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2D particles forming a nanostructured shell: a step forward cool NIR reflectivity 

for CoAl2O4 pigments. 

C. M. Álvarez-Docio, J. J. Reinosa, A. del Campo, J. F. Fernández 

Instituto de Cerámica y Vidrio, CSIC, C/Kelsen 5, 28049, Madrid (Spain). 

ABSTRACT 

Blue CoAl2O4 are inorganic pigments with impressive optical effects and a high 

chemical stability. However, this spinel type structure has two main drawbacks: cobalt 

is scarce and expensive, and the dark pigment absorbs the solar spectra resulting in 

undesirable heating. In this work a new type of cool NIR blue pigment is attained by in-

situ forming of a shell of 2D CoAl2O4 nanoparticles on α-Al2O3 microparticles. 

Nanodispersion of Co3O4 nanoparticles on the surface of α-Al2O3 microparticles has 

been carried out by means of a low energy dry mixing method and further in-situ 

thermal treatment at 1200ºC forms a nanostructured shell. CoAl2O4 nanocrystals are 

controlled in size by the frequency site of the previously dispersed Co3O4 

nanoparticles. 2D particles form to fill the distance between Co3O4 nanoparticles on the 

alumina surface. The new shell structure makes it possible to obtain a high efficient 

NIR pigment with a solar reflectance SR>70% and a large cobalt content reduction. A 

sample containing only 10 wt. % of cobalt shows similar chromatic coordinates to 

standard bulk pigments, which means a significant saving of raw materials. 

INTRODUCTION 

The use of pigments is highly prevalent in today's society. The application fields cover 

different areas such as textiles, printing, polymers, interior and exterior coatings, etc. 

Inorganic pigments enable high durability and colour stability under extreme conditions 

such as UV radiation, temperature or chemical attack. Among others, spinel-type 

oxides are an important family of compounds with the general formula AB2O4, where A 

and B stand for two different cations of comparable ionic sizes. The crystal lattice of the 

normal spinel consists of a cubic close packing of oxygen atoms and A2+ and B3+ 

cations occupy two different crystallographic sites, tetrahedral and octahedral, 
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respectively [1]. Owing to their physicochemical properties and that they are a class of 

chemically and thermally stable materials, they are suitable for a wide range of 

applications of extensive use such as ceramics materials [2], magnetics [3], electronics 

[4], and catalysis [5]. 

Among spinel materials, cobalt aluminate, CoAl2O4, is widely used in several fields as a 

pigment because of its intense blue colour [6], which is commonly known as Thenard’s 

blue. Today’s pigments face new challenges owing to higher yields, sustainability and 

new functionalities. One such technology is the use of specialty infrared reflective 

pigments which are applied to impart colour to an object and to reflect the invisible heat 

from the object, in order to minimize heat build-up when the objects are exposed to 

solar radiation [7]. Ultimately the reflection of solar energy lowers the heat build-up 

resulting in a reduction on the load of the cooling system and therefore a cost saving 

[8]. There are currently a number of cool materials commercially available for buildings 

and other surfaces in the urban environment. Most of these materials are white or light-

coloured [9]. However, there is a need for cool non-white products because in many 

cases the aesthetics of darker colours is preferred. Our cobalt aluminate is a dark 

pigment and has high near infrared (NIR) reflectance. Hence, by using this material we 

can keep the coated surface of roofs cool while enhancing the aesthetics of the built 

environment. 

The use of nanoparticles improves the functionality of the materials; for instance, nano-

pigments enhance mechanical properties such as scratch, abrasion resistance, 

hardness and strain-to-failure [10] or allow the use of mild temperatures in synthesis 

[11]. However, smaller particles as nanoparticles have higher specific surface and 

reactivity that could potentially cause toxic health effects through human exposure 

[6,12]. Therefore, the increase of the industrial use of cobalt nanoparticles has led to 

many recent in vitro toxicological studies [13]. These studies have shown that cobalt is 

genotoxic [14], induces oxidative stress [15], apoptosis [16], and is a hypoxia-

simulating agent [17]. Moreover, cobalt particular limitation is related to scarcity and 
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cost. In this sense, the solution of the harmful collateral effect of nanotechnology could 

be addressed by using nanostructured microparticles. 

In recent years, the study of core-shell composite particles has attracted increasing 

attention because of their potential applications, especially in the biomedical [18] and 

electronics fields [19]. The resulting composite particles often combine large particles 

with nanoparticles; for example, silica and metal nanoparticles have been applied 

widely for the development of various core-shell materials [20]. Complex pigments 

obtained through chemical routes consist of a core rutile TiO2 and a spinel CoAl2O4 

shell that exhibit good colour properties with enhanced NIR reflectance [21] but still 

have a limited Al3+ to Co2+ ratio of 3 as standard spinel [22]. Several techniques have 

been demonstrated for depositing metal nanoparticles onto inorganic cores, including 

seed methods [23], thermal evaporation techniques [24], self-assembly methods [25], 

electroless plating [26], and sol-gel methods [27]. However, these approaches are 

really expensive and almost always result in non-uniform or low particle densities in the 

shell area. 

Previous studies have shown a methodology to effectively disperse Co3O4 

nanoparticles onto α-Al2O3 microparticles by using a dry dispersion process [28,29]. 

Nanoparticle dispersion and anchoring effects occur at room temperature through an 

electrochemical reaction between these materials due to the high initial reactivity of the 

Co3O4 [30]. This procedure to de-agglomerate nanoparticles has also been applied 

previously in different systems [28,31,32], producing novel properties at the interfaces. 

The aim of this work is to design a safety method to obtain a core-shell structure, 

where the shell is nanostructured. In this study, further thermal treatment of dispersed 

Co3O4 nanoparticles on α-Al2O3 microparticles provides 2D nanoparticles of CoAl2O4 

spinel type. So we prepared core-shell particles by assembling a layer of 2D CoAl2O4 

nanoparticles using a facile and massive method. The core-shell structure reduces 

notably the amount of required cobalt and minimizes its potential toxicity effects. 

Moreover, solar reflectivity is enhanced by achieving values higher than 70% in the NIR 
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range with the same chromatic coordinated as standard bulk pigments. These 

materials represent a step forward towards designing an efficient and sustainable 

pigment that could act as cool pigment under solar radiation applications. 

EXPERIMENTAL PROCEDURE 

Nanodispersion procedure of α-Al2O3/Co3O4 mixtures and thermal treatment procedure: 

Compositions with 1, 5, 10, 20 and 30 wt. % of Co3O4 nanoparticles on α-Al2O3 

microparticles (hereafter named as 99Al1Co, 95Al5Co, 90Al10Co, 80Al20Co and 

70Al30Co, respectively) were prepared by incorporating the appropriate amounts of 

Co3O4 nanoparticles by a previously described dry solid state method. The dry 

dispersion process consisted of shaking the materials’ mixture using an acoustic-type 

mixer. The raw materials used in this study were 20 nm nanoparticles of cobalt oxide 

(Co3O4, Aldrich, Wadena, MN, USA) having high purity (>99.9%), forming large 

agglomerates of >5 µm in average diameter, and ∼6.0 µm size microparticles of 

aluminium oxide (α-Al2O3, Vicar, S.A. Manises, Spain) having a purity of >99.5%. The 

powders were dried at 80ºC for 24 h before dry mixing. It was carried out the thermal 

treatments at different temperatures in the 850ºC to 1300ºC range with a heating rate 

of 3ºC/min. 

Characterization: 

Thermal behaviour of materials was studied by means of differential thermal (TDA) and 

thermogravimetric (TG) analysis using a Thermo-Analyzer Netzch STA 409 with a 

temperature controller Netzch TASC 414/2. It was carried out in the range 20-1300ºC 

with the same heating rate as in the synthesis process (3ºC/min). 

UV-Vis diffuse reflectance spectra of the samples were recorded using a Perkin Elmer 

Lambda 650 UV-Vis spectrophotometer with an integrated sphere attachment. The 

Kubelka-Munk function was used to transform the results from diffuse reflectance to 

absorbance. The points were measured every 2 nm each second. The solar 

reflectance (SR) in the wavelength range from 700 to 2500 nm was calculated 

according to ASTM standard number E891-87, where the reflectivity spectrum is 
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integrated with the considered spectra of solar irradiance AM1GH in accordance with 

the formula: 

�� =
� ����	

��
�

� ��	

��
�

 

where rλ is the experimentally obtained spectral reflectance (W m-2) and iλ is the solar 

spectral irradiance (W m-2 nm-1). 

In order to assure the optical properties of the prepared pigments, the CIE-L*a*b* 

colour measurements were also performed using a spectrophotometer (Konica Minolta 

CM 2600d/2500d) in the 300-800 nm range. This method used the reflectance data in 

the visible region to obtain the three relevant parameters, L*a*b*, indicating the 

brightness, red-green, and yellow-blue hue intensities, respectively. The parameter C* 

(chroma) represents the saturation of the colour and is defined as �∗ = ���∗�� + ��∗��. 

For comparison purposes a commercial blue pigment of CoAl2O4 composition (Manuel 

Riesgo) has been evaluated and used as reference. 

For the study of the morphology and the corrected dispersion of the nanoparticles over 

the microparticles, the new micro-nano composite was observed by using a Field 

Emission Scanning Electronic Microscope, FESEM, S-4700 from Hitachi. In addition, 

the nanostructure was studied by atomic force microscope, AFM, in non-contact mode 

with a WITec 300 microscope. 

The Raman study was carried out with the use of a confocal micro-Raman coupled with 

the AFM (Witec alpha − 300R, Witec, Ulm, Germany). Raman spectra were obtained 

using a micro-Raman system with a 532 nm excitation laser and a 100x objective lens 

(NA = 0.9). The incident laser power was 5 mW for the samples and 0.5 mW for the 

CoAl2O4 pigment used as reference. The system allows studying of the same area of 

the sample by selecting the adequate objective of the microscope. Samples were 

deposited on a microscopy glass slice. Collected spectra were analyzed by using Witec 

Control Plus Software (Witec, Ulm, Germany). 

RESULTS AND DISCUSSION 
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Morphology of the nanodispersed α-Al2O3/Co3O4 mixtures 

The morphology of a mixture of α-Al2O3 with 5 wt. % of Co3O4 nanoparticles (95Al5Co 

sample) is shown in Figure 1. Figure 1a shows the α-Al2O3 morphology consisting 

mainly of plate type particles characteristic of this material, due to crystal growth in the 

ab plane. The Co3O4 nanoparticles are intuited on the α-Al2O3 microparticles surface. 

Figure 1b shows dispersed Co3O4 nanoparticles having diameters of 10-30 nm. The 

nanoparticles form agglomerates of several tens of nanometers as the Co3O4 amount 

increases, as shown in Figure 1c (90Al10Co sample). 

The micrographs show that former Co3O4 agglomerates disappear and individual 

nanoparticles are adhered to the α-Al2O3 surface (Figure 1b). For Co3O4 contents <10 

wt. % nanoparticles are completely dispersed over the surface of the α-Al2O3 particles, 

whereas for higher Co3O4 contents nanoparticle agglomerates started to appear 

(Figure 1c). This means that there is a “saturation amount” of Co3O4 nanoparticles. In 

all of the samples there is an alumina surface that is free of nanoparticles. The higher 

the amount of Co3O4 the lower the alumina surface is. 

Thermal evolution of mixtures 

In order to evaluate the thermal evolution of the different samples, DTA/Tg curves of 

the mixtures and of Co3O4 as a raw material are shown in Figure 2. The temperature 

range of 600-1300°C is selected to show relevant ch anges. In a first approach, an 

endothermic reaction with a mass loss of the cobalt (II) (III) oxide occurs at ca. 930°C. 

The mass losses correspond to the oxygen release to produce CoO [33]. By 

comparison of the mass losses in the mixture with the pure Co3O4, higher temperatures 

are required to complete the mass loss that indicates a plausible stabilization of the 

nanoparticles. However, the differences in scale mass losses could mask this effect. In 

a second approach, the DTA shows a more relevant change with the cobalt amount 

(details shown in Figure 2g). Both the peak shape and the temperatures at which the 

reaction takes place depend on the Co3O4 amount. Pure Co3O4 (Figure 2f) shows an 

asymmetric endothermic peak (peak marked as 4’) with an onset at 900°C and extents 
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up to 955°C. Peak asymmetry is attributed to the hi gh agglomeration state of pure 

nanoparticles. In these agglomerates, external nanoparticles are preferentially exposed 

to both atmosphere and temperature; meanwhile the oxygen diffusion is more difficult 

through the nanoparticles into the agglomerate. Hence, inner cobalt nanoparticles into 

the agglomerate require a longer time and a higher temperature to complete the 

reduction process than the external ones. As the amount of Co3O4 decreases, the 

endothermic peak content occurs at a lower temperature (peak marked as 4) and the 

process takes place in a short range of temperatures with a higher onset temperature. 

This effect is in agreement with the large agglomerate size reduction due the attrition 

effect of the α-Al2O3 microparticles during the dry dispersion. Down to 10 wt. % of 

Co3O4 the endothermic peak splits into two peaks (marked as 1 and 2) that are related 

to the appearance of cobalt nanoparticles in contact with the alumina surface and small 

agglomerates. 

Co3O4 nanoparticles anchored on α-Al2O3 microparticles are partially reduced due to 

the electrochemical reaction during the dry dispersion process, as was previously 

described [30]. Moreover, the Co-O bond strength slightly varies with the amount of 

nanoparticles in an agglomerate [29] and thereby the lower the number of 

nanoparticles the higher the temperature to produce the reduction. Peaks 1 and 2 are 

also present in the DTA/Tg curves of 80Al20Co and 70Al30Co samples, but the high 

presence of Co3O4 agglomerates limited their resolution. 

At higher temperatures than the exothermic peak region, a trend of the DTA base line 

to increase as an indication of the mass transport processes. There is an inflexion at 

~1017ºC for mixture samples (marked as 3) that can be attributed to the spinel CoAl2O4 

formation according to the reaction: 

Al2O3 + CoO � CoAl2O4 

As the reaction occurs in solid state regime, it is expected that the active Co-cations 

enter into the more stable alumina crystal lattice and the diffusion mechanism controls 

this reaction [34]. It is worth mentioning that the lower the amount of nanoparticles the 
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higher the energy increase in terms of µV after the inflexion point marked as 3. This 

fact could be associated with low site presence of former cobalt nanoparticles at the 

surface and indicates a large requirement of heat absorption for low cobalt content. A 

further inflexion point is observable at ca. 1060ºC that is present in all the samples 

including the pure Co3O4. At this temperature coarsening of cobalt nanoparticles is 

expected as the mass transport mechanism responsible for increasing of the ATD base 

line in this system. This indicates that in addition to the spinel reaction at ~1017ºC, 

there is a residual amount of CoO during the non-isothermal treatment. 

To sum up, according to the thermal measurements performed in the mixtures, two 

different behaviours took place due to the elimination of oxygen from the Co3O4 

reduction: lower temperature (914ºC) for isolated Co3O4 nanoparticles on α-Al2O3 

microparticles and higher temperatures (927ºC) from Co3O4 agglomerates. These 

differences on the Co3O4 distribution will cause differences in the spinel reaction 

pathway. 

In order to evaluate the effect of the iso-thermal treatment on the phases evolution, the 

mixture of α-Al2O3 with 10 wt. % of Co3O4 were thermally treated at 850, 1000, 1100, 

1200 and 1300ºC for 1 h. The identification of crystalline phases by XRD is shown in 

Figure 3a. The XRD diffractograms are normalized to the (104) crystallographic plane 

of α-Al2O3 at 2θ≈35º. No evidence of metallic Co, CoO or any additional phases 

different to α-Al2O3, Co3O4 or CoAl2O4 are found at any temperature within the XRD 

resolution limit. The expected reaction between Co3O4 and α-Al2O3 is the formation of a 

CoAl2O4 spinel-type solid solution. However this phase is isostructural with Co3O4, both 

of them present a space group Fd3m symmetry [22], and therefore X-ray diffraction 

patterns fail to determine whether the CoAl2O4 spinel forms. 

The area of the (104) peak corresponding to the α-Al2O3 phase is then compared with 

the area of the signal at 2θ≈37º corresponding to the (311) peak of the spinel phase 

(Figure 3b). The ratio between the areas of both peaks decreases significantly when 

the temperature increases, as an indication of the spinel reaction is favoured at a 
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higher temperature. For every three moles of CoAl2O4 formed, one mole of Co3O4 is 

reduced, so the spinel amount should increase due to the reaction stoichiometry and 

this fact is verified by XRD. For all temperatures, the presence of alumina in the sample 

is joined to the presence of spinel phase. This experimental evidence is in concordance 

with the reaction processes described by DTA points and is related to the possibility of 

a core-shell formation. 

Optical response of synthesized pigments 

Figure 4a shows ultraviolet-visible spectra for pigments having 90Al10Co synthesized 

at different temperatures (changes in colour for 90Al10Co sample as a function of the 

iso-thermal treatment temperature are appreciable in Figure 4b). The pigments 

synthesized at temperatures <1000ºC show a green colour and pigments synthesized 

>1000ºC show blue. The blue colour is described to be due to Co2+ in tetrahedral sites, 

while the green colour is observed for Co3+ in octahedral coordination. In order to 

determine the temperature at which the cobalt aluminate formation takes place the 

presence of the species Co2+ and Co3+ allow for the phase development.  

The products treated at lower temperatures (T≤1000ºC) progress with the increase of 

temperature. The sample treated at 850ºC is dark green and it has two wide bands, 

one at 800-580 nm and the other at 580-250 nm. Both bands are related to charge 

transfer (CT) process [35]. The band at 800-580 nm is a ligand to metal charge transfer 

(LMCT) band, which is assigned to the electron transference from O2- to Co3+ in 

octahedral position. The band at higher energy (580-250 nm) is another ligand to metal 

charge transfer (LMCT) band related to the electron transference from O2- to Co2+ in 

tetrahedral position. The spectrum of sample at 850ºC is similar to the Co3O4 one [36] 

and no reaction took place, in agreement with DTA/Tg analysis. The pigment treated at 

1000ºC presents more Co2+ because of the reduction reaction at 914ºC. The wide band 

at 800-580 nm splits into several bands because of the d-d transitions of Co2+ in 

tetrahedral position. In addition, a wide band appears nearly 720 nm related to the Co3+ 

in octahedral sites. 
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The spectra of the samples iso-thermally treated at temperatures of ≥1100ºC are 

similar between them. In addition they are similar to the CoAl2O4 spectrum [37]. These 

spectra are composed of bands corresponding to the allowed transitions of Co2+ 

electrons at 3d7 orbitals in a tetrahedral coordination, 4A2 (F) � 4T1 (P). These 

transitions correspond to the bands at 554, 584 and 622 nm [35]. The blue colour is 

due to the absorption of light at this range. The higher the synthesis temperature, the 

stronger the blue colour the sample presents. It suggests that a higher amount of Co2+ 

at tetrahedral positions is observed when temperature increases and so more spinel is 

formed with temperature [38]. This is in agreement with XRD results and confirms the 

coexistence of CoAl2O4 and α-Al2O3 but the core-shell formation required further 

proofs. Two bands at 480 and 408 nm are also observed which are assigned to the 

forbidden spin transitions d-d of Co2+ in tetrahedral positions 4A2 (F) � 2T (G) 

[22,35,37]. For this reason, the intensities of both bands are low in comparison with the 

rest of bands.  

UV-Vis spectroscopy determines the optimum temperature for the synthesis of the 

CoAl2O4 spinel. The pigment treated at 1100ºC for 1 hour shows similar behaviour to a 

reference stoichiometric pigment (not included in the graph for the sake of clarity), 

although the band associated with metal charge transfer (LMCT) related to the electron 

transference from O2- to Co2+ in tetrahedral position is still appreciated. In addition, the 

pigment treated at 1300ºC for 1 hour shows similar behaviour to the pigment treated at 

1200ºC. So taking into account these results, 1200ºC seems to be the more suitable 

temperature for the synthesis of CoAl2O4 spinel by a solid-state reaction. 

In Figure 4c, it is compared the CIE-L*a*b* colorimetric study of 90Al10Co pigments 

treated at different temperatures and a commercial CoAl2O4 blue pigment used as 

reference, in the centre of the colorimetric. Two trends are clearly differentiated by 

colour: samples treated at 850 and 1000ºC whose colour coordinates tend to green 

and yellow, and present more darkness; whereas, the colour coordinates of the 

samples thermally treated at ≥1100ºC are quite close to the reference spinel. In fact, 
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1200ºC and 1300ºC seem to be the most similar samples although only less than 23% 

of the cobalt amount necessary to form the cobalt aluminate phase (the stoichiometric 

cobalt aluminate required an equivalent content of 44 wt. % of Co3O4) has been used. 

According to the UV-Vis spectroscopy results, it was chosen 1200ºC as optimum 

temperature for the synthesis of this compound. Owing to the possibility to transfer this 

technical to the industry, 100ºC of difference involves a considerably energy saving. 

Moreover, the blue colour is an indication that the spinel formation occurs at the 

surface of the alumina microparticles and thereby a core-shell is developed. The 

chroma value C* that represents the richness of the colour hue is very high for the 

90Al10Co pigment, with a value of 44.3 that does not change remarkable respect to the 

reference pigment with a value of 47.7. The chroma value is considerably high if 

compared with other chroma values obtained in CoAl2O4 nanopigments 35.2 [39] or 

even with the large values of recent new blue nanopigments such as Yin0.9Mn0.1O3-ZnO 

that reaches a chroma value of 42.2 [40]. An evolution of CIE-L*a*b* coordinates is 

observed in the colorimetric diagram of pigments treated at 1200ºC for 1 hour with 

cobalt amounts, Figure 4d. In spite of the higher cobalt content the 90Al10Co pigment 

is still the most similar to the reference pigment. The samples synthesized with <10 wt. 

% of cobalt nanoparticles increase b* coordinate and reduce a* coordinate in addition 

to large increases of whitening, as the cobalt amount decreases. The reduction of 

cobalt amount accounts for a reduced reaction with alumina and thus the alumina 

contributed to the colour response. Nevertheless, samples synthesized with >10 wt. % 

of nanoparticles increase the b* coordinate and show a tendency towards higher 

darkness as the cobalt amount increases. The presence of nanoparticle agglomerates 

in the precursor seems to limit the development of the cobalt aluminate.  

To sum up, a complete formation of the cobalt aluminate has been stated for pigment 

with <23 wt. % content of cobalt oxide than the stoichiometric counterpart. The 

colorimetric analysis showed that a highly rich blue chroma is achieved for this pigment 

that accounts for a core-shell formation in which the cobalt aluminate forms the shell. 
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The pigment is obtained from the thermal treatment of dispersed Co3O4 nanoparticles 

on the surface of alumina microparticles. As the precursor showed alumina surface free 

of cobalt nanoparticles, the formation of a cobalt aluminate shell requires high mobility 

of cobalt cations along the alumina surface. Hence an in-depth study on the 

microstructure of the new pigment is required. 

Shell structure and microstructure 

In order to determine the structure of the spinel phase a Confocal Raman Microscopy 

analysis is attempted. Figure 5a shows an Optical Microscopy micrograph of a single 

particle of 90Al10Co composition treated at 1200ºC for 1 hour. The same observed 

area serves to generate a Raman image of the surface (Figure 5b). 

Figure 5c shows the Raman spectrum which corresponds to the 90Al10Co pigment 

and for comparison purposes the Raman spectra of α-Al2O3 and CoAl2O4 particles as 

references. Concerning α-Al2O3, it has been reported that α-Al2O3 (corundum) is based 

on D6
3d symmetry with seven Raman-active phonon modes, 2A1g + 5Eg, at 378, 418, 

429, 448, 576, 645, and 750 cm–1 [41]. CoAl2O4 pigment used as reference has a 

spinel structure and, considering that spinel structure belongs to the Fd3m (Oh
7) space 

group, it exhibits five Raman active modes: A1g (764 cm-1); F2g (644, 511 and 203 cm-1) 

and Eg (413 cm-1) [42]. The main phase identified by Raman in the 90Al10Co sample is 

the spinel CoAl2O4 (signalled in blue colour). This sample also exhibits the five 

expected Raman active modes which correspond to CoAl2O4 in this spectral range: A1g 

(775 cm-1); F2g (646, 513 and 204 cm-1) and Eg (417 cm-1). All modes exhibit a blue-shift 

compared to the reference pigment, this fact indicates that the constant force is higher 

and could attribute to crystal stress in the spinel particles. This effect cannot be 

attributed to differences in heating by the incident laser because for the 90Al10Co 

sample the laser power was 5 mW, whereas for the pigment used as reference the 

laser power was 0.5 mW. The difference in laser power is due to the efficiency in power 

dissipation of heat from the sample 90Al10Co, possibly through the core-shell 

structure. Moreover, a higher laser power could heat the sample more and as a result a 
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red-shift would occur, which has not been the case. There is even a small controversy 

between the coefficients of thermal expansion, CTE. In the literature data, the CTE of 

alumina is slightly higher (9.09 10-6 K-1) [43], than the CTE of CoAl2O4 (8.7 10-6 K-1) 

[44]. This difference could contribute to the compression stress of the supported 2D 

spinel particles as indicated by the Raman blue-shift. 

The Raman intensity of the spinel is higher at the edges of the particles. This fact could 

be associated to the evanescent field which was concentrated there. The Raman 

intensity of the α-Al2O3 phase is rather lower than the Raman intensity of the spinel 

phase so the presence of alumina is difficult to determine. It is worth remarking that the 

laser spot has ca. 500 nm in diameter and 700 nm in depth. As the average thickness 

of pigment particles is 1 µm the laser spot should cover the alumina core. However the 

presence of a cobalt aluminate shell absorbs effectively the 534 nm laser as stated 

from the absorbance UV-Vis spectra. 

Figure 6a shows the FESEM micrographs of the 90Al10Co sample which was treated 

at 1200ºC. FESEM micrographs illustrate the presence of 2D surface crystallizations 

having different morphologies that cover the whole α-Al2O3 surface (Figure 6b). A high 

proportion of these nanocrystals have a triangular shape and present strikingly flat 

surfaces with low thickness and straight edges, as shown in Figure 6c. Additionally, 

Figure 6d reveals other features of 2D particles, which present a triangular hole in the 

middle. Several irregular particles could also be seen in which the triangular shaped 

crystallizations are restricted and resemble an earlier stage of the sintering between 

former cobalt oxide nanoparticles. These irregular particles are more protruded from 

the alumina surface than the triangular ones. The surface has particles with different 

heights and spinel crystallization seems to extend the covering beyond the sites in 

which former Co3O4 nanoparticles are initially anchored. However the FESEM 

micrographs fail in resolution to determine if the alumina surface is completely covered 

by the cobalt aluminate particles. 
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The surface of the particles is studied by Atomic Force Microscopy, Figure 7. The first 

observation is that the whole surface of the microparticle is covered by nanocrystals 

(Figure 7a). Specifically, well-defined triangular particles and irregular small 

nanoparticles form a continuous shell over the α-Al2O3 surface. The roughness profiles 

from AFM of selected regions (Figure 7b-d) confirms that the highly protruded regions 

are <50nm, and correspond to former small agglomerates of Co3O4. The triangular 

shaped particles present a flat surface with a height down the 15 nm (see point 2 and 3 

in Figure 7c). Initial Co3O4 presents a particle size ranging between 10-30 nm and this 

value is in accordance with the height of the AFM profile in which protruded regions lie 

down the two former nanoparticle heights. The triangular shaped flat particle implies a 

surface diffusion of cobalt cations to react with the other layer of alumina. The effective 

formation of a shell is based on a correct dispersion of Co3O4 nanoparticles and the 10 

wt. % is the optimal amount to obtain a corrected yield for the formation of a CoAl2O4 

shell in α-Al2O3 microparticles. 

Schematic diagram of the Shell Formation Mechanism 

In order to propose a mechanism about the formation of a 2D shell, a schematic model 

has been developed and represented in Figure 8. The results of the previous 

observations have been taken into account and are depicted on the scheme. 

The dry dispersion procedure provides Co3O4 nanoparticles anchored to the α-Al2O3 

surfaces. Isolated nanoparticles and small agglomerates are observed in conjunction 

with uncovered alumina spaces for the optimum amount of 10 wt. % of Co3O4. The 

small agglomerates consist of a few nanoparticles that do not protrude in excess from 

the alumina surface. On the other hand, FESEM images show that there is a 

“saturation amount” of Co3O4; so Co3O4 nanoparticles can be effectively dispersed over 

α-Al2O3 microparticles before a large presence of agglomerates. Definitively, two 

different scenarios of dispersion exist: well dispersed isolated nanoparticles and 

agglomerates with different nanoparticle content. The larger the amount of cobalt 

nanoparticles is, the larger the number of agglomerates there are and as a 
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consequence their size increases. Regarding the DTA/Tg analysis, it was stated that 

the well-dispersed nanoparticles produce higher heat during the spinel formation than 

the agglomerated nanoparticles. This amount of heat is considerably higher if it is taken 

into account that the amount of well-dispersed nanoparticles is limited by the available 

alumina surface sites. In addition, the agglomerates show a trend to stabilize the CoO 

and therefore there is a competition between the spinel formation and the sintering of 

CoO nanoparticles. Consequently two different crystallization pathways could occur 

during the thermal treatment. It has been reported that the spinel crystal prefers to form 

an octahedron with eight (111) surfaces, as shown in Figure 8a, because of the lower 

energy at these planes [45]. Depending on the octahedron orientation the structure 

seems to be different. For instance, the triangle shaped particles correspond to a 111-

oriented octahedron [46,47], Figure 8b. The formation of 2D particles as flat shaped 

triangles corresponds to the isolated nanoparticles on the alumina surface. The spinel 

crystallization requires the mass transportation by surface diffusion of cobalt cations 

according to their epitaxial relationship with the substrate. This mechanism is possible 

because to form spinels from oxides a non-equilibrium interdiffusion is always involved 

during the reactions [48]. In this case, the in-diffusion of the shell material is faster than 

the out-diffusion of the core material, so the particle growth following the alumina 

surface in one of the facile spinel orientations.  

Appearances of void between different triangular shaped particles during growing 

(Figure 8c) represent evidence of such a surface diffusion to form 2D particles on the 

alumina surface. The reason is that cobalt nanoparticle agglomerates allow the mass 

transport to form sintering necks and then to coalesce in larger particles. It is worth 

noting that surface diffusion to form the sintering neck does not imply crystal 

reorientation and therefore the large particles possess different crystal orientations. 

Afterwards, the spinel reaction takes place and the existence of different crystal 

orientations with lower surface energy than the former nanoparticles limits the spinel 

reaction mechanism. Holes inside these particles are an indication that the spinel 
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formation slows the sintering process between the cobalt nanoparticles. The 

appearance of agglomerates is thus a limitation of the formation of planar 2D particles. 

Whatever the mechanism of crystallization of CoAl2O4 from Co3O4 nanoparticles at the 

surface of α-Al2O3 microparticles was, a core-shell is formed. These core-shell particles 

are composed by a core of α-Al2O3 and a shell of CoAl2O4 nanocrystallizations. 

Effective Solar Reflectivity of 2D shell pigments. 

Cool pigments is one of the most challenging topics to counteract urban heat island 

[49,50]. The core-shell concept having 2D particles here developed produces a high 

chroma value of the blue colour in the visible region of the electromagnetic spectrum. 

However, 52% of the irradiance of the solar energy lies in the near infrared region (700-

2500 nm) [51]. On other hand, NIR irradiance penetration is deeper than visible 

irradiance, so the effectiveness of the shell in visible response could be combined with 

the good NIR reflection of the alumina core. 

Figure 9 shows the NIR response of 2D shell pigments with different cobalt content. 

Both the R* (Reflectance) and the SR (Solar Reflectance) enhanced >40% and >10%, 

respectively, in the 90Al10Co pigment by comparison with the commercial. The 

obtained values for R*=77% are quite large when compared with current literature data 

in cool NIR pigment for CoAl2O4 as 47% [39] or new compositions that reach 67% [40]. 

It is worth mentioning that the commercial pigment that we use as standard possesses 

a large R* of 55%, in addition to their colour yield, that corresponds to an optimized 

industrial pigment. In terms of SR, the values of the 2D shell composition are 72%, 

again superior to the commercial pigment. The advantage of the core-shell pigment is 

related to the effectiveness of the 2D particles that reach high crystallinity due to their 

surface growth mechanism. The presence of protruded spinel nanocrystals originated 

in agglomerates of formed Co3O4 limited in that sense the effectiveness and a more 

refined procedure to maximize the planar particle represents a challenge for core-shell 

pigments. 
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To sum up, we have obtained a CoAl2O4 blue pigment, using less amount of cobalt 

oxide (10 wt. %) than the amount required to form the stoichiometric cobalt aluminate 

(44 wt. %). This is due to the formation of a core-shell structure consisting of a 2D 

CoAl2O4 nanoparticles shell over a α-Al2O3 core. The mentioned structure allows 

improving the yield of the colour generated by the pigment despite the cobalt oxide 

decrease. In addition, the results revealed that the formation of the composite Al2O3-

CoAl2O4 not only reduced the cost but also increased near-infrared solar reflectance 

(R* > 77%) with respect to the conventional pigments (R* > 47-67%). These facts 

express the potential of the CoAl2O4 core-shell pigment to be employed in cool 

coatings and opens new study fields. 

CONCLUSIONS 

An effective dry dispersion method was used to obtain Co3O4 nanoparticles dispersed 

over α-Al2O3 microparticles. Co3O4 isolated nanoparticles and agglomerates are 

deposited on the α-Al2O3 microparticles surface. The different dispositions of Co3O4 

promote variations at its reduction temperature because of the different ways oxygen 

diffuses. A correct dispersion was observed up to 10 wt. % of Co3O4 nanoparticles and 

1200ºC seems to be the more suitable temperature for the synthesis of CoAl2O4 spinel 

by a solid-state reaction. Hence, core-shell particles of Al2O3-CoAl2O4 are achieved. 

Two mechanisms of 2D CoAl2O4 crystallization over an α-Al2O3 surface are observed: 

arrangement of Co3O4 agglomerated nanoparticles on the surface of α-Al2O3, and 

diffusion mechanism of isolated nanoparticles on the surface of α-Al2O3. The correct 

formation of the core shell was demonstrated by Raman Spectroscopy and by 

colorimetric and UV-Vis spectroscopy studies. The colorimetric study shows that the 

new core-shell pigment presents a high chroma blue value which is similar to a 

reference CoAl2O4 pigment. Finally, the effective solar reflectivity of the new core-shell 

pigment is superior to the commercial one due to the high crystallinity of the 2D 

CoAl2O4 because of its surface growth mechanism. 

Acknowledgements 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

The authors express their thanks to the MINECO (Spain) project MAT2013-48009-C4-

1-P for their financial support. C.M.D. is also indebted to MINECO for a Predoctoral 

Grant (BES-2014-069779), which is co-financed with FEDER funds. 

REFERENCES 

[1] Sickafus KE, Wills JM, Grimes NW. Structure of spinel. J Am Ceram Soc 

1999;82:3279–92. doi:http://dx.doi.org/10.1111/j.1151-2916.1999.tb02241.x. 

[2] Melo DMA, Cunha JD, Fernandes JDG, Bernardi MI, Melo MAF, Martinelli AE. 

Evaluation of CoAl2O4 as ceramic pigments. Mater Res Bull 2003;38:1559–64. 

doi:http://dx.doi.org/10.1016/S0025-5408(03)00136-3. 

[3] Gul IH, Maqsood A, Naeem M, Ashiq MN. Optical, magnetic and electrical 

investigation of cobalt ferrite nanoparticles synthesized by co-precipitation route. 

J Alloy Compd 2010;507:201–6. 

doi:http://dx.doi.org/10.1016/j.jallcom.2010.07.155. 

[4] Tielens F, Calatayud M, Franco R, Recio JM, Pérez-Ramírez J, Minot C. 

Periodic DFT study of the structural and electronic properties of bulk CoAl2O4 

spinel. J Phys Chem B 2006;110:988–95. 

doi:http://dx.doi.org/10.1021/jp053375l. 

[5] Dandapat A, De G. Host-mediated synthesis of cobalt aluminate/γ-alumina 

nanoflakes: a dispersible composite pigment with high catalytic activities. ACS 

Appl Mater Interfaces 2012;4:228–34. doi:http://dx.doi.org/10.1021/am201283c. 

[6] Luo R, editor. Encyclopedia of color science and technology. 1st ed. New York: 

Springer Berlin Heidelberg; 2016. doi:http://dx.doi.org/10.1007/978-3-642-

27851-8. 

[7] Sarasamma Vishnu V, Lakshmipathi Reddy M. Near-infrared reflecting inorganic 

pigments based on molybdenum and praseodymium doped yttrium cerate: 

Synthesis, characterization and optical properties. Sol Energ Mat Sol Cells 

2011;95:2685–92. doi:http://dx.doi.org/10.1016/j.solmat.2011.05.042. 

[8] Synnefa A, Santamouris M, Livada I. A study of the thermal performance of 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 
 

reflective coatings for the urban environment. Sol Energy 2006;80:968–81. 

doi:http://dx.doi.org/10.1016/j.solener.2005.08.005. 

[9] Gao Q, Wu X, Fan Y. Solar spectral optical properties of rutile TiO2 coated mica-

titania pigments. Dye Pigm 2014;109:90–5. 

doi:http://dx.doi.org/10.1016/j.dyepig.2014.04.028. 

[10] Perera DY. Effect of pigmentation on organic coating characteristics. Prog Org 

Coat 2004;50:247–62. doi:http://dx.doi.org/10.1016/j.porgcoat.2004.03.002. 

[11] Karmaoui M, Silva NJO, Amaral VS, Ibarra A, Millan A, Palacio F. Synthesis of 

cobalt aluminate nanopigments by a non-aqueous sol-gel route. Nanoscale 

2013;5:4277–83. doi:http://dx.doi.org/10.1039/C3NR34229H. 

[12] Lewinski N, Colvin V, Drezek R. Cytotoxicity of nanoparticles. Small 2008;4:26–

49. doi:http://dx.doi.org/10.1002/smll.200700595. 

[13] Sabbioni E, Fortaner S, Farina M, Del Torchio R, Olivato I, Petrarca C, et al. 

Cytotoxicity and morphological transforming potential of cobalt nanoparticles, 

microparticles and ions in Balb/3T3 mouse fibroblasts: an in vitro model. 

Nanotoxicology 2014;8:455–64. 

doi:http://dx.doi.org/10.3109/17435390.2013.796538. 

[14] De Boeck M, Kirsch-Volders M, Lison D. Cobalt and antimony: genotoxicity and 

carcinogenicity. Mutat Res Fund Mol Mech Mut 2003;533:135–52. 

doi:http://dx.doi.org/10.1016/j.mrfmmm.2003.07.012. 

[15] Salnikow K, Su W, Blagosklonny M V, Costa M. Carcinogenic metals induce 

hypoxia-inducible factor-stimulated transcription by reactive oxygen species-

independent mechanism. Cancer Res 2000;60:3375–8. 

doi:10.1016/j.physe.2011.04.021. 

[16] Pulido MD, Parrish AR. Metal-induced apoptosis: mechanisms. Mutat Res Fund 

Mol Mech Mut 2003;533:227–41. 

doi:http://dx.doi.org/10.1016/j.mrfmmm.2003.07.015. 

[17] Bruick RK. Oxygen sensing in the hypoxic response pathway: regulation of the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

hypoxia-inducible transcription factor. Genes Dev 2003;17:2614–23. 

doi:http://dx.doi.org/10.1101/gad.1145503. 

[18] Chatterjee K, Sarkar S, Jagajjanani Rao K, Paria S. Core/shell nanoparticles in 

biomedical applications. Adv Colloid Interface Sci 2014;209:8–39. 

doi:http://dx.doi.org/10.1016/j.cis.2013.12.008. 

[19] Zhang X, Xie S, Fan Y, Wang Z, Zhang H, Zhao M. Structural and electronic 

properties of ZnS/ZnO heteronanotubes. Phys E Low Dimens Syst Nanostruct 

2011;43:1522–7. doi:http://dx.doi.org/10.1016/j.physe.2011.04.021. 

[20] Jankiewicz BJ, Jamiola D, Choma J, Jaroniec M. Silica–metal core–shell 

nanostructures. Adv Colloid Interface Sci 2012;170:28–47. 

doi:http://dx.doi.org/10.1016/j.cis.2011.11.002. 

[21] Zheng W, Zou J. Synthesis and characterization of blue TiO2/CoAl2O4 complex 

pigments with good colour and enhanced near-infrared reflectance properties. 

RSC Adv 2015;5:87932–9. doi:http://dx.doi.org/10.1039/C5RA17418J. 

[22] Zayat M, Levy D. Blue CoAl2O4 particles prepared by the sol-gel and citrate-gel 

methods. Chem Mater 2000;12:2763–9. 

doi:http://dx.doi.org/10.1021/cm001061z. 

[23] Hofmeister H, Miclea P-T, Mörke W. Metal nanoparticle coating of oxide 

nanospheres for core-shell structures. Part Part Syst Char 2002;19:359–65. 

doi:http://dx.doi.org/10.1002/1521-4117(200211)19:5<359::AID-

PPSC359>3.0.CO;2-B. 

[24] Chhikara D, Senthil Kumar M, Srivatsa KMK. On the synthesis of Zn/ZnO core–

shell solid microspheres on quartz substrate by thermal evaporation technique. 

Superlattices Microstruct 2015;82:368–77. 

doi:http://dx.doi.org/10.1016/j.spmi.2015.02.036. 

[25] Yuan W, Yuan J, Xie J, Li CM. Polymer-mediated self-assembly of TiO2@Cu2O 

core–shell nanowire array for highly efficient photoelectrochemical water 

oxidation. ACS Appl Mater Interfaces 2016;8:6082–92. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 
 

doi:http://dx.doi.org/10.1021/acsami.6b00030. 

[26] Uysal M, Karslioğlu R, Alp A, Akbulut H. The preparation of core-shell Al2O3/Ni 

composite powders by electroless plating. Ceram Int 2013;39:5485–93. 

doi:http://dx.doi.org/10.1016/j.ceramint.2012.12.060. 

[27] Milde M, Dembski S, Osvet A, Batentschuk M, Winnacker A, Sextl G. Polymer-

assisted sol-gel process for the preparation of photostimulable core/shell 

structured SiO2/Zn2SiO4:Mn2+ particles. Mater Chem Phys 2014;148:1055–63. 

doi:http://dx.doi.org/10.1016/j.matchemphys.2014.09.017. 

[28] Fernández JF, Lorite I, Rubio-Marcos F, Romero JJ, García MÁ, Quesada A, et 

al. Method for the dry dispersion of nanoparticles and the production of 

hierarchical structures and coatings, Patent Numbers WO2010010220-A1; 

ES2332079-A1, 2010, to Consejo Superior de Investigaciones Científicas, CSIC. 

[29] Lorite I, del Campo A, Romero JJ, Fernández JF. Isolated nanoparticle Raman 

spectroscopy. J Raman Spectrosc 2012;43:889–94. 

doi:http://dx.doi.org/10.1002/jrs.3112. 

[30] Martin-González MS, García MA, Lorite I, Costa-Krämer JL, Rubio-Marcos F, 

Carmona N, et al. A solid-state electrochemical reaction as the origin of 

magnetism at oxide nanoparticle interfaces. J Electrochem Soc 2010;157:E31–

5. doi:http://dx.doi.org/10.1149/1.3272638. 

[31] Rubio-Marcos F, Calvino-Casilda V, Bañares MA, Fernandez JF. Novel 

hierarchical Co3O4/ZnO mixtures by dry nanodispersion and their catalytic 

application in the carbonylation of glycerol. J Catal 2010;275:288–93. 

doi:http://dx.doi.org/10.1016/j.jcat.2010.08.009. 

[32] Rubio-Marcos F, Manzano C V, Reinosa JJ, Lorite I, Romero JJ, Fernández JF, 

et al. Modification of optical properties in ZnO particles by surface deposition and 

anchoring of NiO nanoparticles. J Alloy Compd 2011;509:2891–6. 

doi:http://dx.doi.org/10.1016/j.jallcom.2010.11.149. 

[33] Tomić-Tucaković B, Majstorović D, Jelić D, Mentus S. Thermogravimetric study 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 
 

of the kinetics of Co3O4 reduction by hydrogen. Thermochim Acta 2012;541:15–

24. doi:http://dx.doi.org/10.1016/j.tca.2012.04.018. 

[34] Bi Z, Zhang R, Wang X, Gu S, Shen B, Shi Y, et al. Synthesis of zinc aluminate 

spinel film through the solid-phase reaction between zinc oxide film and α-

alumina substrate. J Am Ceram Soc 2003;86:2059–62. 

doi:http://dx.doi.org/10.1111/j.1151-2916.2003.tb03609.x. 

[35] Taguchi M, Nakane T, Hashi K, Ohki S, Shimizu T, Sakka Y, et al. Reaction 

temperature variations on the crystallographic state of spinel cobalt aluminate. 

Dalt Trans 2013;42:7167–76. doi:http://dx.doi.org/10.1039/C3DT32828G. 

[36] Jiang C-M, Baker LR, Lucas JM, Vura-Weis J, Alivisatos AP, Leone SR. 

Characterization of photo-induced charge transfer and hot carrier relaxation 

pathways in spinel cobalt oxide (Co3O4). J Phys Chem C 2014;118:22774–84. 

doi:http://dx.doi.org/10.1021/jp5071133. 

[37] Angeletti C, Pepe F, Porta P. Structure and catalytic activity of CoxMg1-xAl2O4 

spinel solid solutions. Part 1.-Cation distribution of Co2+ ions. J Chem Soc 

Faraday Trans 1977;73:1972–82. doi:http://dx.doi.org/10.1039/F19777301972. 

[38] Meyer F, Hempelmann R, Mathur S, Veith M. Microemulsion mediated sol-gel 

synthesis of nano-scaled MAl2O4 (M=Co, Ni, Cu) spinels from single-source 

heterobimetallic alkoxide precursors. J Mater Chem 1999;9:1755–63. 

doi:http://dx.doi.org/10.1039/A900014C. 

[39] Hedayati HR, Sabbagh Alvani AA, Sameie H, Salimi R, Moosakhani S, 

Tabatabaee F, et al. Synthesis and characterization of Co1−xZnxCr2−yAlyO4 as a 

near-infrared reflective color tunable nano-pigment. Dye Pigm 2015;113:588–95. 

doi:http://dx.doi.org/10.1016/j.dyepig.2014.09.030. 

[40] Jose S, Jayaprakash A, Laha S, Natarajan S, Nishanth KG, Reddy MLP. 

YIn0.9Mn0.1O3–ZnO nano-pigment exhibiting intense blue color with impressive 

solar reflectance. Dye Pigm 2016;124:120–9. 

doi:http://dx.doi.org/10.1016/j.dyepig.2015.09.014. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 
 

[41] Munisso MC, Zhu W, Pezzotti G. Raman tensor analysis of sapphire single 

crystal and its application to define crystallographic orientation in polycrystalline 

alumina. Phys Status Solidi B 2009;246:1893–900. 

doi:http://dx.doi.org/10.1002/pssb.200945137. 

[42] D’Ippolito V, Andreozzi GB, Bersani D, Lottici PP. Raman fingerprint of 

chromate, aluminate and ferrite spinels. J Raman Spectrosc 2015;46:1255–64. 

doi:http://dx.doi.org/10.1002/jrs.4764. 

[43] Gladysz GM, Chawla KK. Coefficients of thermal expansion of some laminated 

ceramic composites. Compos Part A 2001;32:173–8. 

doi:http://dx.doi.org/10.1016/S1359-835X(00)00144-5. 

[44] Petric A, Ling H. Electrical conductivity and thermal expansion of spinels at 

elevated temperatures. J Am Ceram Soc 2007;90:1515–20. 

doi:http://dx.doi.org/10.1111/j.1551-2916.2007.01522.x. 

[45] Liao S-C, Tsai P-Y, Liang C-W, Liu H-J, Yang J-C, Lin S-J, et al. Misorientation 

control and functionality design of nanopillars in self-assembled perovskite-

spinel heteroepitaxial nanostructures. ACS Nano 2011;5:4118–22. 

doi:http://dx.doi.org/10.1021/nn200880t. 

[46] Martín-García L, Quesada A, Munuera C, Fernández JF, García-Hernández M, 

Foerster M, et al. Atomically flat ultrathin cobalt ferrite islands. Adv Mater 

2015;27:5955–60. doi:http://dx.doi.org/10.1002/adma.201502799. 

[47] Zheng H, Zhan Q, Zavaliche F, Sherburne M, Straub F, Cruz MP, et al. 

Controlling self-assembled perovskite-spinel nanostructures. Nano Lett 

2006;6:1401–7. doi:http://dx.doi.org/10.1021/nl060401y. 

[48] Yin Y, Rioux RM, Erdonmez CK, Hughes S, Somorjai GA, Alivisatos AP. 

Formation of hollow nanocrystals through the nanoscale Kirkendall effect. 

Science 2004;304:711–4. doi:http://dx.doi.org/10.1126/science.1096566. 

[49] Ferrari C, Muscio A, Siligardi C, Manfredini T. Design of a cool color glaze for 

solar reflective tile application. Ceram Int 2015;41:11106–16. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 
 

doi:http://dx.doi.org/10.1016/j.ceramint.2015.05.058. 

[50] Santamouris M. Cooling the cities - A review of reflective and green roof 

mitigation technologies to fight heat island and improve comfort in urban 

environments. Sol Energy 2014;103:682–703. 

doi:http://dx.doi.org/10.1016/j.solener.2012.07.003. 

[51] Levinson R, Berdahl P, Akbari H. Solar spectral optical properties of pigments-

Part II: survey of common colorants. Sol Energ Mat Sol Cells 2005;89:351–89. 

doi:http://dx.doi.org/10.1016/j.solmat.2004.11.013. 

FIGURE CAPTIONS 

Figure 1. FESEM micrographs of Co3O4 nanoparticles dispersed on α-Al2O3 

microparticles. a) and b) 95Al5Co and c) 90Al10Co. 

Figure 2. DTA/Tg curves up to 1200ºC at a 3ºC/min rate of the precursor mixtures: a) 

99Al1Co, b) 95Al5Co, c) 90Al10Co, d) 80Al20Co, e) 70Al30Co and f) reference Co3O4. 

(g) Detail of the endothermic signal in DTA curve for samples with different Co3O4 

amounts. The numbers next to the peaks represent different endothermic and/or 

exothermic processes which occurred during the thermal analysis of the mixtures. 

Figure 3. a) XRD patterns corresponding to the mixture of 90Al10Co iso-thermally 

treated at different temperatures (850-1300ºC). b) Ratio between the (104) peak area 

corresponding to α-Al2O3 phase and the (311) peak area corresponding to the spinel 

phase. 

Figure 4. a) UV-Visible spectra of 90Al10Co mixture iso-thermally treated at different 

temperatures. b) Representative image of 90Al10Co pigments synthesized at different 

temperatures. c) CIE-L*a*b* coordinates of 90Al10Co pigments iso-thermally treated at 

different temperatures. d) CIE-L*a*b* colorimetric coordinates of different cobalt 

content compositions. A reference cobalt aluminate commercial pigment is used as 

reference for the colorimetric coordinates.  

Figure 5. Confocal Raman Microscopy of an isolated single pigment particle 90Al10Co 

synthesized at 1200ºC for 1 hour: a) Optical microscopy micrograph. b) Raman image 
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in which colour intensity evidences Raman intensity of the main F2g Mode for CoAl2O4 

phase (c) Raman spectra of 90Al10Co pigment and Raman spectra of α-Al2O3 and 

CoAl2O4 references. 

Figure 6. FESEM of the 90Al10Co pigment treated at 1200ºC: a) general view of 

90Al10Co in order to show that the coating is complete, b) enlarged general view of 

90Al10Co sample with triangular nanoparticles, c) detail of triangular shaped 2D 

particles, and d) detail of surface coalescence which shows 2D structures with a hole in 

the middle. 

Figure 7. Atomic force microscopy images of 90Al10Co sample (a), detail of 90Al10Co 

sample (b, d) and roughness (c, e). 

Figure 8. a) Schematic of the lowest energy surfaces of the CoAl2O4 crystal. b) 

Schematic of morphology of the CoAl2O4 triangular shaped particles on α-Al2O3 

surface. c) Schematic evolution of the cobalt nanoparticles coalescence before the 

spinel formation. 

Figure 9. NIR response of 2D shell pigments with different cobalt content: a) UV-VIS 

NIR reflectance. b) R* in the spectral range 700-2500 nm. c) Solar reflectance spectra. 

d) SR in the spectral range 700-2500 nm. The representation of R* and SR is 

considered versus the formulated Co3O4 wt. % amount. The commercial pigment used 

as reference corresponds to an equivalent 44 wt. % of Co3O4. 
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HIGHLIGHTS 

• Safety method to obtain nanostructured surfaces onto microparticles as 

supports. 

• Nanoparticles are securely anchored to the microparticles by using a dry 

dispersion method. 

• Two mechanisms of 2D CoAl2O4 crystallization over α-Al2O3 surface are 

observed. 

• The core-shell reduces the amount of required cobalt and their toxic effects. 

• Solar reflectivity enhances by achieving values higher than 70% in the NIR 

range. 


