The NIR solar reflectance curves of the pigment
powder samples were calculated using the ASTM G173-03 standard (Figure 10 b). The
CoxMgi1xPOs and (Li)CoxMg1xPO4 pigments slightly enhanced NIR reflectance compared to
the other samples, with solar reflectance (R%) equal to 75% and 70%, respectively (Table 3).

According to the Kubelka-Munk theory, the reflectance of a material is inversely
proportional to its particle size [1,74]. According to the theory, the average particle size (d) is
inversely related to the scattering coefficient (S). Consequently, when the average particle size
is smaller (d < 1 pum), the material's scattering efficiency increases, leading to a rise in
reflectance [15]. In the current study, materials displaying superior NIR reflectance
characteristics have an average particle size of 82 nm (Sample 2), 96 nm (Sample 3
nanospheres), and 250 nm (Sample 4). The morphology of the materials is another factor
contributing to the enhanced reflectance. Deepa et al. reported that pigments with small particle
sizes and a uniform, rough, plate-like morphology scattered incident radiation rapidly, thereby
confirming an increase in solar NIR reflectance.[1] This morphology is similar to Sample 2,
where the plate-like morphology was observed by SEM, validating the superior NIR
reflectance result.

Pigments containing cobalt, alkali ions, rare earths, and phosphate - spinel-based that
are potential candidates for cool pigments are presented in Table 3. The NIR reflectance values
obtained in this work are comparable to those reported for previously published reflective
pigments. Among the synthesized samples, Sample 2 (CoxMgi—xPOas) exhibited the highest
reflectance (75%), surpassing values reported for Elakkiya et all (2022)[76] with yellow
pigment FePo.sVo0.204 (72% of reflectance), Zno.9Coo.1A1204 prepared by combustion synthesis
(63%) [77] and LiZno.9Coo.1PO4 synthesized by coprecipitation (68%) [15], while remaining
close to the LiMgi1—~xCoxPO4 system prepared by solid-state maceration (74%). In contrast,
Samples 1 and 5 showed lower reflectance values (58% and 51%, respectively), which may be
associated with differences in composition and scattering behavior. These variations
demonstrate that both the cationic composition and synthesis route strongly influence the
optical properties of reflective pigments. Furthermore, the colloidal suspension method using
cassava starch employed in this work proved effective for producing phosphate-based pigments

with competitive reflectance performance for potential cool-coating applications.
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Table 3. Phosphate-based pigments, their respective synthesis methods, and NIR reflectivity.

Samples Method Reflectance (%) Reference
LiMgixCoxPO4 Solid-stgte 74 78]
NaZn1-xCoxPO4 maceration 49
LiZn 09 Co 0.1 PO 4 68 [79]
YPO4 e 68
Co-precipitation [15]
YPo.6V0.404 64
FePo.gV0.204 72 [76]
Z10.9C00.1A1204 Combustion 63 [77]
Mgo.5C00.1Mno.4Al204 Spray pyrolysis 32 [80]
MgixPOs (Sample 1) 58
CoxMgixPOs (Sample 2) ‘ ‘ 75
NaCoxMgi1xPOs (Sample 3) COH"V‘V‘E Z‘tflzins“’“ 66 This work
LiCoxMgixPO4 (Sample 4) 70
LiNaCoxMgixPO4 (Sample 5) 51

CIE L*a*b* colorimetry of powder pigments

Table 4 illustrates the colorimetric parameters of the samples for color evaluation. The
sample with the lightest hue was magnesium phosphate (Sample 1), exhibiting the lowest color
saturation (C*). The insertion of cobalt into the structure of Sample 1 modified both the
chromatic parameters (a* and b*) and the color saturation. The total color variation (AE) in
Sample 2 was 9.87, considered a substantial difference and quite perceptible to the human eye
(6 <AE < 12).[26] Sample 5 showed the highest color saturation and lowest luminosity, along
with the most significant color difference relative to Sample 1, suggesting that the color is more
saturated when Na+ and Lit+ are present in the pigment, due to a structure that favors d-d
electronic transitions of Co®" ions.

In terms of reproducibility, the synthesis has already been performed more than once,
and the colorimetric data have been analyzed. In two times of analysis for the samples, the total
color difference (AE*ab) obtained a "very clear" color difference intensity (AE=3.0-6.0),
according to Horsth et al 2021[26].
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Table 4. Colorimetric parameters of powdered pigments and the photographic illustration

Colorimetric Parameters Color by

Samples Pigments

L* a* b* C* AE software

Sample 1 75.35  -0.19 0.13 0.23 -

Sample 2 76.41 4.23 -8.63 9.61 9.87

Sample 3 69.04 1687 -18.75 2522  26.22

Sample 4 70.97 1743 -1835 2551 25091

Sample 5 14.25  13.64 -79.58 80.74 101.38 -

Figure 11 shows that the synthesized pigments have their colorimetric parameters in the
red/blue color quadrant (+a*/-b*) within the CIEL*a*b* color space, resulting in the observed
purple color. The color tone is mainly influenced by the amount of cobalt and its interaction
with other dopant ions.[81]

The respective pigments have been proposed as cold pigments for solar NIR
reflectance, effective in regions of high solar radiation. The paint used for this purpose is made
up of five chemical inputs: polymers, plasticizers, additives, pigments and solvents. Water is
used as a solvent and accounts for the largest percentage in the composition of these cold paints
(around 80%). Pigments are added to improve the reflective performance of the paints, and can
be as little as 10% of the paint's composition[82,83]. Colorimetry of pigments was also repeated
after heating at 1000 °C and the total color difference (AE*ab) of the pigments after the
calcination process was calculated. Obtaining an intensity of the color difference "clear"

(AE=3.0)[26].
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Figure 11. Graph of colorimetric parameters red (+a) versus blue (-b).
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Conclusion

In summary, grey (Sample 1 and Sample 2), pink (Sample 3 and Sample 4), and purple
(Sample 5) pigments were successfully synthesized. Cassava starch was used as a sustainable
alternative to synthetic gelling agents during combustion, creating uniformly colored
metallophosphate pigments. Combining phosphates with alkaline dopants enhanced the
pigment saturation while maintaining a consistent concentration of the chromophore ion (Co).

Moreover, the synthesized material exhibited promising optical characteristics, with
three samples showing reflectance exceeding 60%, making them suitable for use as pigments
in thermal coatings. The importance of post-calcination pigment cleaning to optimize their
chromatic properties was also demonstrated. The thermal stability tests showed that the
pigments retained the same phases after high-temperature calcination and exhibited a low total
color variation, indicating excellent quality. The findings highlight the promising potential of

cassava starch-based metallophosphate pigments with enhanced NIR reflectance for
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applications in reflective coatings, offering a sustainable and effective solution for passive

cooling in building interiors.
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Highlights

Eco-friendly cobalt phosphate pigments were prepared via starch-assisted synthesis.

Phosphate pigments showed promising cool coating optical performance.

NIR reflectance reached 75% for CoxMgi-xPO4 compositions.

Cassava starch favored particle dispersion and surface homogeneity.

The synthesized pigments are promising for energy-saving coating applications.
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