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1. Introduction

Building components play a vital role in energy conservation or dissipation. High
intensity solar radiation that reaches envelope systems (mainly roofs and facades) can
lead to a large surface temperature increase. The consequent temperature rise increases
energy cooling demands and thermal discomfort of building occupants, and contributes
to the urban heat island effect [1, 2]. Furthermore, the increase of the exterior surface
temperature increases the risk of early degradation of envelope finishing materials [3].
This is particularly important when dark or black colours are used in the exterior surfaces,
driven by aesthetic reasons. In fact, conventional black colourants, usually based on
carbon black or black iron oxide, have an excessive absorption of solar radiation,
reflecting only approximately 5% of sunlight [4].

The use of high solar reflective coatings (so-called cool pigments) in building
envelope systems is a relevant technique to reduce the environmental loads [2]. In
particular, the use of near-infrared (NIR)-reflective coatings has been widely explored [5-
14]. For instance, Zinzi [15] selected a variety of coloured products to be incorporated in
an acrylic based masonry paint with quartz filler, typically used as finishing coating in
facades, and obtained promising reflectivity results on cool coatings. They prepared a
colour pattern of cool and conventional colours and compared the correspondent radiative
properties. The developed coatings showed a noteworthy improvement in solar and near-
infrared reflectance for dark tones (up to 0.16 and 0.38, respectively). Pisello et al. [16]
combined two passive cooling strategies for building envelopes (cool fagade and cool roof)
showing an general temperature reduction of 3.1°C (13%). Furthermore, with the

application of one high reflective component, it was possible to obtain a 19.8°C (55%)
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decrease. In addition, several studies have focused on incorporating nanomaterials in
coatings, as these allow an effective control of the radiative properties through the tuning
of their optical materials [17, 18]. Nevertheless, although several studies have been carried
out on NIR-reflective coatings, very few have focused on the effects of particle size, shape
and concentration on spectral performance, especially concerning dark or black coatings
[19].

Among all nanomaterials, rutile TiO2 is the most effective white nanopigment,
improving coatings opacity, coverage power, durability, and brightness [20]. The
outstanding and unique properties of TiOz include high refractive index, when compared
with other white nanomaterials (e.g., BaSOs, ZnO, ZrO, or CaCOs) [21, 22] , or active UV
protection [23], making it an optimum candidate to be used as a NIR-reflective
nanomaterial [24-29]. To understand how the TiO2 nanoparticles characteristics influence
the properties of thermal insulation coatings, Shen et al. [30] varied their concentration and
particle size. The results indicate an enhancement of the solar reflectance of the white
coating with increasing particle content.

Although the effective influence of TiO. nanoparticles on the reduction of
coatings solar absorption is known, previous studies typically focus on maximizing the
reflectance across the entire solar spectrum without considering aesthetic effects. There
have also been numerical methods and analysis models reporting the effect of the
morphology of these nanoparticles on the reflective properties, but a systematic
experimental study has never been performed. As such, our thorough study aims to
explore the effect of size, size distribution, optical band gap and concentration of TiO>
nanoparticles dispersed in a commercial black colourant on its optical performance. The
optical performance of the doped black colourant samples was experimentally evaluated

through spectral reflectance calculations using a modular spectrophotometer to
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understand the relation between these properties and the intrinsic characteristics of the
TiO2 nanoparticles. We show the potential of these pigments to be incorporated in acrylic-

based coatings for building envelope systems.

2. Experimental Methods

2.1. Materials and samples preparation

The TiOz rutile particles with labels <100 nm and <5000 nm size (diameter) were
purchased from Sigma-Aldrich. TiO2 rutile with 30, 50 and 500 nm particle sizes
(diameter) were purchased from US Nano. All nanopowders used in this study were >
99.9% trace metals basis and were employed as obtained without further purification. All
the nanoparticles were co-pressed axially into a layered pellet at 28 MPa for 2 min to
further study their band gap and reflectance properties.

The used colourant is a commercial black iron (11, 111) oxide-based dispersion with
a colour index PBk11 and 48% pigment content from Chromaflo. The technical data sheet
of such colourant describe that it is water-based and free of alkylphenol ethoxylate (APE)
with propylene glycol as a co-solvent. Also, it contains lower levels of volatile organic
compounds [31]. The five sets of commercial TiO2 nanoparticles were combined with the
colourant to obtain different concentrations (1, 3, 5, 8, 12, 16 and 20% w/w) to study the
influence of size and concentration on the NIR reflectance performance. All samples were
mixed in a beaker at room temperature until a homogeneous mixture was obtained and
applied with the aid of a spatula on 35x35x3 mm? acrylic substrates. The visual aspect of

all samples is shown in Figure 1.
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Figure 1: Photographs of the TiO,-doped black colorant samples in acrylic substrates.

2.2. Characterization techniques and instrumentation

The morphologies and size distribution of the TiO, nanoparticles were observed
in a High-Resolution Environmental Scanning Electron Microscope (SEM) with X-Ray
Microanalysis and Electron Backscattered Diffraction (EBSD) analysis using an
acceleration voltage of 25 kV (Quanta 400 FEG ESEM/ EDAX Genesis X4M). The SEM
images were taken at 20000x, 50000x%, 100000x and 200000x magnifications.

Structural characterization was performed by X-ray diffraction (Rigaku
SmartLab; 45 kV and 200 mA) at room temperature using Cu-K, radiation (1.540593 A)
and the Bragg—Brentano 0/20 geometry in the 10°-90° 20 range, with a step of 0.02° and
scan rate of 12° min™. This system offers high-resolution data via a Johansson Ge Ka
monochromator.

2.3. Reflectance and colourimetric assessment
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To study the optical properties of a given material one needs to measure its
reflectance spectrum as a function of wavelength. The spectral reflectance was obtained
following the Standard Test Method for Solar Absorptance, Reflectance, and
Transmittance of Materials Using Integrating Sphere — ASTM E903 [32]. The
measurements were performed with a modular spectrophotometer (FLAME-T and
FLAME-NIR Ocean Optics), equipped with a 30 mm integrating sphere Spectralon®
coated with 8° angle port allowing determine the hemispherical (specular and diffuse)
reflectance in the solar range 200 — 1650 nm. During the measurements, a Spectralon®
disc was used for the collection of the baseline, in interval measurements of 5 nm,
considering that the absolute accuracy should be less of 0.02 units or approximately 2%.

The spectral reflectance (SR, 200 — 1650 nm), Eq (1), and the short wave near-
infrared radiation (SRnir, 700 — 1650 nm), Eq (2), were calculated based on the 100
selected ordinates of Table X2.1 of ASTM E903 [32] and Air Mass of 1.5 of ASTM G173

[33]. Each sample was measured in three different points and the average is presented.
SR =Y129RA/100 (1)
SRyir = 1'1226 R4/100 (2)

where R is the measured total reflectance by the spectrophotometer, and A is the
wavelength weight of Table X2.1.

Subsequently, the spectral irradiance was calculated considering the AM1.5 of the
Sun at the Earth surface (Wm~2 nm™?), according to the ASTM G197 [34] to a vertical
surface. Since a large portion of the solar irradiance occurs in NIR range, at around 54.6%,
it should be important to consider this region when optimizing the reflectance of these
coatings. Therefore, the weighted reflectance (WRr) is calculated as follow:

Wi = 0.034SRyy + 0.42SRy;, + 0.546SRyr  (3)
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The colour of all samples was evaluated by measuring the spectral reflectance
with the same equipment. The CIE colourimetric coordinates, lightness L* (black—white),
a* (green—red) and b* (blue—yellow), were used as recommended by the Commission
Internationale de I’Eclairage (CIE) in the range of 200—1650 nm range using standard
observed of 10° D65 illumination and after calibration with a white standard
(Spectralon®). The chroma (C*) parameter representing the saturation of the colour was
calculated as [35]:

C'ap = [(@)? + (B2, (4)
while the hue angle (h) is calculated using:
hy, = tan™t (b*/a*) . (5)

The colour difference (AE) between two materials (1, 2) can be obtained using:
AE*,, = [(AL")? + (Aa*)? + (Ab*)?]Y2, (6)

where AL*= L1* — Lo* is the difference in lightness (with AL*>0 indicating a lighter
material), Aa*= a;* - ap™* is the difference in red and green (with Aa*>0 indicating redder
tones) and Ab*=b1* - bo* is the difference in yellow (with Ab*> 0 indicating yellower
tones).

TiOz is a semiconductor and a photoactive material, with high solar to electrical
energy conversion efficiency [36]. When solar radiation is reflected or absorbed, different
types of electronic transitions may ensue, depending on the band arrangement of the
material [37, 38]. Using the Tauc equation [39], it is possible to estimate the band gap
based on the energy-dependent optical absorption coefficient model [40].

ahv = A (hv — Ep)", @)
where h is the Planck's constant (J.s), A the absorption constant, a is the absorption
coefficient, v the light frequency (s) and Eq the band gap energy (eV). The n exponent

is connected to the type of electronic transitions and takes the value 2 for indirect allowed,

7
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3 for indirect forbidden, 1/2 for direct allowed or 3/2 for direct forbidden transitions. From
the possible methods for determining the optical band gap, one of the most truthful
considers the diffuse reflectance spectroscopy. As such, Kubelka and Munk [41]
converted the measured reflectance to the corresponding absorption spectra and deduced
the KM function:

a _ (1-Ry)?

F(R)=2= &2 ()

where s is the effective scattering coefficient and R, the reflectance at an infinite
thickness. Replacing F(R) in Eg. (1) results in:
1
[F(R,).hv]= = A (hv — Eg). (9)
The optical band gap energy of the nanoparticles were calculated in three steps

considering the methodology developed by Sangiorgi et al. [38] as shown in the flowchart

presented in Figure 2.

Reflectance spectra (% R)

Conversion of %R in F(R) using the

Kubelka-Munk equation
v

Extrapolate E’; by plotting F(R) vs hv

v
Calculate band gap energy (E,) using

the Tauc equation

Figure 2: Methodology for the determination of optical band gap and electronic transitions.

Adapted from Ref. [38].

3. Results and Discussion

3.1. Structural and morphological analysis of TiO2 nanoparticles



OCoO~NOUITAWNE

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

The SEM images of TiO2 nanoparticles are shown in Figure 3. These images show
that the 30 nm, 50 nm and <100 nm nanoparticles present cubic and homogeneous
morphology [Figure 3(a)- (c)]. It is also observed that, for the 500 nm size, the

nanoparticles present a spherical morphology [Figure 3(d)] while the 5 um nanoparticles

[Figure 3(e)] have an irregular and heterogeneous morphology and a large distribution.

Figure 3: Scanning electron microscopy images of TiO, nanoparticles (a) 30 nm, (b) 50 nm, (c)

<100 nm, (d) 500 nm and (e) <5000 nm. Scale bar: 2um.

A size distribution analysis of the nanoparticles was carried out since commercial
powders are usually characterized by a range of particle sizes. Thus, the particles are
analysed by direct microscopy observation and the size is determined by frequency
counts. As such, the sizes of the nanoparticles are characterized by the width of the
Gaussian size distribution, as showed in Figure 4 (b). The obtained mean diameter (g),

standard deviation (c), modus (dm) and median (d50%) are represented in Table 1.

Table 1: Size distribution statistics.

TiO, g (nm) ¢ (nm) dm (NmM) dso% (NM)
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30 nm 32.9 9.8 37.6 30.7

50 nm 50.0 22.5 42.4 47.1
<100 nm 29.0 5.7 32.6 26.8

500 nm 158.5 7.5 150.2 147.5
<5000 nm 1733.8 134.0 2274.2 1599.2

750 nm
50.0 +22.5 nm

//l
Z
Z Cumulative distribution
- 8 &8 8 8 8
g8l
A

Diameter (nm)

Figure 4: (a) Direct SEM observation measure for TiO, 50 nm size nanoparticle and (b) Gaussian

size distribution analysis (cumulative fractions as an inset).

The X-ray diffraction (XRD) patterns of the commercial TiO2 nanoparticles are
presented in Figure 5. The sharp and strong peaks observed in the diffraction patterns
expose the crystalline nature of the powders and the presence of the characteristic
reflections of rutile and anatase TiO2 phases. All compounds crystallize in a tetragonal
structure with a space group P4%/mnm for the rutile phase and 14:/amd for the anatase
phase. The average crystallite size of the particles (Dxrp) Was calculated using the

Williamson—Hall relationship [42, 43]:

kA
Dxpgrp cos 7}

ﬂtotal = Bsize + Bstrain = + 4ntan 0, (10)

where k the Scherrer constant (~ 0.94 for spherical NPs), 4 the incident X-ray wavelength,
Phrotal 1S the full width at half-maximum of the XRD peak, & the diffraction angle and # the
microstrain parameter. Figure 5(b) shows a plot of B;:a1 €OS 6 /kA versus 4 sin 0 /kA

for all samples, allowing the estimation of # and Dxrp (Table 2). The values obtained for

10
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Dxrp are in good agreement with the ones measured by SEM. Internal strain can be
considered insignificant [# < 0.2%] and therefore does not have a significant role in the

key physical properties of these nanomaterials.

Table 2: Diameters of the commercial TiO, nanoparticles obtained from SEM and XRD analysis.

Calculated microstrain and phase percentages are also shown.

TiO; Dsem (NM) Dxro (NM) Strain by XRD Rutile / Anatase

30 nm 32.9+9.8 26+3 (11 £ 3) x10* 100% / 0%

50 nm 50.0 £22.5 50+8 (13 £ 2) x10* 100% / 0%
<100 nm 29.0+5.7 33+4 (9 £ 3) x10* 100% / 0%

500 nm 1585+7.5 194+39 (150 £ 9) x10° 99.6% / 0.4%
< 5000 nm 1733.8+ 134.0 NA NA 95% / 5%

Intensity (a.u.)

a)

(110)
2]

0.06 % e~ 4

(101)
211

(220) @11
\

(101)*

(002)
(310)

.
0.04 1 v
A
5

%L |

0.02 + -

3
(BoeicOS A)/(KA) (nm™)

20 () (4sin@)/(ki) (nm™)
Figure 5: (a) XRD patterns of commercial rutile and (*) anatase TiO2 nanoparticles with different
diameters and (b) linear fit using the Williamson—Hall correlation (the different slopes represent

different mean strains and the line interception gives the inverse particle size).

To accurately assess the thickness of the painted layers, a SEM analysis was
performed. The sample was treated with liquid nitrogen to fracture at low temperature
without changing the integrity of the coating. With a carbon adhesive, the fractured
coating was rescued. The SEM results revealed a coating thickness of 150 pum (Figure 6).

A 3D profilometer map analysis was also performed and a nominal peak-to-peak surface

11
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roughness of ~11 um was obtained for the acrylic substrate [Figure 7(a)] and of ~15 pm

for the coating on top of the acrylic [Figure 7(b)].

Figure 6: Measured thickness of the painted layer of the conventional colourant by electron

microscopy.

a)
Acrylic: 11 um max. height ~ ° BT 0 o r Coating: 15 um max. height

Figure 7: 3D profilometer maps for the (a) painted layer of conventional coating and (b) acrylic
substrate (Imm x 1mm area) allowing the determination of the surface roughness (o) of the

samples.

3.2. Optical band gap and electronic transitions determination
The optical bandgap energy indicates the capacity of a material to absorb or reflect
light. According to the method described by Sangiorgi et al. [38], the first step is the
analysis of the reflectance and absorbance of the material. A typical reflectance spectrum
for each nanoparticle pellet is reported in Figure 8(a). The spectrum present analogous
trends with all the nanoparticles absorbing in the UV region and reflecting most of the
light in the visible region. For example, for A= 420 nm most of the radiation is reflected

(from 77% to 95%), a typical behaviour for TiO2 materials [44]. TiO2 can absorb or

12
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scatter UV light and reflects most of the visible light, so that its whitish colour arises from
light diffusion processes when particles are closely packed. On the other hand, for A=260
nm, the reflectance is very low due to electron/hole generation since incident photons
have sufficient energy and the material absorbs the radiation. The reflectance spectra were

converted in a F(R) representation using the Kubelka-Munk equation [Equation (9)].

(b)

@)

—30 nm

Eg= 3.25eV

[FR)T (a.u.)

15 20 25 30 35 40 45

ho (eV)

=30 nm
=50 nm
= <100 nMm
=500 nm
<5000 nm

[F(R)hv]* (a.u.)

T

300 450 600 750 15 20 25 30 35 4.0

Wavelength (nm) hv (eV)

Figure 8: (a) Reflectance spectrum of the nanoparticle pellets and (b) Graphical representation

of [F(R) hv]? versus hv. The determination of Eg for the 50 nm TiO; is shown in the inset.

For polycrystalline materials, as our TiO2 nanoparticles, the density of states is
non-zero inside the gap, with band tails induced by disorders, mainly produced by
impurities or structural disorders [45]. Band tail states are electronic states present above
the valence band or below the conduction band that not only narrow the band gap, but
also constrain the recombination of electrons by localizing photo-induced holes [45, 46].
For these reasons, the usual method to determine the optical band gap is to use the Tauc
equation [Equation 3]. In a shortened way, E4 can be assessed from the plot obtained from
the lowest conduction band and highest valence band edge. For the calculation of the
optical band gap Eg, the determination of the correct value of the n exponent is critical.
In that regard, it is well established in the literature that anatase TiO- is an indirect band

gap semiconductor while rutile TiO2 has a direct band gap (for which n =1/2) [47, 48].
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Therefore, we determined the optical band gap energy Eg4 by fitting the linear section of
the [F(R)hv]*" versus (hv) plot and extrapolating to F(R)hv=0, where the real absorption
coefficient for those energies is still non-zero due to the band tails [Figure 8(b)]. Values
between 3.06 and 3.25 eV are obtained (Table 3), close to those found in the literature (~
3.0 eV for TiOz rutile) [49-51]. The slight differences between these values are attributed
to the particle size of the TiO2 nanoparticles and to their crystalline phase, since the 500
nm and <5000 nm nanoparticles are composed by 0.4% and 5% of anatase phase,
respectively. These small amounts may be sufficient to influence the overall band gap

energy.

Table 3: Experimental band-gap energy and total reflectance values obtained for the TiO-

nanoparticles used.

Nanoparticles

Method
30 nm 50 nm <100 nm 500 nm <5000 nm
Rotal 0.775 0.923 0.642 0.949 0.800
Ey (eV) 3.10 3.25 3.06 3.15 3.10

Under similar conditions, higher optical band gap energies lead to a reduction of
the intrinsic absorption region and thus to an enhancement of the reflection [52]. TiO»
particle size is an important parameter to be taken into consideration since it affects the
spectral properties when their size becomes comparable with the size of the exciton [53].
When their size reduces from the bulk to the first excitation state (Bohr radius), the size
quantization effect appears, owing to the spatial confinement of charge carriers [54].
Their reduction results in a size increase of the conduction band and decrease of the
valence band, resulting in a band shift that influences the optical properties [55]. Several
works reported that particles with diameters in the 5.5-200 nm range display distinct size

quantization effect leading to a blueshift between 0.067 to 0.6 eV [56-58].

14
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Figure 9 shows the reflectance of the nanoparticles as a function of the band gap
energy calculated. One can observe that the <100 nm size nanoparticle that has a lower
band gap amongst the nanoparticles studied, shows lower reflectance which will influence
the functional properties of composite paint. Following this statement, one can already
predict that the 50 nm and 500 nm nanoparticles will present the best overall effect in the
reflectance of the colourant since it has the largest calculated optical band gap (3.25 and

3.15 eV) and the highest reflectance values (0.92-0.95).

1.0
o
@ o
500
8 0.91 L 50 nm
4]
O
QO 0.8- @ 5000 nm
=
o 30nm @
'
0.7 -
100 nm
Q
0.6 T T T T M T

305 310 315 320 3.25

E' (eV)

Figure 9: Reflectance as a function of band gap energy of the TiO, nanoparticles.

3.3. Effect of TiO2 doping on the optical properties of a conventional black colourant

The spectral reflectance is the most critical parameter when evaluating the
performance of solar systems, including passive buildings. To measure such reflectance,
the ASTM E903 method procedure was chosen, which allows to evaluate the NIR-
reflectance behaviour [32]. Typical spectral reflectance spectra for the colourant doped

with TiO2 nanoparticles is shown in Figure 10.

15
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Figure 10: Spectral reflectance behaviour of the TiO.-doped black colorant with (a) 30 nm, (b)
50 nm, (c) <100 nm, (d) 500 nm and (e) <5000 nm (inset: UV performance of the nanoparticles
studied).

From these results, we observe that all the doped samples present a similar
performance (as expected) by partially absorbing visible light since we are dealing with
black coatings. With a high refractive index (n=2.72), TiO2 strongly absorbs in the UV
region and effectively scatters light [59]. Similarly, almost all the TiO2-doped colourant
samples present the same strong absorption pattern in the UV region, especially for low
doping concentration (between 1 and 5%). After exceeding such concentrations, the
behaviour in the UV region is not linear. This phenomenon may be due to the
agglomeration of the nanoparticles at higher concentration. In fact, an important
drawback is created by the strong tendency of NPs to agglomerate due to their large
specific area [60]. TiO: particles are prone to aggregate in slurries so that it is necessary
to stabilize the nanoparticles in the coating formulation against settling and flocculation.
Typically, several surface dispersing agents are used to disaggregate nanoparticles,
although they typically also lead to a loss of gloss or brightness and are incapable of

maintaining a significant degree of spacing between the TiO> particles to enhance the
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light scattering of the dispersed TiO2 [61-63].

As for the near-infrared region, the samples present noteworthy differences with
an enhanced NIR reflectance when compared to the conventional colourant. For better
comparison, the calculated total (Table 4) and near-infrared reflectance are presented
versus the TiO2 concentration for the different diameters (Figure 11). While the
conventional black colourant absorbs most of the NIR radiation, with a reflectance value
of 0.112+0.016, the doped samples show a significant enhancement for the near-infrared

region, with reflectance values from 0.120 to 0.208 (an up to 86% increase).

Table 4: Calculated average total solar reflectance of the TiO,-doped samples.

Concentration

Total Solar Reflectance

(Wiw) 30 nm 50 nm 100 nm 500 nm 5000 nm

Standard 0.130+0.016

1% 0.124+0.007 0.169+0.008 0.144+0.013 0.144+0.011 0.117+0.069
3% 0.133+0.009 0.174+0.025 0.164+0.026 0.168+0.008 0.150+0.011
5% 0.143+0.021 0.165+0.018 0.151+0.009 0.186+0.012 0.163+0.006
8% 0.155+0.011 0.178+0.004 0.153+0.009 0.171+0.013 0.150+0.010
12% 0.162+0.013 0.179+0.008 0.151+0.018 0.170+0.013 0.148+0.003
16% 0.163+0.007 0.197+0.009 0.168+0.010 0.160+0.009 0.144+0.011
20% 0.159+0.008 0.162+0.023 0.172+0.003 0.138+0.033  0.136+0.005
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Figure 11: Calculated (a) total average and (b) NIR reflectance using ASTM E903 of the TiO--

doped black colourant samples.

From Figure 11(a), one can see that the total reflectance typically increases with

the concentration, reaching a maximum for a concentration of approximately 12-16% for
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smaller particles and 5-8% for larger ones. The behavior is similar for the NIR reflectance
[Figure 11(b)], with a decay of the reflectance for high concentrations (16-20%). It is
known that TiO> particles scatter about 75% of light through diffraction, consequently
increasing its effective scattering volume [64]. However, an undesirable consequence of
the large scattering volume of TiO2 particles is that, as the inter-particle distance
decreases with increasing concentration, pigment crowding effect occurs at relatively low
particle concentration, inducing a decay of the total light scattering [64-66]. In fact, if two
or more particles are in actual contact with each other or if they are closer together than
the ideal spacing distance, the particles behave as a large aggregate resulting in reduced

light scattering [61]. As such, the scattering coefficient is only linear at very low

concentrations (Beer's law region), being below the linear value for higher concentrations
[65, 67]. Furthermore, according to Auger et al. [68] the phenomenon, in which the
scattering depends on the closeness of the particles, is a specific manifestation of multiple
scattering that is known to occur in white paints pigmented with TiO; rutile particles [69].
Therefore, the solar reflectance reduction above a certain particle concentration is a
consequence of the increase of the number of particles that leads to a decrease in the total
scattering.

To design an optimal nanoparticle-doped coating, that maintains the reflectances on
the visible region but enhances the NIR reflectance, Baneshi et al. [70] proposed
calculating the reflectivity of the NIR (pnir) and VIS (pvis) regions weighted by the

human eye perception as:

_ Jyas POTINEQ)

o , (11
Pris = T ey D)
and
Jg 7 PINDIA)A(A)
=7 . (12
PIR Jara 1 VA (12)
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where I()) is the solar irradiation, (1) is the standard brightness and p(A) is the spectral
reflectivity of the coating. In this optimization principle, one has to consider the
nanoparticle composition and size, in addition to the density of the nanoparticles [4].
Taking this into consideration, an optimum reflectance coating, without affecting its
aesthetic properties, is achieved by optimizing the ratio (R) between the NIR and VIS

reflectance:

R = BME (13)

pvis

The calculated R values are presented in Table 5, showing that the optimized value
is reached for the 50 nm size nanoparticles (R~1.09), while the minimum value was found

for <5000 nm (R~ 0.909).

Table 5: Parameter R for the different studied nanoparticles.

TiO, nanoparticle R
30 nm 0.990
50 nm 1.093
<100 nm 1.051
500 nm 1.082
<5000 nm 0.909

When trying to improve the reflectance one must consider the source of the incident
irradiance. For terrestrial applications, the irradiance source is the terrestrial solar spectral
irradiance at normal incidence air mass 1.5 (AM 1.5). Here, spectral irradiance
distribution was calculated using the ASTM G197 [34] for vertical surfaces, integrated
over the solar spectrum. This standard test method separates the contributions from direct
and diffuse radiation, allowing more exact calculations of diffuse heat gains [71]. The

resulting spectra for the TiO2-doped samples are presented in Figure 12.
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Figure 12: Near-infrared solar spectral irradiance (W m-2nm 1) distribution for the TiO,-doped

black samples with (a) 30 nm, (b) 50 nm, (c) <100 nm, (d) 500 nm and (e) <5000 nm using ASTM

G197.

As an example, Figure 13 shows the weighted reflectance, calculated using

Equation (3), for TiO2 50 nm particle size doped samples to understand how the

reflectivity is distributed. We clearly observe that the infrared reflectance was improved
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379  for all tested mixtures with a maximum of 0.112 reflectance reached for the 16%
380  concentration (w/w), when compared to the conventional black colourant value which is
381 ofonly 0.052. All samples present the same behaviour in the UV region, but in the visible

382  region, the reflectance is also affected, with all samples presenting a slight enhancement.
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384  Figure 13: Weighted reflectance calculation of 50 nm size TiO,-doped black colourant.

385 Since we are using a dark colourant, the VIS and IR region reflectance are
386 expected to be lower than in other cool colourants. However, the results clearly demonstrate
387 that the incorporation of nanoparticles in the conventional black colourant increases the
388 reflectance of the samples, with maximum values typically in the 5-16% concentration
389 range. Although all samples present higher NIR and total reflectance than the black
390 colourant, a global maximum was observed for a TiO; rutile with 50 nm size (with a 0.20
391 reflectance compared to 0.13 for the standard colourant) for 16% concentration. Concerning
392 the <100 nm size nanoparticles, it is clear that the total reflectance values are lower than the

393 other doped samples. This is mainly due to the large size distribution (Table 2) and the
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394 smaller optical band gap energy of the nanoparticles (2.98 eV), the lowest amongst the

395 nanoparticles used in this study.

396 3.4. Colourimetric assessment

397 As mentioned, black colourants are commonly used mainly for aesthetic purposes.
398 Therefore, the colourimetric assessment becomes a crucial factor to consider when
399 formulating new NIR-reflective coatings. One of the aims of this study was to improve the
400 reflectance of the coating (which consequently will increase its thermal performance)
401 without excessively changing its colour. Figure 14 presents the CIELab coordinates for all
402 doped samples, including the conventional black colourant (standard in black dot). The (x-
403 y) axis represent the variation between green (-a*) and red (+a*), and between yellow (+b*)
404 and blue (-b*), respectively. The lightness (L*) ranges vary from 0-100 (white to black). In
405 addition to the sample coordinates, the rectangles represent the variation in RGB colour for

406 the axis limits in the CIELab system a*b* (-5.0 — 5.0) and L* (39 — 47).
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Figure 14: CIELab coordinates for all samples. The black dot represents the conventional black

colourant (standard).

The conventional black colourant (standard) is described as a dark grey colour
with a bluish to yellowish undertones pigment. In this study, we confirmed that the
standard sample presents a blueish tone (b* is negative, and a* is almost zero). However,
the lightness value should be lower than 40 to be considered a dark colour [72, 73]. Here
we found that the black colourant (L*=43.933) could be classified as a light grey [74, 75].

The achromatic colours are shades of white, grey, and black, for which the
reflection in the visible range is similar in all wavelengths. As verified in the spectral
reflectance (Figure 10), the samples present an achromatic aspect. In other words, in the
a*-b* coordinates (Figure 14), the colour turns matte and achromatic similar to the origin
[76] with the lower difference between the coordinate a* and b* [77]. As described by
Piri et al. [78], the chroma is strongly affected by the particle size, the particle absorption
coefficient and the real part of the refractive index. The higher chroma variation was
found for <5000 nm and 3% concentration (w/w), and the lower for the 50 nm
nanoparticles and 16% concentration in the colorant. This result is in accordance with the
study conducted by Piri et al. [79] where, for stronger absorbing particles, the increment
in the diameter will lead to higher chroma values. As seen in Figure 14, the (5000 nm,
3%) and (30 nm, 20%) doped samples can be considered chromatic with a significative
difference in chroma considering the other doped samples.

The minimum colour difference noticeable by the human eye is typically
considered as AE=1, but a limit value of 3 is typically considered, following the statement
by Cozza et al. [80] and Mokrzycki et al. [81]. In Figure 15(a) we represent the combined
effect of the doping concentration and nanoparticle size. Looking closer to the results, the

sample with <5000 nm doped at 8% had the lowest AE value (0.67), while the 500 nm
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433

434
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437

438

439

with 1% sample presented the highest value (15.13). Almost 50% of the samples had a
colour difference higher than 3. This effect was expected due to the introduction of a
white particle (TiO) in the black colorant. The colour difference is strongly affected by

the lightness, as the chroma (a-b) parameter is not so different between the samples.
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Figure 15: (a) Colour and (b) lightness difference of TiO.-doped black samples with the

nanoparticles used in the study when compared with the conventional colorant.
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The lightness difference is given in Figure 15(b). The samples with lower AL also
have the lowest AE [see Figure 15(a)]. The incorporation of TiO», against expectations,
turned almost all samples darker than the standard colourant. Note also that the sample
with 30 nm size and with 8% concentration has a medium tone lightness classification,
unlikely to the standard, and all the other samples that are classified as a light-medium
tone. The lightness variation is also in agreement with the study carried out by Piri et al.
[78, 79], where the increase in the diameter leads to higher lightness values. Such
performance can be explained by the intrinsic properties of the particles, as materials with
larger extinction coefficients will lower the visible reflectance and consequently decrease

the lightness [82].

4. Conclusions

There is an increasing tendency in applying darker colours in envelope systems,
while trying to reduce the effect of solar radiation, which proves the relevance of
including high-reflective nanoparticles in black colorants for coatings. Here, we studied
how the reflectance and colorimetry of a conventional black colorant vary depending on
the properties (size, concentration) of incorporated TiO2 nanoparticles.

The spectral reflectance results demonstrated that the incorporation of
nanoparticles in the conventional black colorant increases the reflectance of the samples.
The most adequate TiO2 composition for enhancing the reflectance is the 50 nm
nanoparticles with 16% doping concentration, with a 0.20 total reflectance when
compared to only 0.13 for the standard colorant. Regarding the colour assessment, it was
found that the incorporation of TiO2 nanoparticles affects the perception of lightness and
colour, which was expected since a white pigment was introduced in the composition,
turning most of the samples darker (decrease in the value of the coordinate L*) than the

standard colorant, whereas only 8 samples were found to have the reverse effect. For the
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50 nm samples, enhancing the concentration leads to a reduction of the lightness.
Nevertheless, a linear correlation between the concentration and the lightness parameter
was not observed.

To make a balance between the colour difference and the experimental results
obtained for the optical band gap calculation of the TiO> pellets and optimization
parameter R, the reflectance results of the doped colorant validate that the best
nanoparticle to be used is the TiO, with 50 nm size. Such nanoparticles result in a AE
below 3 for the concentrations between 1-3% and 16%-20%, which makes them suitable

candidates to be used as dopants without significantly affecting the colour.
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