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ABSTRACT

The application of nanomaterials in the construction field is allowing the

development of smart, green, durable and more efficient buildings. Among the

most widely researched nanomaterials are nanosized cool pigments, which are

being enforced to achieve thermal and energy-efficient façades, with the

development of high reflectance and retro-reflectance coatings. Their peculiar

optical and catalytic activity turns nanomaterials into suitable candidates to be

used as dark coloured high solar reflectance without affecting aesthetic char-

acteristics, thus improving the durability of coatings. The objective of this paper

is to review the state-of-the-art on the benefits of using high reflectance

nanopigments as coatings in building façades and their production and syn-

thesis processes. It is thus divided into three main topics: (i) the benefits of using

nanopigments on façades, (ii) the most important nanomaterials used as cool

pigments and (iii) the main methods of synthesizing nanopigments. One expects

that the study of near-infrared nanopigmentation synthesis processes will be

able to promote and disseminate the use of nanotechnology in construction,

assessing the production problems and limitation and thus helping to dissem-

inate new products by reducing production costs and increase availability.
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GRAPHICAL ABSTRACT

Introduction

Nanomaterials are gaining widespread importance

due to their key characteristics and applications in

diverse fields such as agriculture [1–3], energy [4, 5],

electronics [6, 7], catalysis [8, 9], pharmaceuticals

[10, 11], engineering [12, 13], technology [14, 15] or

the food industry [16, 17]. The reduced size of

nanomaterials affects their fundamental characteris-

tics, altering the corresponding physical, chemical

and biological behaviours. Research on nanomateri-

als then focuses on understanding and improving

these properties, aiming novel effects and functional

devices [18]. Among the many favourable character-

istics often exhibited by nanomaterials, one just

mentions their increased reactivity related with the

enhanced surface area-to-volume-ratio, their high

degree of crystallinity, chemical stability, high

adsorption capacity or the possibility to tune their

morphology [19, 20].

Among these unique characteristics, the optical

and electronic properties of nanomaterials standout.

In particular, optical properties such as emission and

adsorption (related with electronic transitions

between energy levels) are critically affected by

dimensionality. Thus, as particle size decreases and

the density of states becomes more quantized, the

absorption spectra vary [18, 21]. Indeed, the mid-gap

energy levels distribution leads to a wide range of

absorption in nanoparticles, the crucial factor for

their large optical and catalytic activity [22]. This

opens the prospect of using nanoengineered materi-

als to fine tune emission and adsorption for specific

applications.

Nanotechnology is already starting to play an

essential part in the development of new and

improved construction materials [23]. As one moves

towards nearly zero-energy buildings [24], there is

the mandatory necessity to reduce the thermal gains

in the urban environment. Around 40% of energy

consumption and greenhouse gas emissions of

European countries are attributed to buildings

[25–28]. The assessment and enhancement of the

sustainability of buildings is thus becoming a major

necessity for the consolidated development of the

construction sector worldwide, ultimately aiming to

design new buildings with minimal energy require-

ments, reduced energy use and CO2 emissions [29].
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To achieve this goal, it is important to reduce the

amount of solar radiation absorbed by buildings [30].

In fact, part of the sunlight that hits a surface is

absorbed as heat [29] and the resulting temperature

rise in buildings can lead to large refrigeration

necessities to maintain the comfort of residents. The

use of reflective coatings that reflect a large portion of

solar radiation (the so-called cool pigments) is thus a

decisive factor for the reduction of the thermal gains

and overheating in buildings [31]. Even though sun-

light intensity is larger in the visible region, invisible

NIR radiation accounts for around half of all solar

energy reaching us [32]. Thus, research in cool pig-

ments focuses on NIR-reflecting materials that can be

an economical, ecologically and passive method to

help increase energy savings in buildings decreasing

the energy required for cooling loads and enhancing

indoor thermal comfort by reducing the surface and

ambient temperatures [33]. Figure 1 shows the main

thermal properties of cool materials.

This is where nanomaterials with tuned optical

properties have a significant opportunity in the con-

struction sector, as reviews in this manuscript. Sev-

eral authors have already presented the progress and

performance of reflective materials, as well as their

implementation in buildings (roofs, pavements, …)

for a high cooling potential [34–41]. As Santamouris

et al. [34] stated, recent research focus on the

improvement of already available materials or the

development of new cool materials. Rawat et al. [36],

for instance, highlighted the energy-saving advan-

tages using reflective materials in roofs structures, in

different climatic zones. However, there is a limited

number of literature reviews that focus on the actual

reflective materials and their physical properties.

Here, we will comprehensively assess the state-of-art

of near-infrared (NIR) reflecting nanomaterials,

emphasizing NIR reflective inorganic pigments and

nanopigments applicable as cool materials in build-

ings, grouping them by crystalline class and physical

properties. The inclusion and exclusion criteria for

analysing the articles in this review were the syn-

thesis process, crystalline class, spectral and solar

reflectance studies, colour and the applicability in

buildings surfaces, such as roofs and façades. For

that, the manuscript is divided into three main sec-

tions. Section 2 will give an introduction to nano-

materials in the construction sector motivated by

thermal comfort problems in buildings. Section 3 will

detail the most important materials currently being

researched for cool pigments, starting with near-in-

frared (NIR) reflecting inorganic nanopigments (in-

cluding the most important metal oxide nanoparticles

TiO2, ZnO, Cr2O3 and ZrO2), complex inorganic

coloured pigments (particularly spinel-type oxides),

perovskites-based, rare-earth-based pigments and

core–shell structures. Section 4 will briefly present

how nanoscience can provide new routes for the

development of advanced adaptive structures in civil

engineering and architectural design as smart build-

ing skins. Section 5 will summarize the main routes

to obtain nanopigments, including solid-state, sol–

gel, hydrothermal, molten salt and sonochemical

synthesis and examples of relevant materials syn-

thesized by each route. The final section will give a

prospect for the future of cool nanopigments in

construction.

Figure 1 Cool material properties. Reproduced with permission

from ref [33], Copyright 2011, Elsevier.
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Nanomaterials in building envelopes

Nanotechnology can offer improved materials and

applications for the construction sector. The main

goal of the incorporation of novel construction tech-

nologies is to move towards green, smart and effi-

cient buildings. As we have seen, the unique optical

properties of nanomaterials offer the possibility to

develop reflective nanopigments [42] for increasing

thermal comfort and energy saving. Furthermore,

besides their use as reflecting cool pigments, nano-

materials can bring additional value to construction

materials. They can improve cementitious materials

properties, increase composites durability, reduce

weight, reduce heat transfer, promote energy effi-

ciency and self-cleaning features [43, 44] or improved

mechanical properties (including hardness, strain-to-

failure or scratch resistance) in coatings [45, 46].

Novel construction materials play a crucial part in

making buildings more sustainable by enabling the

development of energy-efficient façades [47]. In this

respect, enhancing the thermal performance of the

envelope system is a critical way to decrease building

energy consumption [48]. This may even involve cool

coloured materials with high reflectivity in the NIR

when the aesthetic of darker colours is favoured [49].

One of the most exciting technological applications is

precisely to replace usual dark pigments that absorb

NIR radiation, by cool materials with similar colours

but with enhanced solar reflectance [50, 51]. Typi-

cally, cool materials have high solar reflectance and

infrared emittance [52, 53]. By employing materials

with tuned absorption and reflection of specific

spectral wavelengths, the total energy absorbed by

the surface where the cool pigment is applied is

reduced [54–56]. According to Gobakis et al. [57], the

definition of cool roofing materials depends on the

specific Certification Program, but usually is required

a minimum of 0.65 for solar reflectance and 0.85 for

thermal emittance.

Angular dependence of the solar
reflectance

The solar reflectance of surfaces varies according to

the angular distribution of the incident solar radia-

tion, from a minimum value analogous to the normal

incidence of a light beam to a maximum value cor-

responding to an incidence angle of 908, depending

on the surface roughness [58]. According to Fresnel

equations, reflections in smooth surfaces are strictly

dependent on the angle of incidence and have high

angular reflectance values, while reflections from

rough surfaces are less affected by incident angle

variations [59].

This issue is particularly pertinent in cool materi-

als, since they can undergo treatments to become

smoother and increase the solar reflectance. For

instance, coatings for roof application usually present

smooth surfaces. Thus, it is important to understand

how the incident angle affects the solar reflectance in

order to estimate the solar gains of building compo-

nents [58]. Such estimation of solar gains of buildings

should also include diffuse and specular reflections

of the incident irradiation. Usually, solar gains can be

determined using [58]:

QSG ¼ Ib: 1� qð Þ þ Id: 1� qð Þ ¼ Ib þ Idð Þ: 1� qð Þ
¼ Ig: 1� qð Þ ð1Þ

where QSG is the solar gain heat power [W/m2], Ib the

beam irradiance [W/m2], Id the diffuse irradiance

[W/m2], Ig the global irradiance [W/m2] and q the

solar reflectance [-].

Building materials are commonly considered

Lambertian due to their ability to reflect diffuse

incident radiation on their surface. Such statement

cannot be strictly valid since the reflectance of a

material surface is the result of the combination of the

incident (diffuse, hemispherical also called specular

beam) and reflected (diffuse or specular) radiation

geometries, associated with the contribution of the

proper spectrum wavelength [Infrared (IR), visible,

ultraviolet (UV)], as well as the incidence angle

(Fig. 2). While the reflectance of a surface under

specular reflectance (such as in glass and metal

coatings) depends on the incident angle, that of dif-

fuse irradiation (as in most of the paint and

Incident 
light

Specular 
reflection

Diffuse 
reflection

Figure 2 Reflection properties of the incident light on an opaque

façade.
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cementitious coatings) is constant regardless of the

incidence angle, as mentioned before [59].

The main difference between conventional and

cool coloured material products is that the latter can

include paints, pigments, coatings and membranes to

smooth the surface. This promotes a partly specular

surface and reduces the absorption due to surface

roughness. On the contrary, traditional materials can

comprise rough finishing and diffuse performance.

However, many opaque construction materials fre-

quently present a mixed behaviour, which includes

specular and diffuse performances (Fig. 3).

Figure 3 3D images of calculations of the directional-hemispherical reflectance of materials: a mainly Lambertian; b mainly specular;

c mixed behaviour; d backscattering mixed. Reproduced with permission from Ref. [59], Copyright 2015, Elsevier.

Figure 4 Example of diffuse and specular reflections on the façades of a building. Reproduced with permission from ref. [60], Copyright

2016, Elsevier.
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As such, Carnielo et al. [58] considered two dif-

ferent reflectance components. The first is an angular

component (qh) related with the variation of the solar

beam irradiance with the incidence angle (h) that can
be calculated from the interpolation of experimental

values obtained at various h-values. The second

component is a constant reflectance (qd) related with

the diffuse solar irradiance that uniformly hits a

surface:

qd ¼ r
p=2

0

q hð Þ:dh ð2Þ

The authors then proposed a method to calculate

the dependence of solar gains on the incident angle

using:

QSG hð Þ ¼ Ib: 1� qhð Þ þ Id: 1� qdð Þ ð3Þ

Regarding the building envelope system, in Fig. 4,

Takebayashi [60] identified that the reflection of solar

radiation on diffuse conventional façades (e.g. con-

crete, paints or wood) results in 12.5% being reflected

to the sky, 12.5% to the ground and 75% being

absorbed by the building façade. However, the use of

high reflectance cool coatings can reduce the thermal

load to approximately 25%. If the façade has a high

reflectance specular property, the reflection can even

reach 75%. However, in this case, despite reducing

the thermal absorption of the wall, the beam could

cause pedestrian glare.

Although the application of materials with high

solar reflectance seems relatively easy with plenty

space to implement this strategy in hot climates, there

are still urgent difficulties that must be taken into

account. For example, surfaces with high reflectance

can cause glare problems leading to hazards and

discomfort [61]. Another potential problem is the

limited range of colours/hues to be applied to

buildings. However, these problems can be avoided

by providing materials with a broad range of colour

palette (for aesthetic reasons) but controlled near-in-

frared reflectance to achieve the desired effects [62].

Near-infrared reflecting inorganic
pigments and nanopigment

Typically, cool pigments are chosen from materials

displaying the highest reflectances, with complex

metal oxides being the main source of NIR reflective

inorganic pigments, selectively reflecting radiation in

the visible and infrared regions. In particular, white

materials, such as titanium dioxide, present the best

heat reflection performance with a solar reflectance of

around 87% [63] and are thus the most used cool

materials. Such high reflectance leads to a lower

sunlight absorption from exterior surfaces, such as

roofs, decreasing the cooling necessities of the

building. Low light absorbance and high dispersion

of radiation in the visible regions are other relevant

properties of white pigments (400–800 nm). Never-

theless, conventional dark tones (such as black pig-

ments; highly absorbing and reflecting only &5% of

the total solar irradiation) are still abundantly used

on exteriors, either because of aesthetic reasons or to

conceal soiling.

The reflectivity and absorptivity of a pigment are

independent, opening the possibility to design

coloured NIR reflective coatings [64], with the cor-

responding heat reflection being strongly related

with the pigment colour. Furthermore, reflective

nanopigments can be designed in order to selectively

reflect visible and infrared radiation (Fig. 5). To

design a NIR-reflecting pigment, it is required to

maximize the total reflectance and emissivity and,

withal, minimize the possible contamination by

infrared absorbing materials white pigments [65].

Another key parameter to design a cool pigment is

the used particle size, which allows engineering the

scattering power [66].

The optical properties of a coating depend on

(i) the refractive indices of the pigment and binder;

(ii) the thickness of the film; and (iii) the size, shape

and concentration of the pigment particles [67, 68].

Painted coatings are considered thin films, so that

their optical properties can be classified in three

broad cases: (a) transparent films that allow most

Figure 5 Schematic of reflective nanopigment coating.

Reproduced with permission from ref. [70], Copyright 2014,

Elsevier.
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light to pass but can absorb some of it; (b) translucent

films in which light is scattered in both directions;

and (c) opaque films where the concentration of col-

orant or pigment particles is high and a portion of

light is absorbed and the other is scattered back to the

top [69].

Light scattering by particles can be modelled by

Maxwell’s equations but exact solutions can only be

found for specific particle geometries (e.g. spherical).

Concerning the influence of the size of a scattering

particle, one can define a size parameter (j) given by

(in which r is the particle radius r and k the wave-

length of the incident radiation):

j ¼ 2pr
k

ð4Þ

Two cases then follow: if the size parameter is

small (j � 0.3) the particles are classified as small

and light scattering is defined by Rayleigh theory; on

the other hand, if the size parameter is between 0.3

� j � 0.5, the particles are considered large and

scattering is treated by Mie theory [71], which is a

complete analytical solution of Maxwell’s equations

used to characterize the scattering from any spherical

particle with an arbitrary size.

The multiple-scattering phenomena that arises in

the scattering of light from surfaces is fundamental in

nature and several models are described in the liter-

ature [72, 73]. The simplest model to predict and

explain the optical properties of colorant layers is the

Kubelka–Munk (KM) theory [74, 75]. This two-flux

model is widely applied in the pigment industry and

translucent/opaque films [68]. For the latter, the

effective scattering coefficient S is particularly high

because of the high concentration of the pigment and

light is completely scattered [69], giving origin to the

Kubelka–Munk equation:

K

S
¼ 1� R1ð Þ2

2R1
; ð5Þ

where K is the absorption coefficient and R1 is the

reflectance at an infinite thickness.

However, the use of the KM model is limiting since

it assumes that the light passes through the film only

in a diffuse mode and refractive index changes are

not considered. On the other hand, the Sauderson

correction [76] adjusts the coating’s reflectance by

considering the refractive index gap that can possible

exist between the layer coating and air. In real films,

there is a scattering effect, with the light propagating

in any direction. The KM model contemplates two

fluxes with diffused light in both directions (upwards

and downwards). Applying the Sauderson correction

on the classical KM theory actually estimates the

difference of the refractive indexes and gives a better

approach on the reflectance values.

Metal oxides nanoparticles

Inorganic pigments are commonly used in different

applications, including paints and coatings [77].

Table 1 shows the most common metal oxide com-

pounds used as cool pigments. As readily seen, the

largest solar radiation reflections are obtained using

white coatings, from which the most typical is tita-

nium dioxide (TiO2). Nevertheless, other oxides or

their synthetic analogues can be used as pigments

after suitable modifications.

TiO2 is the most used pigment in coatings formu-

lation, improving the quality and coverage power,

durability and brightness of the coating [83, 84].

Besides that, there are other metal oxides nanomate-

rials such as ZrO2, ZnO or Cr2O3, that have been used

as key-enabling technologies for the production of

control functional coatings to minimize energy usage

in buildings [85]. However, the use of heavy metals is

beginning to be worrying and alarming [81, 86] and

an ideal approach is the use of naturally occurring

oxides or the production of their analogues with

appropriate modifications that make then suitable to

be used as pigments.

Titanium dioxide (TiO2)

Titanium dioxide (TiO2) is a white colour pigment

widely used for eco-friendly applications, including

in construction materials (tiles, concrete, coatings or

glasses), because of its unique properties (low cost,

non-toxicity, optical transparency, large refractive

index, chemical stability or good thermal perfor-

mance) [87, 88]. In these applications, the behaviour

of TiO2 nanomaterials is largely influenced by their

electronic and optical properties, particle size, mor-

phology and crystalline structure [89]. Anatase (te-

tragonal), brookite (orthorhombic) and rutile

(tetragonal) are the three main crystalline phases of

TiO2 [90]. The most stable modification is the rutile

phase, while anatase irreversibly transforms into

J Mater Sci



rutile during heating at a transformation temperature

that depends on the synthesis process, annealing

atmosphere, crystallinity degree and impurity con-

tent [91, 92].

Relevant properties

From the TiO2 phases, rutile {crystal system: tetrag-

onal (4/mmm), space group: P42/mnm–D14
4h}, ana-

tase {tetragonal (4/mmm), I41/amd–D19
4h} and

brookite {orthorhombic (mmm), Pbca–D15
2h}, only the

first two have an important role in industrial appli-

cations. Brookite has a much smaller significance due

to the drawback in fabricate pure-phase crystal, when

compared to rutile and anatase TiO2 (Fig. 6) [90, 93].

Being a large bandgap ([ 3 eV) n-type semicon-

ductor, most of the practical applications of TiO2 use

its light adsorption capacity, particularly photocatal-

ysis and photovoltaics. However, its large band gap

and the fast recombination of photoexcited carries

limit its light adsorption properties to UV light that

constitutes only &5% of the total solar radiation

[94, 95]. Table 2 summarizes the main properties of

the anatase and rutile phases of TiO2.

Applications in the coating industry

TiO2 has been extensively used in building materials

and in the coating industry due to a diversified set of

properties. Compared with other metal oxide mate-

rials, it provides high photocatalytic activity and is

highly effective under weak solar irradiation. Fur-

thermore, TiO2 can be incorporated in traditional

construction materials without degrading the original

performance [97].

With the development of the coating industry,

several studies have been directed to take advantage

of the characteristics and properties of TiO2. It has

already been reported that TiO2 is the most effective

UV protector [98] and improves the solar reflectance

of coatings. For instance, Godnjavec et al. [99] mod-

ified the surface characteristics of TiO2 nanomaterials

to be used as additives in clear acrylic coatings.

Looking at the results, it appears that TiO2 improved

the dispersion in the acrylic coating, as well as UV

protection. In general, particle size influences a large

variety of properties of materials [100]. Consequently,

it will determine the appearance (colour and bright-

ness), as well as the reflectance of coatings. In the

coatings industry, commercial rutile TiO2 generally

Table 1 Common pigments used as cool material and their relevant properties

Compound Crystal structure Colour Particle size Form % NIR reflectance Reference

TiO2 Tetragonal, Rutile White Micrometres Powder * 87 [63]

ZnO Hexagonal, Wurtzite White Nanometres Powder * 85 [78, 79]

ZrO2 Monoclinic, baddeleyite White Micrometres NA NA [80]

Cr2O3 Sesquioxide Green Nanometres Powder 50–57 [81, 82]

Figure 6 Planar building-block representation of TiO2 in the a rutile b anatase and c brookite phases.
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has a particle size in the order of nanometres

(200–300 nm) and efficiently reflects radiation with a

wavelength between 400 and 1700 nm. However,

larger sized titanium dioxide particles (&10 lm)

reflect better radiation in the 800 and 2300 nm range,

but is less effective in the 400–800 nm range. Song

et al. [101] studied how the particle size distributions

of commercial TiO2 pigments [TiO2 Pure (280 nm),

Altiris 550 (360 nm) and Altiris 800 (410 nm)] influ-

ences the corresponding optical properties. They

showed that the sunlight reflectance decreases with

increasing pigment particle size (Fig. 7).

Another study, conducted by Piri et al. [102], aimed

to characterize the reflectance, transmittance and

absorption of different surfaces coated with TiO2

particles of different size (35, 120 and 250 nm) and

concentration (0.1, 0.5, 1.0, 5.0, 10% wt) (Fig. 8). This

study confirmed that the optical properties of the

coatings are strongly dependent on particle size and

corresponding concentration. It was shown that the

TiO2 nanoparticles strongly absorb light in the UV

region, but reflect most of VIS and NIR radiation.

Shen et al. [88] studied how the concentration and

particle size of TiO2 nanoparticles affect the thermal

and mechanical properties of coatings applied in

thermal insulation. The solar reflectance with differ-

ent gradations was also tested, with the results indi-

cating an improvement of the solar reflectance and

thermal insulation of the coating with increasing

nanosized particles content.

Modifications on TiO2

The higher cost of nanosized TiO2 when compared

with regular TiO2 will necessarily result in the

increase of a production costs. Moreover, two other

major characteristics limit the use of nanosized TiO2.

First, the small particle size and enhanced surface

area of nano-TiO2 typically lead to an incompatibility

with the polymeric matrix and thus to agglomeration

and to a decrease of the overall UV protection effi-

ciency which is determined by the dispersion of the

TiO2 nanoparticles. Second, it is necessary to avert

the formation of free radicals, which can occur due to

the photochemical reactivity of TiO2 [99, 103]. To

overcome these challenges, several physical and

chemical routes are used to modify the TiO2 struc-

ture. One of the solutions is the modification of the

surface of the nanoparticles with inorganic oxides

that can further decrease the difference in the

refractive index of the coating.

Narrowing the bandgap in order to improve TiO2

photostability and reactivity under solar radiation is

one of the motives to research modifications in TiO2.

The mains goal in doping TiO2 is to cause interstitial

or substitutional defects or create vacancies in order

to change colour, magnetic and optical properties,

reactivity or conductivity of the original oxides used

[96]. Much effort has been made to enhance the

optical properties of TiO2 by bandgap engineering

including metal, non-metal and self-doping.

A very efficient methodology for narrow the

bandgap of semiconductors is, for example, the

incorporation of non-metallic compounds. In order to

achieve photoactivity in visible light, dopants such as

nitrogen, carbon, fluorine, boron or phosphorous are

added to the structures of titanium dioxide [104].

Likewise, metallic elements such as, lithium (Li),

aluminium (Al) and potassium (K) are also used to

improve the reflectance of the particles of TiO2.

Usually, commercial TiO2 rutile is doped with Al2O3

to improve its photochemical stability. Kumar et al.

[105] applied Al-doped TiO2 nanoparticles on plastic

substrate coatings to develop light reflectors. These

reflectors showed a diffuse reflectance of over 98%

for a coating thickness of 0.25 mm (Fig. 9) due to

defects in the rutile lattice created by the Al doping,

Table 2 Structural and physical characteristics of TiO2 (anatase

and rutile). Adapted from ref. [95, 96]

Property Anatase Rutile

Molecular weight (g/mol) 79.88 79.88

Melting point (�C) 1825 1825

Boiling point (�C) 2500–3000 2500–3000

Light absorption (nm) \ 390 \ 415

Mohr’s hardness 5.5 6.5–7.0

Refractive index 2.55 2.75

Dielectric constant 31 114

Crystal structure Tetragonal Tetragonal

Lattice constant (Å) a = 3.7842 a = 4.5937

b = 3.7842 b = 4.5937

c = 9.5146 c = 2.9581

Density (g/cm3) 3.79 4.13

Ti–O bond length (Å) 1.94 (4) 1.95 (4)

1.97 (2) 1.98 (2)

Bandgap energy (eV) 3.20 3.0
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acting as traps for the photogenerated charges

[64, 106].

Such procedures give rise to impurity states in the

TiO2 bandgap that improve visible-light harvesting.

Nevertheless, doping leaching, thermal instability, or

less efficient recombination of charges induced by

additions and/or traps, still presents some limita-

tions, raising environmental issues [107, 108]. The

largest problem with doped TiO2 at present may be

the loss of photoactivity during recycling and long-

term storage [108]. Therefore, major areas of future

research should include the development of new

nanodopants, a new method of nanodopant incor-

poration into the TiO2 structure as well as new

applications for coating technologies.

Zinc oxide (ZnO)

In the last few years, one of the most promising metal

oxides is zinc oxide due to its wide range of radiation

absorption, high chemical and mechanical stability,

good catalytic activity, electrochemical coupling

coefficient and low toxicity [109]. Zinc oxide can be

applied in the most diverse areas such as cosmetics,

pharmacy, paints and coatings, floor coverings,

plastics and rubber products, storage batteries,

detergents or soaps, textiles and also electrical

equipment [79].

Relevant properties

Due to its stability in harsh processing conditions, it

is considered an excellent antibacterial agent, as well

Figure 7 Optical properties of paint coatings with a rutile TiO2 (280 nm), b Altiris 550 (360 nm) and c Altiris 800 (410 nm) pigments (28

wt%). Reproduced with permission from ref. [101], Copyright 2014, Elsevier.
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as its use is considered safe for animals and humans

[110]. It belongs to the group II-IV of the semicon-

ductors with a wide range of direct bandgap at room

temperature of 3.37 eV [111], belonging to the

hexagonal crystalline system (Fig. 10) a much simpler

crystal growth technology that turns manufacturing

costs ZnO-based pigments potentially lower. Such

structure develops a crystal lattice of a Wurtzite type

since the Zn–O tetrahedra join at a common zinc

atom forming a nucleus for additional tetrahedra

[112].

Applications in the coating industry

Together with titanium dioxide, ZnO is a widely used

white pigment, found both in decorative and artistic

paints, even though it cannot compete with the hid-

ing power (a particle’s ability to scatter light) of TiO2

rutile (n = 2.75), due to its low refractive index,

n = 2.02 [64, 113]. Mixtures of ZnO with barium

sulphate, lead white or titanium dioxide are often

found in oil paints to enhance the hiding power [114].

Figure 8 Effect of the diameter of TiO2 nanopigments on the

corresponding reflectance, transmittance and absorption (a, b and

c); SEM (Scanning Electron Microscopy) images of TiO2 with

diameters of 35 nm (d), 120 nm (e) and 250 nm (f). Reproduced

with permission from ref. [102], Copyright 2017, Elsevier.

Figure 9 Diffuse reflectance of Al-doped TiO2 nanoparticles

exposed to light radiation with 0% (a), 0.1% (b), 1.0% (c) and

5.0% (d). Reproduced with permission from ref. [105], Copyright

2013, Cambridge University Press.
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It is expected that pigments optimized in size and

morphology will achieve optimum diffuse solar

reflectance for smaller film thicknesses, which con-

tributes to improving the durability of the system as

the volume of pigment required is reduced.

Kiomarsipour et al. [79] developed a novel ZnO

pigment morphology to increase its scattering ability.

They synthesized five different morphologies of ZnO

pigments (nanoparticle-decorated, nanorods, micro-

rods, submicrorods and scale-like) by a simple

hydrothermal procedure and studied the effects of

the ZnO morphology on the spectral reflectance

(Fig. 11). As shown in Fig. 11 for TiO2, the decorated

surface with ZnO nanoparticles showed increased

light scattering.

Nevertheless, ZnO is no longer used as a principal

pigment, but instead as an additive in exterior paint

for wood preservation. It improves the durability and

resistance of coatings from mildew and can absorb

UV radiation [115]. However, ZnO pigments (as

TiO2; see Table 1) are also active photocatalysts so

that the absorption of UV light can result in the

degradation of the organic binders and thus in coat-

ings with decreased lifetime [116].

To improve their properties, it is possible to engi-

neering the bandgap of ZnO. This technology allows

the fabrication of energy-saving windows by alloy-

ing, for example, with MgO, which increases the

bandgap, or with CdO, which decreases the bandgap.

Doping with compounds such as aluminium (Al) or

gallium (Ga) turns ZnO into a modest electrical

conductor with the ability to reflect NIR light. As

such, it was proposed as a piece of a multi-layered

coating system for windows with the capability of

energy-saving or heat-rejecting. In this realization,

the coating is transparent to visible light, while

reflecting infrared radiation into the outside (rejecting

radiant heat in hot weather) or back into the room

(lowering heating necessities in cold weather). [66].

Zirconium dioxide (ZrO2)

Zirconium dioxide (zirconia) occurs naturally as the

mineral baddeleyite and is fabricated by calcining

other zirconium compounds. Bulk ZrO2 is a wide

bandgap (* 5 eV) insulting material. ZrO2 has three

stable phases at normal conditions: cubic above

2370 �C, tetragonal between 1170 and 2370 �C and

monoclinic bellow 1170 �C [117] (Fig. 12). Contrarily

to TiO2, in which all phases have six-coordinate Ti,

monoclinic zirconia presents seven-coordinate Zr

centres due to the larger size of the Zr atom. [118].

Zirconia is particularly interesting for coatings in

the near-UV to IR ranges due to its good refractive

index and low absorption properties. It can be used

in exterior service paint as a coating for the surface of

titanium oxide pigment particles. Such coating

reduces UV excitation of titanium dioxide, minimiz-

ing the interaction with organic paint binder and

extend the service life. Zirconia has also been used in

white camouflage paints for use in snow environ-

ments as a substitute of TiO2 pigments since it more

closely simulates snow in microwave and infrared

spectra. [80]. Besides, aqueous solution zirconium

compounds can have the ability to crosslink car-

boxylates resins, which can be used in both water-

based inks and paints to improve both heat and scrub

resistances [119].

Chromium oxide (Cr2O3)

In spite of their excellent performance as reflective

materials, white pigments present several disadvan-

tages such as light pollution, poor stain resistance or

monochrome. Thus, with the increasing necessity for

additional functions and attractiveness, cool pig-

ments are still unsatisfactory for society [81]. There is

a large necessity to substitute conventional coloured

pigments with reflective pigments which, although

absorbing smaller amounts of NIR radiation, offer

coatings with analogous coloration to conventional

buildings materials but with enhanced solar reflec-

tance. [120].

Cr2O3 is the only solid chromium oxide phase

stable above 773 K. Below this temperature, different

oxygen-rich phases can occur in the Cr2O3–CrO3

Figure 10 Crystalline structure of polyhedral zinc oxide

(wurtzite).
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composition range [121]. Chromium (III) oxide is a

highly stable sesquioxide (Fig. 13) and is isomor-

phous with corundum [122], a-A12O3, in which

oxygen is positioned in an approximate hexagonal

close packing lattice, with Cr3? occupying 2/3 of the

octahedral interstices. Like corundum, Cr2O3 is a

hard, brittle and antiferromagnetic material [123].

Cr2O3 has a high melting temperature of approxi-

mately 2435 K, which makes chromium sesquioxide

an important refractory compound. For this reason, it

is a proper material for coatings due to their wear

resistance and thermal protection. By employing

nanosized chromium (III) oxide, it is possible to

obtain newer or enhanced applications in surface

coatings [124].

In the past, chromium oxide has already been used

by military in camouflage coatings to avoid objects

detection. Green pigments, such as Cr2O3, have

medium–high NIR solar reflectance, between 50 and

Figure 11 UV/VIS/NIR

spectral reflectance of different

morphology ZnO pigments.

Reproduced with permission

from ref. [79], Copyright

2013, Elsevier.

Figure 12 Crystal structures of ZrO2: cubic (a), tetragonal (b), and monoclinic (c).

Figure 13 Unit cell of chromium (III) sesquioxide.
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57% [81], being used as roofing material that effi-

ciently reduce their surface temperature and simul-

taneously improves the appearance of the roof

[82, 125].

Due to the dark green tone, different efforts are

being performed to obtain a brighter green. For

example, Liang et al. [82] prepared pure Cr2O3 from

the thermal decomposition of CrOOH, obtaining both

high NIR reflectance and good colour performance

(Fig. 14).

Based on the Cr2O3 composition, a large variety of

colour pigment systems have been developed with

enhanced NIR reflectance [126, 127]. In order to

obtain high NIR reflectance (70–82%), small amounts

of metal ions such as aluminium, [128, 129], titanium

(Fig. 15) [82], vanadium, cobalt or bismuth are nor-

mally introduced into Cr2O3. Other reports have

shown that doping with rare-earth elements (La, Pr)

can lead to the production of environmental benign,

high reflective ([ 85%) nanopigments based on Cr2O3

[130].

Nonetheless, the chromatic properties of the final

products are still undesirable, acquiring a dark green

hue. Besides, rarely is reported the phenomenon or

principle why doping with such elements changes

the NIR reflectance of Cr2O3 host. [82].

However, usual Cr2O3 fabrication processes cause

several problems, including the high cost of produc-

tion and environmental pollution from dust con-

taining hexavalent chromium (Cr-VI) which is highly

toxic and a human carcinogenic. Recently, several

procedures have been developed to prepare high-

quality green chromic oxide nanoparticles taking into

account health safety and environmental protection

[131]. Thus, there is an assertive motivation to

develop coloured cool pigments through green pro-

cesses and materials that are less harmful to the

environment.

Mixed metal oxides or complex inorganic
coloured pigments

Mixed metal oxides or complex inorganic coloured

pigments (CICPs) are the primary variety of inor-

ganic NIR reflective pigments [42, 130], with a large

number of patents being reported on these pigments.

This shows their broad and significant interest, which

comprises two main areas: (i) reduce heat build-up

and (ii) visual camouflage. In particular, nanomixed

metal oxides are attracting large interest for their

Figure 14 Photographs of

a regular dark green Cr2O3

pigments and b yellowish-

green Cr2O3 prepared by

calcination. Reproduced with

permission from ref. [82],

Copyright 2015, Elsevier.

Figure 15 The reflectance spectra of Cr2-xTixO3?d pigments in

the near-infrared region. Reproduced with permission from ref.

[82], Copyright 2015, Elsevier.
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potential as pigments, further offering exceptional

resistance to acid, bases and organic solvents [132].

Nanocrystalline metal oxides possess some signifi-

cant optical applications, which include anti-reflec-

tive properties in optical coatings, better photonic

bandgap materials and improved optical limiting

materials for eye protection [42]. Examples of such

compounds are listed in Table 3.

Among these systems, spinel-type oxides (Fig. 16)

with the general formula AB2O4 or, depending on the

cations distribution on the crystalline structure, the

inverse formula B(AB)O4, are attracting large atten-

tion due to their thermal and chemical stability

[45, 133–135].

Cobalt aluminate (CoAl2O4) an important intense

blue pigment is an example of a compound with a

normal spinel structure (Fig. 17a) [137] and is exten-

sively used as a colouring agent in several applica-

tions due to its inherent properties (colour

performance, chemical and thermal stability, high

refractive index) [148] (Fig. 17b). Ali et al. [136] pre-

pared, via a combustion method, nanopigment

CoAl2O4 exhibiting a blue colour (in the visible

region) and a high solar reflectance (* 51.8%).

However, the manufacturing cost for cobalt-based

product is high, since cobalt is scarce. Therefore, Bao

et al. [146] modified CoAl2O4 with Mg2? for Co2?

ions by a sol–gel route. On the other hand, due to the

capability of spinel-type materials to accommodate

different cations, the authors also doped with Fe3?

for Al3? in Co0.5Mg0.5Al2O4 to obtain various colours

and tonalities with a particle size in the 40–100 nm

range (Fig. 18a). Through this study, it was possible

to achieve a vast range of colours by incorporating in

the Co0.5Mg0.5Al2-xFexO4 matrix appropriated Fe3?

ions through bandgap engineering. Most promi-

nently, these engineered pigments exhibited various

colour tonalities in the visible range and high NIR

solar reflectance ([ 43%) (Fig. 18b and c).

Another notable spinel-type pigment is zinc alu-

minate (ZnAl2O4). Such compound possesses a wide

bandgap and appears as a white pigment in the vis-

ible region, which has potential on optical coating

applications. ZnAl2O4 and ZnAl2O4-based pigments

synthesized by different techniques are being widely

reported because of the simple fabrication process

and low cost. Yang et al. [138] fabricated, by a sol–gel

synthesis, a variety of coloured pigments of Mn-

doped ZnAl2O4 and Mn/N co-doped ZnAl2O4

(Fig. 19a). The particle range of such materials was

around 27–31 nm with results of NIR solar reflec-

tance (Fig. 19b and c) in the 85% (x = 0.0) to 50%

(x = 0.5) range, indicating that co-doped samples are

suitable candidates for cool materials.

An important commercially CICPs widely used as

a pigment is cobalt chromite (CoCr2O4), which acts as

an intense bluish-green hue [149]. Since chromium

and cobalt are harmful and rare, it is mandatory to

Table 3 Examples of mixed metal oxides used as NIR-reflecting pigments

Compound Crystal structure Colour Particle Size % NIR reflectance Reference

CoAl2O4 Spinel Intense blue Nanometres 51–79% [136, 137]

ZnAl2O4 Spinel White Nanometres 85% [138]

CoCr2O4 Spinel Blue greenish Nanometres 43% [139]

ZnCr2O4 Spinel Grey Nanometres * 60% [139]

NiAl2O4 Spinel Blue greenish Nanometres 24–53% [140]

NaZnPO4- based Monoclinic Intense blue Micrometres 32–52% [141]

BiVO4 Monoclinic Bright yellow Nanometres * 50% [142]

BiPO4 Monoclinic White Micrometres 80% [143]

Ta5? doped BiVO4 Monoclinic Bright yellow Nanometres * 85% [144]

P5? doped BiVO4 Monoclinic Bright yellow Nanometres * 90% [144]

V5? doped BiPO4 Monoclinic Bright yellow Micrometres * 90% [143]

Mn and Mn/N doped- ZnAl2O4 Spinel type White to brown Nanometres 15–50% [138]

Zn0.9Co0.1Al2O4 Spinel type Intense blue Nanometres 63% [145]

Co0.25Zn0.75Cr2O4 Spinel type Light blue Nanometres 52% [139]

Co0.5Mg0.5Al2O4 Spinel type Blue Nanometres 54.2% [146]

Co0.5Mg0.5Al2-xFexO4 Spinel type Dark blue to black Nanometres 45.7–54.2% [146]

CoCr0.5Al1.5O4 Spinel type Blue Nanometres 43% [139]

Ce and Fe doped ZnAl2O4 Spinel type Reddish yellow Nanometres 65–86% [147]
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incorporate low cost and less toxic elements to

CoCr2O4, thus reducing environmental damages and

fabrication costs. However, the optical properties of

such pigment have not been often reported. Hedayati

el al. [139] modified CoCr2O4 with Al3? and Zn2?, via

a sol–gel route obtaining particles with sizes between

100 and 250 nm. Their results showed that the NIR

solar reflectance was enhanced by increasing the

Zn2? and Al3? concentrations (Fig. 20), demonstrat-

ing their potential use as cool pigments.

ABO3-type perovskite-based pigments

ABO3-type oxides are extremely interesting, particu-

larly due to their optoelectronic properties. Gener-

ally, these compounds can exhibit diverse crystal

structures, such as perovskite and ilmenite [150], but

the majority of ABO3-type oxides crystallize in the

simple mineral perovskite (CaTiO3) structure or

similar. These oxides exist in varied range of A and B

cations [151–153] (with A larger than B). In ideal

perovskite structures, A occupies the eight corner

positions, while B (which can be 3d, 4d or 5d tran-

sition metal ions) occupies the body centre position.

Figure 16 Examples of typical spinel structures. Reproduced with permission from ref. [134], Copyright 2017, Elsevier.

Figure 17 a Photograph of CoAl2O4 nanopigment obtained via

self-propagation combustion method. Reproduced with permission

from ref. [137], Copyright 2017, Hindawi; b Diffuse reflectance of

CoAl2O4 after 15 min at 600 �C (squares) and standard CoAl2O4

pigment (circles). Reproduced with permission from ref. [148],

Copyright 2000, Royal Society of Chemistry.
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The O ions are located at the centres of the six faces

(Fig. 21) [154].

Several ABO3-type complex or doped oxides can be

used as near-infrared pigments (Table 4). For exam-

ple, Meenakshi et al. [155] synthesized pale yellow

perovskite-like bismuth titanate (Bi4Ti3O12) using a

simple hydrothermal method. Their results (Fig. 22)

showed that such nanopigment (around 250–500 nm)

acts as a better near-infrared reflective pigment and

has superior cooling property than the TiO2 conven-

tional white pigment.

Another promising candidate to be used as a cool

pigment is zinc titanate. Since there is restricted lit-

erature about the cooling effects of ZnTiO3, Lv et al.

[116] studied the possibility to synthesize, by a simple

solid-state technique, such pigment, which turns out

to be a challenge due to the delicate phase equilibria

of the ZnO–TiO2 system. They successfully produced

hexagonal ZnTiO3, with a distribution range between

100 and 1 lm, which has an optical bandgap as high

as 3.75 eV and has superior near-infrared reflectance

(about 95%) and cooling properties when compared

to conventional white pigments (Fig. 23). In the

interest of avoiding degradation of organic binders of

paint by high-energy UV light, there is a blue shift of

the absorption edge from 380 (ZnO) to 320 nm,

overcoming the challenge of using white pigment

such as TiO2 and ZnO.

Although light colours are important in the pig-

ments industry, there is a necessity to expand the

range of colours to darker ones. As we have seen, the

interest is to introduce pigments that possess colour

due to visible-light absorption while at the same time

providing a cooling effect by reflecting NIR. To

increase the colour range, Yuan et al. [63] doped

perovskite BiFeO3 with rare-earth elements (La3?) to

adjust the colour performance by controlling energy

gaps and displacement phenomenon in the valence

and conduction bands. Interestingly, although the

BiFeO3 NIR reflectance can be enhanced to around

Figure 18 a Photographs of Co0.5Mg0.5Al2-xFexO4 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) powdered pigments; b NIR reflectance and c NIR

irradiance of Co0.5Mg0.5Al2-xFexO4 powdered samples. Reproduced with permission from ref [146], Copyright 2016, Elsevier.
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72% by doping with La3?, the visible colour becomes

lighter (Fig. 24).

Former reports on Cr-doped perovskites showed

that these pigments have darker tones and a high

absorption in the visible region. As no NIR reflec-

tance results had been presented, Zou et al. [163]

synthesized such pigments by the calcination of

CaCO3 and the Cr-dopant at the surface of TiO2

Figure 19 a Photographs of Mn-doped ZnAl2O4 and Mn/N co-

doped ZnAl2O4 compounds (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5);

NIR reflectance and NIR solar reflectance of bMn-doped ZnAl2O4

powders and c Mn/N co-doped ZnAl2O4 powders. Reproduced

with permission from ref. [138], Copyright 2017, Elsevier.
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particles and achieved dark colours with only 1% Cr-

doped CaTiO3 having a size distribution between 0.5

and 2 lm, with around 80% near-infrared reflectance

(Fig. 25).

Other attracting pigments are doped compounds

[(In2x-1CuxTix), (In1-xFex), (In1-xMnx) and (In1-x-2y-
Mn

x
TiyZny)] based on YInO3 structure with intense

bright colours. They have higher stability, improved

NIR reflectance and they are environmentally

friendly. Li et al. [170] were able to build a multi-

coloured pattern through rational design by a simple

solid-state method based on the YInO3 perovskite

structure (Fig. 26a). In addition to their bright colour,

these pigments were able to reflect NIR. For instance,

the purple samples reflect around 90% of NIR radi-

ation (Fig. 26b) [170], this led to the development of

low-cost, eco-friendly and extremely stable inorganic

ABO3-type oxide near-infrared reflecting pigments.

Pigments based on rare-earth elements

Traditional inorganic pigments generally contain

heavy metals, which cannot satisfy society needs for

environmental protection and energy-saving. As a

result, many researchers have employed rare-earth

metals to modify pigments to improve their NIR

reflectivity and colour. The industrial utilization of

rare-earth elements has been increasing quickly

because of their non-toxic nature, stability and

intense shades. Therefore, a huge variety of NIR-re-

flecting materials based on rare-earths are being

studied as substitutes for conventional cool pigments,

favouring the use of lanthanide oxides [174]. The

most representative pigments based on rare-earth

element are listed in Table 5.

Transition metal ions are typically integrated as

chromophores into A2B2O7 stoichiometry materials to

obtain coloured materials [175]. Because of the toxi-

city of some of these ions (Cr, Ni, Co …), the use of

different, harmless elements will be decisive in the

future. With their ideal properties, lanthanides oxides

are perfect candidates to substitute the harmful ions

Figure 20 Diffuse reflectance

spectra of CoCr2-yAlyO4

(y = 0, 0.5, 1, 1.5 and 2)

pigments. Reproduced with

permission from ref. [139],

Copyright 2015, Elsevier.

Figure 21 An example of a typical ABO3 perovskite-type unit

cell structure. Reproduced with permission from ref. [154],

Copyright 2014, Elsevier.
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in the A2B2O7 structure towards environmentally

friendly materials [174, 176, 177].

Amongst the lanthanide oxides, materials based on

cerium oxide (CeO2) are being studied for cool pig-

ment applications due to their opacity and low toxi-

city [194]. Bi2Ce2O7 has a low bandgap of 2.3 eV that

allows its easy fine-tuning to produce various colours

[181]. To analyse the effect of substitutions on the

structure and colour characteristics of Bi2Ce2O7, Raj

et al. [176] synthesized a cerium oxide-based material

with Bi3? being substituted by yttrium and Ce4?

substituted for terbium, by a solid-state path to pro-

duce Bi2-xYxCe2O7 and Bi2Ce2-xTbxO7 (x = 0.25, 0.50,

0, 75, 1.0, 1.25 and 1.50) materials. With such substi-

tution, it was possible to achieve novel series of red

and yellow, low toxicity cool pigments with high NIR

reflectance at a particle size of 1–3 lm (Fig. 27a). As

shown in Fig. 27b, the Bi2-xYxCe2O7 and Bi2Ce2-xTbx-
O

7
spectra display an extraordinary reflectance in the

range of 70–88% and 90–94%for the red and yellow

pigments making them suitable to be used as NIR-

reflecting coatings [176].

Due to the excellent chemical and thermal stabili-

ties of the rare-earth oxides, a lanthanum and cerium

mixed oxide (La2Ce2O7), with low thermal conduc-

tivity, has been used as a turbine blade coating [186].

Huang et al. [186] then focused their study on

exploring the influence of doping La2Ce2O7 with Pr4?

and Tb4? on the colour shade and NIR reflectance. A

series of new pigments with the formula La2Ce2-x-
M

x
O7 (M = Pr, Tb) were fabricated via a sol–gel route

with a particle size around 500 nm. Doping Tb4? for

Ce4? in La2Ce2O7 caused a decrease of the bandgap

from 3.34 to 2.24 eV with increasing dopant (up to

0.5%). Hence, the colours of the fabricated pigments

were varied from yellow to dark orange, an evolution

analogous to that of Pr-doped pigments (Fig. 28a). To

study the thermal properties of the synthesized pig-

ments, La2Ce2-xPrxO7 and La2Ce2-xTbxO7 pigments

were chosen as coating of a metal sheet of roof sur-

face. The results showed that these coatings signifi-

cantly improve the NIR and solar reflectances,

confirming that the synthesized materials possess

potential as new cool pigments (Fig. 28b) [186].

Cheng et al. [190] developed, also using a sol–gel

route, a series of non-toxic yellow-orange NIR-re-

flecting pigments based on La2Ce2O7. The W6? and

Fe3? co-doping contributed to enhancing the solar

reflectance since the samples possessed high NIR

reflectance (Fig. 29a) to test the suitability of the

La2Ce1.7W0.15Fe0.15O7?d pigment, a galvanized sheet

was used, demonstrating an increase of the NIR solar

reflectance from 19 to 71% with the application of the

coating (Fig. 29b). Thus, the synthesized pigments

Table 4 Examples of ABO3 type-based oxides used as NIR-reflecting pigments

Compound Crystal structure Colour Particle size % NIR reflectance Reference

MgTiO3 Ilmenite White Nanometres 60–75% [156, 157]

NiTiO3 Ilmenite Yellow Nanometres 60–80% [158, 159]

CoTiO3 Ilmenite Green Nanometres * 50% [160]

ZnTiO3 Perovskite White Nanometres 95% [116]

SrTiO3 Perovskite White to grey Nanometres 85% [161, 162]

CaTiO3 Perovskite Yellow Micrometres 90% [163]

YMnO3 Perovskite Blue greenish Nanometres 53.4% [164, 165]

BiFeO3 Perovskite Dark brown Nanometres 53% [63]

Bi4Ti3O12 Perovskite Pale yellow Nanometres 95% [155]

CaCu3Ti4O12 Perovskite Pale brown Nanometres 57% [166]

Ca2Mn0.85Ti0.15O4 Perovskite-like Black Micrometres 66.2% [167]

SrSn0.075Cr0.025O3-d Perovskite-like Pink Nanometres * 60% [168]

Bi0.6La0.4O3 Perovskite-like Reddish brown Nanometres 72% [63]

Cr3? doped CaTiO3 Perovskite-like Dark brown Nanometres * 80% [163]

Cr3? doped BaTiO3 Perovskite-like Yellow greenish Nanometres 68–79% [169]

Y (In,Mn) O3- based Perovskite-like Ochre to deep blue Nanometres 63–90% [170–172]

Fe3? doped YMnO3 Perovskite-like Nearly black Micrometres * 80% [173]

Mg2? doped CaCu3Ti4O12 Perovskite-like Light brown Nanometres * 62% [166]
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can be considered potential candidates for energy-

saving coatings in building façades to reduce the

interior temperature [190].

Y2Ce2O7, with a bandgap of 3.11 eV, was recently

synthesized from a CeO2-based host lattice with

substituted terbium for Ce4?. Raj et al. [189] suc-

cessfully prepared, by a typical solid-state approach,

a novel series of red pigments based on Y2Ce2-xTbx-
O

7
. These powder samples with a size of approxi-

mately 100 nm demonstrated a very high solar

reflectance after tested onto various building sub-

strates (Fig. 30).

A similar research was conducted by Vishnu et al.

[185] that developed a new range of environmentally

friendly NIR-reflecting inorganic pigments (with a

particle size of around 10 lm) based on yttrium cer-

ate doped with Mo6? and Pr4? metal ions using a

solid-state reaction. The Mo6?-doped pigments

denoted an intense yellow tone with a high NIR solar

reflectance in the 700–2500 nm range. On the other

hand, the praseodymium-doped pigments exhibited

a variety of colours, from red to dark brown. These

results confirm that, by bandgap engineering, it is

possible to achieve various colour shades in the vis-

ible region while simultaneously achieving high NIR

solar reflectance (80.5% for yellow and 57.5% for

reddish brown).

Although rare-metal-based pigments are being

studied to potentially replace traditional pigments

because of their low toxicity and high reflectivity, the

higher cost of some rare-earth metals is a key liming

factor still preventing their widespread use as pig-

ments [195].

Core–shell structures

A good approach for producing high-performance

multifunctional materials is the core–shell structures,

with an outer shell encapsulating the inner core. Such

structures not only enhance the physical–chemical

properties of pigments, but also successfully prevent

the inner core from interacting with the environment

[196]. Compared with pigments mixtures, core–shell

structures can enhance the darkness of colours and

the solar reflectivity [195].

The materials morphology and structure are crucial

factors for the application of core–shell particles

(Table 6). As noticed before, the morphology and

particle size affect the optical properties of cool

Figure 22 a Reflectance spectra of Bi4Ti3O12 (BTO) for different

calcination temperatures. b BTO NIR solar reflectance.

Reproduced with permission from ref. [155], Copyright 2018,

Elsevier.

Figure 23 Diffuse reflectance spectra of nanosized ZnO,

nanosized TiO2 and nanosized ZnTiO3 samples. Reproduced

with permission from ref. [116], Copyright 2019, Elsevier.
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Figure 24 Concrete cement substrates coated with different pigments. Reproduced with permission from ref. [63], Copyright 2018,

Elsevier.

Figure 25 a Graphs of the UV–VIS–NIR diffuse and b solar irradiance reflection curves. c Variation of the surface temperatures of

ceramic tiles of undoped and 1% Cr-doped CaTiO3 pigments. Reproduced with permission from ref. [163], Copyright 2019, Elsevier.
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pigments [197]. When mixed with TiO2 pigments that

have higher NIR reflectance, the NIR reflectance of

colour materials is also improved. Nevertheless, the

colour intensity is also reduced. This clearly shows

that there is still the need to enhance the NIR reflec-

tance of colour pigments while at the same time

improving their colour intensity [196, 197].

Yao et al. [195] prepared composite inorganic pig-

ments with TiO2@CuO core–shell structure (Fig. 31a)

by a co-precipitation method, which had a dark col-

our and high NIR reflectivity. Copper oxide is a

common black metal oxide used in the industry and

can exhibit NIR reflectance with dark colours in a

certain composition range (Fig. 31e–f). When used as

a blending pigment, rutile TiO2 further enhances the

NIR reflectivity (from around 61 to 96%) (Fig. 31g, e,

h). Therefore, this blended pigment might be a

promising candidate for inexpensive, environmen-

tally friendly cool pigments [195].

Nickel titanate (NiTiO3), a standard yellow pig-

ment, also displays enhanced solar reflectance

[158, 159]. Incorporating NiTiO3 in TiO2 structure can

Figure 26 a Range of colours

created by doping YInO3;

b diffuse reflectance curve of

purple pigments Y[In1-

x-2yMnxTiyZny] O3 (x = 0.05,

y = 0.1*0.4). The blue

YIn0.95Mn0.05O3, YInO3 and

compositions without Mn

chromophore (x = 0.00,

y = 0.1 and 0.3) are also

shown. Reproduced with

permission from ref. [170],

Copyright 2016, American

Chemical Society

Publications.
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help to further improve their NIR reflectance. He

et al. [196] produced by a sol–gel route core–shell

NiTiO3@TiO2 yellow particles, with around 850 nm

diameters.

Furthermore, a reduced amount of NiTiO3 particles

would result in the decrease of the NIR absorption,

while the incorporation of rutile TiO2 (with a superior

NIR reflectance) stimulates the NIR reflection of the

core–shell structure. Nevertheless, the NiTiO3 and

TiO2 mixture was able to reflect light and prevent the

NiTiO3 from absorbing part of the visible light [196].

Consequently, the mixed pigment exhibits a faded

hue. Thus, the unique core–shell structure of the

NiTiO3@TiO2 pigment showed improved NIR

reflectance and bright yellow colours.

Niaraki et al. [199] prepared two different NIR-re-

flecting nanocomposites based on Fe, Cr and Ti oxi-

des. The first consisted on (Fe,Cr)2O3@TiO2 core–shell

particles, using mixing and co-precipitation methods;

the second was a physical mixture of Fe–Cr–Ti oxides

materials. The effects of the thermal treatment

(500 �C and 1000 �C) and of the preparation method

were investigated. In both cases, it was noticed that

the average particle sizes were &30 nm, and that, by

increasing the treatment temperature to 1000 �C, the
NIR reflectance increased for both cases (core–shell

and mixture) (Fig. 32a and b). However, the core–

shell structure reveals much higher NIR reflectance

(57.8%) than that of the mixture composed by the

mixed oxides (47.8%). The enhanced rate of the NIR

reflectance of the (Fe,Cr)2O3@TiO2 calcinated at

1000 �C was attributed to the improved refractive

index of the core–shell structure. A simple schematic

of the reflectance mechanism of the two pigments is

shown in Fig. 32e [199].

Table 5 Pigments based on rare-earth elements used as NIR-reflecting materials

Compound Crystal structure Colour Particle size % NIR

reflectance

Reference

CeO2 Face-cantered cubic Pale yellow white Nanometres * 80% [176, 178]

Y2Cu2O5 Orthorhombic Green blue Nanometres * 40% [179]

Y2BaCuO5 Orthorhombic Green Nanometres 61% [180]

Bi2Ce2O7 Monoclinic Yellow Micrometres * 90% [181]

LaYO3 Fluorite type White Nanometres 92% [182]

LaFeO3 Orthorhombic Dark orange Nanometres 65.4% [183]

Y2Ce2O7 Cubic fluorite Ivory white Nanometres * 90% [184, 185]

La2Ce2O7 Fluorite type White Nanometres 95.95% [186]

Sm2Ce2O7 Cubic fluorite Yellow cream Micrometres * 80% [187]

GdCeO3.5 Cubic fluorite Yellow Nanometres 91% [188]

Bi2-xYxCe2O7 Cubic fluorite Yellow Micrometres 93% [176]

Bi2Ce2-xTbxO7 Cubic fluorite Red Micrometres 88% [176]

Fe3? doped Y2Ce2O7 Cubic fluorite Light yellow Nanometres * 80% [184]

Mo6? doped Y2Ce2O7 Cubic fluorite Yellow Micrometres 80.5% [185]

Pr4? doped Y2Ce2O7 Cubic fluorite Red Micrometres 57.5% [185]

Tb4? doped Y2Ce2O7 Cubic C-type Red Micrometres 55.1–86.9% [189]

W6?/Fe3? doped La2Ce2O7 Fluorite type Yellow to orange Nanometres 83.27–89.55% [190]

Tb4?/ Pr4 ? doped

La2Ce2O7

Fluorite type Soft orange to Dark orange Nanometres * 90% [186]

Bi3? doped LaYO3 Cubic bixbyite type Light yellow to bright

yellow

Nanometres * 91% [182]

Bi3?/Tb4? co-doped LaYO3 Cubic bixbyite type Soft orange to Dark orange Nanometres 84.13–92.41% [182]

Al3? doped LaFeO3 Orthorhombic Orange to Yellow Nanometres 53.7–56.7% [183]

Bi3YO6 doped with Fe2O3 Fluorite type Bright yellow to ochre red Nanometres 88.64–99.58% [191]

V doped LaPO4 Monoclinic White to greyish yellow Nanometres 62.14–87.86% [192]

Fe doped Pr2Zr2O7 Fluorite type with

pyrochlore

Reddish orange Micrometres * 70% [193]
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Figure 27 a Photographs of Bi2-xYxCe2O7 and Bi2Ce2-xTbxO7

(x = 0, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.50) pigments. b NIR

reflectance spectra of b1 Bi2-xYxCe2O7 and b2 Bi2Ce2-xTbxO7

(x = 0, 0.25, 0.50, 0.75, 1.0, 1.25 and 1.50) pigments and solar

NIR reflectance spectra of b3 Bi2-xYxCe2O7 and b4 Bi2Ce2-

xTbxO7 (x = 0, 0.25, 0.50, 0.75, 1.0, 1.25 and 1.50) pigments.

Reproduced with permission from ref. [176], Copyright 2019,

Elsevier.
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Building façade’s smart and adaptive
nanomaterials

Smart and adaptive façades are gaining more interest

besides just the use of cool pigments due to their

ability to interact with and adjust to the environment,

adapting their behaviour and functionality (Fig. 33)

[207]. Such envelope systems are capable to modify

their properties and regulate the indoor characteris-

tics and heat transfer in response to load variations or

to changes in indoor or outdoor parameters, to

improve comfort [208].

One of the most critical issues is to select the best

material to incorporate in the building’s façade since

different properties, such as durability, insulation,

quality, cost, aesthetics and strength, must be con-

sidered [209]. Table 7 shows the typical and function

of several smart and adaptive materials used in

building façades, from which we highlight a few in

the following.

The disadvantage of the intermittent nature of solar

energy can be overcome through a transferal system

between the energy supply and demand sectors

based on Phase Change Materials technology (see e.g.

[239]). Some studies have found that PCMs inte-

grated into buildings can mitigate energy by 10–87%

for cooling purposes. As a result, PCMs have been

bFigure 28 a Photograph of the coatings coloured with La2Ce2-

xPrxO7 and La2Ce2-xTbxO7 (x = 0, 0.01, 0.1, 0.3, 0.5) pigments.

b NIR reflectance and solar reflectance curves of the coloured

coatings with (b1, b2) La2Ce2-xPrxO7 and (b3, b4) La2Ce2-

xTbxO7 (x = 0, 0.01, 0.1, 0.3, 0.5). Reproduced with permission

from ref. [186], Copyright 2017, Elsevier.

Figure 29 a Photographs and b NIR solar reflectance spectra of La2Ce2-xW0.5xFe0.5xO7?d (x = 0.1, 0.3, 0.5, 0.7, 0.9) pigments.

Reproduced with permission from ref. [190], Copyright 2018, Elsevier.
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recognized as one of the most progressive materials

to enhance energy efficiency and sustainability in

buildings especially for heating and cooling [231].

However, the performance enhancement of buildings

using PCMs is a complex research and optimized

situation, as there are many variables and significant

uncertainties involved in building physics. Chro-

mogenic devices (e.g. gaso-, thermo-, electro- and

photochromic) are also a technology used to vary the

amount of solar energy through windows (or other

substrates) in buildings. Such materials experience a

change in their optical properties in the visible and/

Figure 30 a Photographs of Y2Ce2-xTbxO7 (x = 0, 0.2, 0.4, 0.6,

0.8, and 1.0) red pigments. b Reflectance spectra and c solar

reflectance of Y2Ce2-xTbxO7 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) red

pigments (Tauc plots in the inset). Reproduced with permission

from ref. [189], Copyright 2015, Elsevier.

Table 6 Examples of core–shell structures used as NIR-reflecting pigments. (HGM: Hollow Glass Microspheres)

Compound Colour Particle size % NIR reflectance Reference

TiO2@CuO Grey to dark grey Nanometres 61–96.1% [195]

NiTiO3@TiO2 Bright yellow Nanometres * 70% [196]

TiO2@CoTiO3 Green Nanometres * 60% [160]

TiO2@NiTiO3 Yellow Nanometres * 70% [198]

(Fe, Cr)2O3@TiO2 Brown Nanometres 57.8% [199]

Fe2O3@SiO2@TiO2 Reddish brown Nanometres * 68% [200]

Fe2O3@SiO2 Brown Nanometres * 45% [201]

(HGMs)@ZnSxSe1-x Light yellow Micrometres * 85% [202]

(HGMs)@ZnSxSe1-x: Cu/In Bright red Micrometres * 75% [202]

(HGMs)@ZnO White Nanometres * 95.7% [203]

(HGM)@BiOCl1-xIx Yellow to light Orange Micrometres 92.6–94.7% [204]

Mica-titania White Nanometres * 97.4% [205]

BiFe1-xAlxO3@mica-titania Brown to orange Nanometres 63.5–73.6% [206]
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or infrared region, due to the application of a specific

external stimulus [240]. As an example, Piccolo et al.

showed that cooling energy saving can increase by

38% when using electrochromic coatings in glass

when compared to a clear glass [241]. Therefore,

combining NIR reflective nanopigments with other

smart or adaptive materials could be a powerful tool

in designing net zero-energy buildings.

Methods to synthesize
pigments/nanopigments

Different approaches can be used for the production

of inorganic pigments, including solid-state method

[35, 242], sol–gel [243–245], hydrothermal processes

[246, 247], molten salts routes [248, 249] or the sono-

chemical approach [250–252]. The properties of the

synthesized products depend critically on the particle

size and the method adopted to fabricate the pig-

ments is crucial for the obtained optical properties

[35].

Solid-state route

In a typical solid-state reaction, nanoparticles prepa-

ration necessitates high-temperature treatments

above 1000 �C for long periods until the disappear-

ance of the intermediary phases (Fig. 34). The pre-

cursor oxides are mixed in a stoichiometric ratio and

homogenized by wet milling in an agate mortar,

using solvents such as ethanol, water or acetone. The

residual solvent is, therefore, evaporated and the

resultant powders calcinated in the furnace. How-

ever, problems have arisen with this method, such as

poor sintering behaviour, heterogeneous and impre-

cise control of stoichiometry. This process can also

lead to bulky, robust powder agglomerates, unwan-

ted phases, irregular grain growth and poor repro-

ducibility [242].

As an example, Oka e Masui [167] synthesized

Ca2Mn1-xTixO4 using the conventional solid-state

procedure to identify whether such a compound

could be the right candidate for a novel NIR reflective

black pigment. A part of Mn4? was substituted by

Ti4? to improve the reflectance of the pigment. Stoi-

chiometric amounts of CaCO3, MnO2 and TiO2 were

mixed and the powder has heated in air at 1200 �C
for 6 h. The composition Ca2Mn0.85Ti0.15O4 was

optimized to satisfy both enough blackness and high

NIR reflectance compared to conventional black

pigments (\ 50%) (Fig. 35).

Sol–gel

Sol–gel is a wet-chemical process that includes the

development of an inorganic system by the formation

of a colloidal suspension (sol) and the gelation of the

sol forming a continuous liquid phase gel; (Fig. 36).

Compared with other conventional routes, sol–gel

offers several advantages: low temperature, high

purity control, controlled composition, microstruc-

ture and textural properties since there is an intimate

mixing of the components, which ultimately ensures

the homogeneity of the final product [243–245].

Radhika et al. [188] were able to control the mor-

phology of gadolinium-doped cerium oxide powders

using a facile synthesis process mixing traditional

citrate gel and calcination methods, resulting in

highly dispersed mixed oxides (Fig. 37).

Hydrothermal method

The hydrothermal procedure (Fig. 38) has great pro-

spect to produce materials that would normally be

obtained by conventional high-temperature routes of

solid-state chemistry. In hydrothermal methods, a

solvent allows the quick mixture of many chemical

compounds, leading to homogenous products, offer-

ing the possibility to control crystal growth and

particle morphologies. This method represents a

large opportunity to produce multivalued oxides

with two or more metals, where the fast mixing of the

constituent elements provides a large synthesis

advantage [246]. Wet-chemical routes, like

hydrothermal synthesis, offer the opportunity for

synthesize high purity, highly crystallized, homoge-

nous, ultrafine, well-dispersed nanopowders [247].

Ding et al. [143] prepared a series of V5?-doped

BiPO4 pigments (Fig. 39) exhibiting high NIR reflec-

tance using a simple hydrothermal method. Stoi-

chiometric amounts of bulk materials were added to

80 mL of glycerol/distilled water solvent to obtain

BiP1-xVxO4 (x = 0, 0.01, 0.05, 0.08, 0.10, 0.15). To dis-

solve the mixture fastly, the authors used an ultra-

sonic cleaner. Lastly, the mixture was transferred into

an autoclave at 160 �C for 24 h.
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Molten salt synthesis

Sol–gel and hydrothermal processes are wet-chemical

materials fabrication methods that still present sev-

eral disadvantages, such as being difficult and

expensive routes. Thus, one still needs alternative

routes to synthesize nanopowders having precise

diameters and morphology. Recently, a large range of

oxide nanopowders was synthetized using molten

salt synthesis (MSS) (Fig. 40) [249]. Molten salts can

form a liquid above the melting point of the selected

salts, acting as a solvent for reactant dissolution,

diffusion and precipitation. This route permits the

melt-solid to react much quicker due to the small

diffusion distances and large mobility of the melted

oxides, resulting in complete reactions in moderately

short times. Compared to other synthetic methods,

MSS offers a low processing temperature and control

of the nanopowders morphology [248].

Xing et al. [249] used a molten salt-assisted syn-

thesis to prepare pure ZnTiO3 powders from stan-

dard ZnO and TiO2 oxides in sodium/potassium

chlorides (the melting point of 670 �C at the eutectic

composition).

Green synthesis: sonochemical approach

Sonochemistry (Fig. 41) has proven to be an impor-

tant tool in the preparation of metal oxides. The

interesting characteristic of power ultrasounds arises

from the fact that it provides a form of energy for the

modification of chemical reactivity. It is well known

that ultrasonic irradiation promotes cavitation in an

aqueous medium where the formation, growth, and

collapse of microbubbles occurs. Cavitation can form

at high temperatures and pressures (&5000 �C and

above 1800 kPa), thus allowing the occurrence of

uncommon chemical reactions. In many cases, ther-

mally induced procedures offer crystalline nanopar-

ticles [251].

For example, Pholnak et al. [250] successfully used

a commercial ultrasonic homogenizer to obtain sin-

gle-phase spheroidal ZnO nanomaterials using the

sonochemical synthesis. Compared with conven-

tional techniques, the synthesis that uses ultrasounds

can often be initiated without the need for additives

and sonochemistry, making use of cruder reagents.

Thus, the reactions may be accelerated or performed

under less forcing conditions when sonication is

applied [252].

Summary and outlook

In this review, we presented the state-of-the-art of

near-infrared reflective nanomaterials. This paper

aimed to classify such nanomaterials according to

their crystal structure, identifying the best routes to a

successful production and to demonstrate their cur-

rent importance. In the literature, there is a large

number of reported reflective inorganic pigments,

which reveals their great importance when applied in

buildings. As seen, there is a large interest in

obtaining novel NIR reflective nanomaterials that are

more ecological and resilient, less dangerous and that

can replace conventional toxic and heavy metal

materials. The use of adaptive materials to reduce the

quantity of absorbed solar energy in buildings can

indeed be a promising solution to soften the urban

heat island effect. By reducing the amount of absor-

bed radiation, the incorporation of near-infrared

reflecting pigments in coatings can be a strategy to

help decrease the cooling load demand. Its combi-

nation with other technologies will enable achieving

improved energy performance in buildings. The

current barriers for the implementation of such

nanomaterials are the relatively high initial cost that

could be solved by their widespread uptake in the

building industry in the future.

bFigure 31 a Scheme of the formation of CuO@TiO2 particles and

corresponding light/pigment interaction. Photographs of

composite pigments: b Cu@Ti 0%, c Cu@Ti 0.2%, d Cu@Ti

0.4%, e Cu@Ti 0.6% (f) and Cu@Ti 0.8%; g NIR reflectance and

h NIR solar reflectance curves of Cu@Ti composite pigments.

Reproduced with permission from ref. [195], Copyright 2018,

CSIRO Publishing.
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Figure 32 a NIR reflectance

spectrum and b solar NIR

reflectance value; photographs

of: c core–shell structure (Fe,

Cr)2O3@TiO2) and

d physically mixed Fe–Cr–Ti

oxides (at 1000 8C);
e reflectance mechanism in

core–shell structure and

physically mixed samples.

Reproduced with permission

from ref. [199], Copyright

2019, Elsevier.
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Further research should also focus on the life cycle

assessment of these new and functional reflective

nanopigments to be applied on building envelope

systems, since their low environmental impact are

strictly related with their durability. Moreover, such

studies should assess the long-term durability on

coatings (using full-size prototypes), analyse the

impact of surface reflectivity on the overall energy

consumption and thermal comfort in both air-condi-

tioned and non-air-conditioned buildings.

Figure 33 Selection of building façade’s smart and adaptive materials.
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Table 7 Identification of building façade�s smart and adaptive materials. Adapted from ref. [209]

Materials Function Typical material Reference

Thermochromic Reversibly change of colour (related with a change in the

crystalline phase and structure) due to a temperature

variation

In2O3, VO2 [210]

[211]

[212]

[213]

Photovoltaic Convert solar radiation into electrical energy TiO2, ZnO, SnO2, Nb2O5, SiO2, CNT’s [214]

Photochromic Exhibit changes in the optical properties in reaction to light TiO2 quantum dots, NiO/Ni2O3, MoO3-

azobenzenes

[215]

[216]

[217]

Phosphorescent Convert ultraviolet into white light SrAl2O4: Eu
2?, Dy3?;

Sr4Al14O25:Eu
2?,Dy3?,B ? 3?;

[218]

Photostrictive Exhibit changes in shape in reaction to light Liquid crystalline polymer [219]

Photoluminescent When excited by light, the transition from the excited state

back into the ground state is accompanied by delayed or

simultaneous light emission according to the material’s

nature

CaAl2O4: Eu
?2, Nd?3, La?3;

Sr2MgSi2O7: Eu, Dy

[220]

[221]

Photothermal Generate thermal energy when photoexcited Aluminium-doped zinc oxide (AZO),

ZnO thin layers, TiO2/Ag/TiO2,

fluorine-doped tin oxide (FTO)

[222]

[223]

[224]

Piezoelectric Generate an electric potential in response to pressure Pb[ZrxTi1-x]O3; NaNbO3 [225]

[226]

[227]

Triboelectric Type of contact electrification in which certain materials

become electrically charged after coming in contact with a

different material

Liquid crystals, indium tin oxide (ITO) [228]

[229]

[230]

Phase change

(PCM)

Release/absorb energy at the phase transition to provide

useful heat/cooling

Paraffins, fatty acids, salt hydrates,

metallic

[231]

[232]

[233]

[234]

Electrochromic Colour or opacity of a material changes when a voltage is

applied

WO3, IrO2, MoO3, In2O3:Sn, [235]

[236]

[237]

Gasochromic Reversibly switches its optical transmittance when exposed

to diluted hydrogen and oxygen gases

Pt-WO3 thin film [238]
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Figure 34 Schematic representation of a solid-state synthesis procedure.

Figure 35 a Photographs of Ca2Mn0.85Ti0.15O4 synthesized by

conventional solid-state route (a), b Black 6350 (iron and

chromium oxide), c Black 6301 (manganese and bismuth oxide),

d MPT-370 (calcium, manganese, and TiO2) and e carbon black.

Reproduced with permission from ref. [167], Copyright 2016,

Elsevier.

Figure 36 Representation scheme of a sol–gel route.

J Mater Sci



Figure 37 Photographs of Gd:Ce:Mo oxides prepared by a sol–

gel method: a 1:1:0; b 1:0.95:0.05; c 1:0.9:0.1; d 1:0.85:0.15;

e 1:0.8:0.20; f 1:0.75:0.25; g 1:0.65:0.35. Reproduced with

permission from ref. [188], Copyright 2014, American Chemical

Society Publications.

Figure 38 General representation of a hydrothermal synthesis method.
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Figure 39 Photographs of BiPO4-based pigments synthesized by a hydrothermal process. Reproduced with permission from ref. [143],

Copyright 2018, Royal Society of Chemistry.

Figure 40 Schematic representation of a molten salt assisted synthesis reaction.
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Figure 41 Schematic representation of green sonochemical synthesis.
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façades in hot and humid climates: lessons for (and from)

Kuala Lumpur and Darwin. Renew Sustain Energy Rev

82:2147–2161. https://doi.org/10.1016/j.rser.2017.08.061

[48] Murgia C, Valles D, Ho Park Y, Kuravi S (2019) Effect of

high aged albedo cool roofs on commercial buildings

energy savings in U.S.A. climates. Int J Renew Energy Res

9:65–72

[49] Synnefa A, Santamouris M, Akbari H (2007) Estimating

the effect of using cool coatings on energy loads and

thermal comfort in residential buildings in various climatic

conditions. Energy Build 39:1167–1174. https://doi.org/10.

1016/j.enbuild.2007.01.004

[50] Revel GM, Martarelli M, Bengochea MÁ et al (2013)
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