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1. Introduction

Composite oxide cooling pigments mitigate the
impact of urban heat islandsf

G. P. Darshan,*@ Akshay Arjun,® H. B. Premkumar,® Elisa Moretti®
and Alberto Vomiero (& *<d

The escalating threat of ever-increasing urban heat islands presents a significant global challenge regarding
energy usage. Hence, the passive daytime solar radiative cooling technique relying on cooling materials is
considered an innovative strategy to mitigate this issue without the utilization of any external energy.
However, typical solar reflective cooling materials tend to have a bright white appearance, hence
prompting an interest in aesthetic-colored reflective coolers with the requisite properties. However,
achieving a balance between properties and appearance remains challenging. The present work
establishes the synthesis of La,W,0g9 and LayW;gsMo 1409 (M = Co, Cu, Zn, and Fe) radiative cooling
pigments showcasing high near-infrared reflectance via a solution combustion route. Doping with
different ions results in a tunable hue, enabling the preparation of coated surfaces with variable colors.
The nano-pigments exhibited a pure triclinic phase of LaW,0Og with the P1 space group. Doped transition
metal chromophores were successfully substituted into the LaW,Og lattice without altering its initial
structure. The best performing La,W; ggFeq 1409 cooling nano-pigment exhibits a relatively high near-
infrared reflectance of around 97.8% with International Commission on Illumination chroma color
coordinates L* = 62.77, a* = 19.34, and b* = 19.79. Interestingly, the thermal conductivity of the
prepared pigments was found to be 0.07-0.08 W m~* K™, which is relatively smaller than conventional
roofing materials, implying their advantage in cooling systems. Thanks to the high reflectance and low
thermal conductivity of the synthesized pigments, a decrease in the interior temperature was recorded,
ranging from 7 to 10 °C under infrared-light illumination for up to 60 minutes. Furthermore, building
energy simulation results indicate that 17.54 kW h m™2 of electricity can be saved annually if the colored
La,Wi geFen 1409 Nano-pigment is employed. The aforementioned results demonstrated the efficacy of
the prepared La,W; ggMp 1409 (M = Co, Cu, Zn, and Fe) cooling nano-pigments as passive daytime solar
radiative cooling materials to mitigate urban heat islands and achieve energy sustainability.

compared to pre-industrial levels.® In particular, the building
(commercial and residential) and industrial sectors are
responsible for approximately 95% of global heating.* As the

In recent decades, population migration toward metropolitan
areas due to epicenter industrialization has resulted in an
increase in population and building density." This high density
of population and buildings in urban regions traps solar radi-
ation, resulting in heat issues, namely urban heat islands (UHI),
heat pollution, and heatwaves.™” It is predicted that global
temperatures could increase by 1.5 °C or more by 2035
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planet warms, ensuring sustainable and equitable cooling
becomes a primary necessity.> Henceforth, cooling technologies
play a vital role in improving human life since they support
thermal comfort in living areas, prevent heat shock, and extend
food preservation. Furthermore, energy consumption for cool-
ing technology has enhanced drastically over the world.®
According to the International Energy Agency, by 2050 the
global energy requirement for cooling technology is projected to
increase by 45% as compared to 2016.”® Therefore, developing
eco-friendly and efficient cooling strategies to reduce energy
consumption, mitigate energy crises, reduce energy costs, cut
greenhouse gas emissions and associated heat issues, and
support sustainable development has become the subject of
current research.®

It is widely known that only 5% of solar radiation falls in the
ultraviolet (UV) range (300-400 nm), 43% falls in the visible
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range (400-800 nm), and the remaining 52% is distributed in
the near-infrared (NIR) range (800-2500 nm).' The maximum
heat generation is mainly ascribed to the absorption of near-
infrared photons. In view of this, passive cooling materials
are considered to be the most efficient method to mitigate heat
issues.” They have excellent solar reflectivity as well as thermal
emissivity, consequently reducing the solar to heat-energy
conversion.”® Hence, NIR-reflecting cooling materials have
attracted significant attention from the research community as
they are considered to offer a strategic way to achieve long-term
effects (i.e., energy conservation is an eco-friendly and sustain-
able path) and immediate impacts (i.e., a cooler interior even
amid high solar irradiance) to alleviate global warming.'* At
present, inorganic pigments with aesthetic properties are
gaining interest and are conducive to diminishing UHISs, since
they exhibit excellent thermal, environmental, and chemical
stability, compared to organic pigments.”” To date, several
inorganic cooling pigments with remarkable NIR reflectance
have been reported. For instance, a white-colored titanium
dioxide pigment was conventionally used and exhibited NIR
reflectance of ~87%, achieving greater chemical stability.'®
Zhou et al."” studied a series of Zn; ,A,WO, (A = Co, Mn, and
Fe) cooling pigments with various hues, exhibiting a maximum
NIR reflectance of 96.66%. Similarly, bright green Y,BaCuOs
pigment (62% reflectance),'® Ce,S; red pigment (77.09%
reflectance),” dark orange colored La,Ce,O,:Pr* pigment
(72.47% reflectance),® and blue Fe**-doped YMnO; pigment
(60.6% reflectance),* etc. were also studied. In addition, several
NIR reflective pigments and their NIR reflectance is tabulated in
Table S1.2>

Rare-earth (RE) tungstates are very interesting due to its
optoelectronic and thermal properties. To date, several cate-
gories of RE tungstate-based materials have been studied,
namely RE;W,0,5, RE,W,0,, RE,WO;, RE,W;0,,, REGWO,,,
etc.** Several reports are available on La,Mo0,0y (LAMOX),*
but lanthanum tungstate La,W,0, has not been studied in
detail so far. La,W,04 has excellent optical absorption in the
visible region (the main cause of coloration), resulting from
optically active tungstate ligand field effects around the transi-
tion metal ions.* In addition, charge transfer among two atoms
in a host was considered a factor for coloration. Generally, the
cause of color in inorganic solids arises from a variety of
physical and chemical mechanisms. There are mainly three
types of electronic transitions that can be used to explain the
color in inorganic color pigments, ie., (i) crystal field or d-
d transitions in transition metal oxides, (ii) charge transfer
transitions in compounds with multi-centered ions, and (iii)
valence band to conduction band transitions in semi-
conductors. Generally, charge transfer transition can be of three
different types: (i) metal-to-metal charge transfer, (ii) ligand-to-
metal charge transfer, and (iii) metal-to-ligand charge trans-
fer.>® Metal-to-metal charge transfer can occur when two atoms
are close to one another (i.e. transition metal ions in coordi-
nation sites sharing edges or faces) and the energy required to
transfer an electron from one atom to another within these
compounds has been found to correspond to the energies of the
visible light. The intervalence charge transfer occurs due to
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a momentary change of valences when an electron is transferred
between two neighboring cations in adjacent coordination
sites.’” Notably, La,W,09 material exhibits asymmetric triclinic
geometry and W** (ionic radius of 0.66 A with VI coordination)
can be conceivably replaced by transition metals, which may
result in the formation of various colors. To date, the synthesis
of transition metals doped triclinic structured La,W,0q
pigments with various hues via the solution combustion (SC)
route to achieve high NIR reflectance has not been reported yet.
In the present work, we have focused on the synthesis of
various colored La,W,04 and La,W; gsM; 1400 (M = Co, Cu, Zn,
and Fe) cooling nano-pigments via a self-ignition SC method to
develop high NIR reflectance with excellent photo, chemical,
and thermal stability. The phase purity and structure of the
prepared pigments were investigated in detail. The optical
properties of the nano-pigments in the UV-vis-NIR range are
discussed in depth. The colorimetric parameters (in the L*a*b*
color space) were explored experimentally. In addition, the
chemical valence state of the synthesized nano-pigment was
also assessed by X-ray photoelectron spectroscopy (XPS) anal-
ysis. Finally, the chemical, thermal, photostability, and thermal
conductivity of the pigments were also tested and discussed in
detail relating to cooling applications. Moreover, the energy
consumption analysis of the building coated with the synthe-
sized pigment was simulated by EnergyPlus software compared
with the cement exterior wall to endorse the advantage of the
application of the pigment layer with energy-saving ability.

2. Experimental

2.1. Materials

The lanthanum(m) nitrate hexahydrate [(La(NO3)s;-6H,0),
99.99%], tungsten(vi) oxide [(WO3); 99.99%], cobalt(i) nitrate
hexahydrate [(Co(NO3),-6H,0), 99.99%], copper(n) nitrate tri-
hydrate [(Cu(NO;),-3H,0), 99%], zinc nitrate hexahydrate
[(Zn(NO3),-6H,0), 99%], and ferric(m) nitrate nonahydrate
[(Fe(NOs);-9H,0), 98%)] were purchased from Sigma-Aldrich
Com. and employed without any further purification. The
laboratory-prepared oxalyl dihydrazide (ODH, C,H¢N,0,) was
used as a fuel. Nitric acid (HNO3), hydrochloric acid (HCI), and
sodium hydroxide (NaOH) were used in the chemical stability
test. A transparent synthetic varnish procured from Asian Paints
Ltd. was utilized for coating applications.

2.2. Synthesis of inorganic La,W,0, and La,W; g¢Mg 1409 (M
= Co, Cu, Zn, and Fe) nano-pigments

The inorganic cooling La,W,0, and La,W; gsM 1409 (M = Co,
Cu, Zn, and Fe) nano-pigments were synthesized via the SC
route. Initially, an appropriate amount of WO; was taken in
a Petri dish and well-dissolved in an aqueous NH,OH solution
using a bath sonicator for 30 min. Then, the obtained reaction
mixture was constantly stirred using a magnetic stirrer for 30
min maintained at temperature of 90 °C, resulting in the
ammonium tungstate solution. Later, the stoichiometric
quantities of La(NOj)3, Co(NOj3),, and ODH were added to the
formerly prepared solution and well-dissolved in double
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Fig. 1 A schematic representation demonstrating the synthesis process of nano-pigments via the SC method.

distilled water (100 mL) using a magnetic stirrer maintained at
450 rpm for 10 min to obtain a homogeneous solution. Then,
the Petri-dish-containing reaction mixture was placed in a pre-
heated muffle furnace maintained at 450 & 10 °C. The mixture
endured thermal dehydration resulting in a viscous gel. Within
a short period, the viscous gel self-ignited inside the mixture,
and subsequently exothermic combustion took place with an
intense flame accompanied by the liberation of a significant
amount of N, and CO, gases, which resulted in a fluffy-textured
voluminous solid. The voluminous solid was finely ground
using a mortar and pestle, subsequently transferred to
aluminum crucibles, and placed in a muffle furnace for calci-
nation at a temperature of 1000 °C for 6 h. Fig. 1 depicts
a schematic representation demonstrating the synthesis of
nano-pigments via the SC method. The whole synthesis proce-
dure was repeated by using different dopants (Cu, Zn, and Fe) by
following the above protocol. Herein, the prepared La,W,O,
La,W; §6C00.1400, La; W1 6CU0.1409, LayW; g6Zng.1404, and La,-
W, s6Fe.1409 nano-pigments are abbreviated to LWO, LWCO,
LWCuO, LWZO, and LWFO, respectively.

2.3. Preparation of the coating using a synthesized nano-
pigment and its passive daytime radiative cooling application

The best-performing LWFO nano-pigment was selected for NIR-
reflecting coating over aluminum sheets. The procedure to
create the nano-pigment coating is as follows; the optimized
LWFO nano-pigment was well mixed with synthetic varnish in
the weight ratio of 1:1 by inserting a titanium horn (6 mm
diameter) ultrasound probe sonicator maintained at 22 kW for
1 h to ensure uniform dispersion of the nano-pigment in the
varnish binder. The obtained emulsion was uniformly coated
onto an aluminum sheet using a paintbrush and allowed to dry at
room temperature. Later, the coated aluminum sheets were
subjected to thermal shielding analysis. The thermal shielding
effect of the coated aluminum sheets was examined by designing
an experimental setup. The system comprises two plywood house
models (8 x 8 x 8 cm®) with pigment-coated aluminum sheet

32056 | J Mater. Chem. A, 2024, 12, 32054-32068

roofing (10 x 10 em?®). A narrow hole was provided just 2 cm
below the roof to facilitate measuring temperature. The whole
system was then subjected to illumination under IR lamps.
Simultaneously, the temperatures were recorded every 5 minutes.
The pictorial diagram illustrating the preparation of coating
using a synthesized nano-pigment and its passive daytime radi-
ative cooling application is shown in Fig. 2.

2.4. Characterization

Powdered X-ray diffraction (PXRD) studies of the prepared
nano-pigments were conducted using a Rigaku SmartLab
diffractometer with a monochromatic CuKa, (1.541 A) source.
The divergence slit, scatter slit, and receiving slit were set at 1°,
1°, and 0.3 mm, respectively. Data was recorded in the scan
range 10°-80° using the continuous scan mode, with a scan
speed of 4° min~* and a sampling pitch of 0.02°. The lattice
parameters and reliability factors of the pigments were esti-
mated by the Rietveld refinement method using the Fullprof
suite program.

A Tescan Vega 3 scanning electron microscope (SEM)
equipped with a tungsten-heated cathode electron gun with
a resolution of 3.0 nm at 30 kV and maximum field of view of
0.08 pm was used to analyze the surface morphology of the
synthesized cooling pigments. The SEM instrument was also
equipped with TESCAN Essence™ energy-dispersive X-ray
spectroscopy (EDX), which is utilized for elemental composi-
tion analysis of the pigments.

Fourier transform infrared spectroscopy (FTIR) analysis was
carried out using a Bruker Alpha II FTIR spectrometer with
a diamond crystal attenuated total reflection (ATR) accessory to
identify chemical bonds/functional groups present in the
prepared nano-pigments.

XPS analysis of the selected nano-pigment was performed
using a Physical Electronics (PHI 5000 VersaProbe III) instrument
equipped with a micro-focused monochromatic X-ray beam and
a C60 ion gun. All acquitted binding energies were referenced to
the C 1s peak (283.7 eV) arising from adventitious carbon.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A pictorial diagram illustrating the preparation of a coating using a synthesized nano-pigment and its passive daytime radiative cooling

applications.

Thermal conductivity measurements of the synthesized
cooling pigments were performed using a TCi thermal
conductivity analyzer system (C-Therm Technologies Ltd),
which offers a thermal conductivity range of 0 to 500 Wm ™' K !
and a thermal effusivity range of 5 to 40 000 W s: m 2 K.

A PerkinElmer (Lambda 750) spectrophotometer maintained
at a slit width of 0.5 nm was used to study the diffuse reflectance
performance of the prepared pigments in the range of 200 nm
to 2600 nm.

A Bruker Vertex 70v with a gold mirror as a reference was
used for IR emissivity measurements in the 1.25-28.25 um
wavelength range.

The chromatic characteristics ie., CIE 1976 L*a*b* color
scheme of the pigments were recorded using a Datacolor® 800
benchtop dual beam d/8° spectrophotometer. The spectropho-
tometer is equipped with an integrating sphere of 152 mm and
utilizes a pulsed xenon light source filtered to D65. Herein, L*
specifies the lightness scale in a range from 0 (black) to 100
(white). The a* coordinate represents the green (—ve) to red
(tve) transition, whereas the blue (—ve) to yellow (+ve) transition
is denoted by b*. Chroma (c*) gives the saturation of color and is
estimated using the following equation:*®

C* = [(a®)’ + (b*)]" (M

Another factor, the hue angle (4° in degrees) was character-
ized and ranges from 1 to 360°. The A° value was calculated
using the given equation:**

= tan~\(b*/a*) @)

In addition, the ASTM standard number G173-03 was adopted
to measure solar reflectance data.*” The solar reflectance of the
prepared nano-pigments was elucidated in the range of 700-
2500 nm using the given equation:*’
2500 .
R¥ = r(A)i(A)da 3)
2500 .
oo L(A)dA
here, 7(2) is the experimentally derived spectral reflectance data
of the pigments, and i(A) is the standard solar spectral

This journal is © The Royal Society of Chemistry 2024

irradiance as per the ASTM standard model G173-03 (in W m >
mm ™ '). For daytime radiative cooling analysis and photo-
stability test, a Philips BR125 IR 250 W bulb was used. A pho-
tostability test of the pigments was performed by irradiating
a light source from ~15 cm from a top in a closed chamber.

The surface roughness of the nano-pigment-coated
aluminum sheet was examined using a Bruker (DektakXT)
surface stylus profilometer with a stylus radius of 2 microns.
The wettability studies ie., water contact angle (WCA)
measurements were performed by employing a Kyowa (DM501)
contact angle meter via sessile drop mode.

3. Results and discussion

PXRD patterns of the prepared LWO, LWCO, LWCuO, LWZO,
and LWFO nano-pigments are depicted in Fig. 3(a). The char-
acteristic patterns of the synthesized nano-pigments are well in
accordance with the standard pattern of LWO with the triclinic
phase and the P1 space group. No impurities/spurious peaks are
present in the PXRD profiles, which indicates that the doped
chromophores have been successfully incorporated into the
LWO lattice without generating any other secondary phases. In
addition, the effective doping was further validated via the EDX
spectrum (Fig. S1t). The spectrum revealed minor peaks cor-
responding to dopants Co (L), Cu (L), Zn (L), and Fe (L) without
any traces of impurity. The acceptable ionic radius percentage
difference (4,) between the host cation and dopant ions in the
synthesized nano-pigments was estimated using the following
equation:**

4 R,(CN) — R4(CN)
T R, (CN)

x 100% (4)

where, CN is the coordination number, and R}, and Ry are the
ionic radii of host cation and dopant ions, respectively. In the
present work, by considering the R, and R4 values of the W*"
cation (0.66 A) and dopant ions (Co is 0.53 A; Cu is 0.54 A; Zn is
0.74 A; Fe is 0.61 A) with VI coordination, the A (w-co)y Ar(w-cu)s
A(w-zn), and Aw_pe) values were estimated and obtained to be
19.69%, 18.18%, 12.12%, and 7.57%, respectively. The esti-
mated 4, values were found to be less than 30% (i.e., maximum

J. Mater. Chem. A, 2024, 12, 32054-32068 | 32057
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acceptable range), which indicated that the dopant ions
successfully occupied the W** site in the LWO lattice. The
average crystallite size (D) of the synthesized nano-pigments
was calculated using Scherrer's relation.*” The estimated D
values of the nano-pigments were found to be in the range of
23-30 nm (Table S2%). In addition, the Rietveld refinement
analysis of the best-performing LWFO nano-pigment was
carried out to investigate its crystal structure and the changes
occurring in the lattice owing to the doping chromophore.*
Fig. 3(b) shows the experimental, refined, and difference
profiles attained after the refinement of the LWFO nano-
pigment. Following the detailed refinement analysis, it was
observed that the synthesized nano-pigment was well crystal-
lized in the triclinic structure with space group P1 and showcase
lattice parameters a = 7.2823 A, h = 7.2984 A, ¢ = 7.4285 A, o« =
90.23°, 8 = 89.88°, y = 87.23°, and V = 393.95 A>. As shown in
the figure, there was a clear agreement between the experi-
mental and calculated profiles. The reliability factor (ie.,
goodness of fit (x?)) of the fitted plots was found to be 0.9876,
demonstrating the best fitting between experimental and
refined profiles. Furthermore, lattice parameters were used to
model the crystal structure of LWFO nano-pigment via the
VESTA program. Fig. 3(c) shows the crystal structure of the
prepared LWFO nano-pigment. The structure of the triclinic
LWFO pigment has isolated [W,0,5]~*? groups alternating with
trigonal bipyramids resulting in a three-dimensional frame-
work with La atoms in both 9- and 10-fold oxygen
polyhedral.*

SEM images of the prepared LWCO, LWCuO, LWZO, and
LWFO nano-pigments are depicted in Fig. 4. The LWCO nano-
pigments revealed an irregularly stacked ribbon-like
morphology (Fig. 4(a)). Following close inspection, an

32058 | J. Mater. Chem. A, 2024, 12, 32054-32068

(a) PXRD profiles of the synthesized cooling pigments, (b) Rietveld refinement, and (c) a packing diagram of the LWFO nano-pigment.

agglomerated rod-like structure of the synthesized LWCuO
nano-pigment was observed (Fig. 4(b)). LWZO nano-pigments
exhibit irregularly shaped structures (Fig. 4(c)). Interestingly,
LWFO nano-pigments showcase a flaky-type structure with an
irregular stacking morphology with voids (Fig. 4(d)). The
observed morphologies of the synthesized nano-pigments are
obvious in the SC-derived samples, which are ascribed to local
sintering by the generation of high temperatures during the
combustion in the system.** Notably, the observed voids showed
excellent reflectance performance via efficient sunlight scat-
tering. Herein, the product's morphology can be greatly influ-
enced by the two important physical parameters, including
reaction temperature and the amount of gas released. Normally,
temperature accelerates reactions, grain growth, and sintering
results in agglomeration and crystallinity. However, gaseous
products during the combustion process make solid materials
fluffy and voluminous, which leads to higher porosity of the
products. However, the temperature and amount of gas released
depend on various experimental conditions. Among them are
the precursors, composition of the precursors, fuel, fuel-to-
oxidizer ratio, methods of heating, and ignition of the initial
solutions, etc.***” In the present work, fuel-to-oxidizer ratios and
fuel during synthesis are maintained constantly throughout the
experiments; though change in the morphology of the products
was noticed. However, we believe that different dopants used
(even when maintaining constant concentration) in the prepa-
ration might be responsible for variations in the morphology of
the pigments. The EDX spectrum of the selected portions of the
synthesized LWCO, LWCuO, LWZO, and LWFO nano-pigments
is shown in Fig. S1.7 The spectrum revealed prominent char-
acteristic X-ray peaks located at 0.5, 1.7, and 4.9 keV, which are
related to O (K), W (L), and La (K) emissions, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 SEM images of (a) LWCO, (b) LWCuO, (c) LWZO, and (d) LWFO nano-pigments.

Furthermore, minor peaks corresponding to Co (L), Cu (L), Zn
(L), and Fe (L) are also identified in the spectrum without any
traces of impurity. The quantitative analysis of the constituent
elements in the prepared nano-pigments using the EDX spec-
trum is tabulated in the inset of Fig. S1.1 The established results
confirmed the appropriate incorporation of chromophores in
the host lattice.

The typical XPS-wide survey scan was performed to confirm
the elemental state and chemical compositions, the best per-
forming LWFO nano-pigment was chosen and the correspond-
ing survey scan was given in Fig. S2.1 The survey scan consists of
La 3d, W 4f, Fe 2p, and O 1s core levels, confirming the chemical
composition obtained through EDX. The survey exhibits a peak
at ~283.7 eV corresponding to C 1s, which is mainly attributed
to atmospheric exposure during sample synthesis.*® To eluci-
date the chemical state of the individual constituent in the
pigment, narrow scan XPS measurements were explored
(Fig. 5(a-d)). As can be seen from the high-resolution La 3d
scan, there are distinctive two-orbit doublets at 834.27 eV and
850.97 eV, which correspond to the La 3ds,, and La 3dj), levels,
whereas two shoulder peaks are also clearly noticed at a binding
energy equal to 838.03 eV and 855.08 eV (Fig. 5(a)).* The ob-
tained results endorse the presence of the La®" state. Further-
more, three significant peaks were positioned at ~31.87 eV,
34.89 eV, and 37.26 eV owing to the W*" state of W 4f,,,, W 4f5o,
and W 5p;, respectively (Fig. 5(b)).** The Fe 2p spectrum
(Fig. 5(c)) confirms the existence of Fe 2p;,, (709.63 eV) and Fe
2pss2 (722.14 eV) levels. In addition, there are two satellite peaks
at 701.82 eV and 731.28 eV, indicating the existence of the Fe**
ion (Fig. 5(c)).”* The survey spectrum of the O 1s witnessed
a major peak at 529.57 eV, which is ascribed to the lattice
oxygen. Furthermore, surface adsorption of the oxygen or
hydroxyl group prompted a small noticeable peak at 527.02 eV
(Fig. 5(d)).** UVv-vis diffuse reflectance (DR) spectra of the

This journal is © The Royal Society of Chemistry 2024

prepared nano-pigments spanning in the region 200-2600 nm
are shown in Fig. 6(a). The spectra revealed that the synthesized
pristine LWO and LWZO nano-pigments did not exhibit any
representative absorption in the visible region, hence resulting
in a white appearance. Interestingly, the LWFO nano-pigment
exhibits strong absorption spanning in the range from 320 to
560 nm. In the LWFO nano-pigment, a deep absorption band
centered at 350 nm can be mainly attributed to the °A,(°S) —
*E("D) transition.> Further, the absorption band around 510-
560 nm is ascribed to the °A;(°S) — *E(*G), and °A,(°s) —
*A1(*G) transitions.” In addition, the LWFO pigment shows
a significant reduction in reflectance around 700 and 900 nm,
which results from °A;(°S) — *T,(*G) and °A;(°S) — *T4(*G)
bands.**>* Here, the d-d transitions of the Fe*" ions are spin-
forbidden and Fe*" holds five electrons in the d-orbit, the
charge transfer from the partially filled Fe 2d orbit to the
empty W 5d orbit leads to a broad UV absorption.***” The
LWCuO pigment showcases a maximum reflectance hump
between 400 and 800 nm, which is due to the d-d electronic
transition of Cu®" ions.”* However, LWCO nano-pigments
exhibit a strong absorption band at around 370-510 nm
mainly due to Ty, — “T,4(P) d-electronic of Co*" transition in
the LWO system.” In addition, the strong peaks at 590 and
730 nm are mainly attributed to the “T;; — “A,, transition.*
The combination of metal-to-metal charge transfer and d-
d transitions of Co®" ions contribute to several hues. Interest-
ingly, strategic doping of the chromophores results in low
reflectance in the 300-800 nm region, resulting in different
hues of the pigments. Furthermore, the optical energy band gap
(E) of the synthesized nano-pigments was evaluated using the
Kubelka-Munk (K-M) theory. Generally, the K-M function
relates the DR of the materials (R) to the scattering coefficient
(S) as well as the absorption coefficient (K), as given below:*
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Fig. 5 The XPS binding energy-resolved high-resolution spectrum of LWFO, including (a) La 3d, (b) W 4f, (c) Fe 2p, and (d) O 1s.

(1-R.) K
F(Ry) = ~—55—"= < 5
(R=) 2R., S (5)
In addition, the linear absorption coefficient («) of a system and
the E, are associated via known the Tauc's relation, as follows:>
n/2
A(hv — E,)
[ S — 6
« i (6)
here, A is a proportionality constant and Av represents photon
energy. When the system diffusely undergoes perfect scattering,
a is equal to 2. By considering S as a constant, eqn (5) and (6)
can be expressed as:*’

[F(R.)'= C(hv — Eg)" 7)

where, the value of n i.e., 1, 2, 3, 4, and 6 represents the kind of
transitions, such as direct allowed transitions, non-metallic
materials, direct forbidden, indirect allowed, and indirect
forbidden transitions, respectively.”® In the present work, the
best fitting of eqn (7) (n = 1) was obtained for [F(R.. )hv]* versus
hv, signifying that the band transitions were direct allowed

32060 | J Mater. Chem. A, 2024, 12, 32054-32068

transitions. Fig. 6(b) shows the E, plots of the prepared nano-
pigments. The E, values were extracted by extrapolating the
linear fitted regions to [F(R.)Av]* = 0. From close inspection,
the E, values of the prepared pristine and nano-pigments were
obtained to be around 2.83-3.78 eV (Table S2t). Fig. S37
showcases the FTIR spectra of the prepared pigments. The
spectra consisting of a band in the range ~526-684 cm™ " was
assigned to W-O stretching.® However, peaks at ~743 and
801 em™" were mainly due to C-H bending vibrations, whereas
a W-O-W stretching peak at 896 cm™* was noticeable.®

To evaluate the energy-saving applications of the synthesized
nano-pigments, a detailed study of the NIR reflectance property
is imperative. Herein, the NIR reflectance spectra of the
synthesized pigments were displayed in Fig. 6(a). The spectra of
the LWO material exhibit a maximum peak reflectance of
~90%. Interestingly, after the successful incorporation of the
chromospheres in the LWO lattice, the spectra revealed that the
maximum peak reflectance was enhanced especially in LWFO
nano-pigment (~97.8%) with an average NRI reflectance of
91%. The studied LWO compound shows the optical absorption

This journal is © The Royal Society of Chemistry 2024
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(a) Reflectance spectra of the prepared cooling pigments in the range of 200—2600 nm, (b) The corresponding energy band gap plots of

the nano-pigments, (c) the solar reflectance spectra of the synthesized nano-pigments, and (d) spectral IR emissivity curves of the prepared

pigments.

between the valence band (VB) composed of La 5d and O 2p
orbitals and the conduction band (CB) composed of W 4d
orbital. When Fe?" jons are substituted into the W-ions site, the
CB bottom potential level decreases due to Fe 4s orbitals
contributing to the CB. As a result, the bandgap of the LWFO
pigment is decreased compared to that of LWO (shown in
Fig. S47), thus changing the material's color, which inherently
improves the reflectance property of the material. With close
inspection of the spectra, the LWZO nano-pigment demon-
strated a similar trend by following the LWFO pigment with
a reflectance of ~91%. Interestingly, the LWCuO nano-pigment
revealed a maximum peak reflectance of 80.07%. Among the
synthesized nano-pigments, a lower NIR reflectance was noticed
in the LWCO nano-pigment (i.e., ~67%); all the prepared nano-
pigments still possess a significantly higher NIR reflectance
compared with the previously reported pigments, namely
TiZn, gCuy,0, pigment (R = 62.83%), TiZn,gFe;,0, (R =
87.81%),"* NiAl,O, pigment (R = 53.0%),” Fe,0;/TiO,
composite pigment (R = 68.2%),** and NaFeTiO, pigment (R =

This journal is © The Royal Society of Chemistry 2024

81.43%).°* In addition, the NIR reflectance property of the
pigments is also mainly ascribed to local surface plasmon
resonance (LSPR).> LSPR of materials is sensitive to the
morphology, particle size, and free carrier density. LSPR-
induced reflection or absorption is enhanced by the high
aspect ratio of nanomaterials.®® In the present work, the
prepared flaky-type LWFO pigment exhibits a higher aspect
ratio (due to the LSPR of both the longitudinal plasmon band as
well as the transverse plasmon band) than that of LWCO,
LWCuO, and LWZO pigments. Therefore, the LWFO pigment
showcases excellent NIR reflectance property compared to other
pigments. The obtained results demonstrate the significance of
the prepared pigments to effectively reflect the maximum part
of the solar radiation. Interestingly, these results demonstrate
that strategic doping of the appropriate chromophores to tune
the hue of the samples with improved IR reflectance is highly
significant. Subsequently, the solar reflectance of the pigments
was also studied (Fig. 6(c)). The spectra showcase a noticeable
quantity of solar irradiance spectral concealment, which

J. Mater. Chem. A, 2024, 12, 32054-32068 | 32061


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04027a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 October 2024. Downloaded on 3/3/2026 1:35:54 PM.

[{ec

View Article Online

Journal of Materials Chemistry A Paper

L*=94.42 L*=62.77
o Yellow o Yellow
+1004 LWzZ0Oo LWFO
(e)
(d)
2 +604
+40 4
(-2.57,7.’3299)'
Green-! 40 20 W +20 +40 +60 180 +100Red Green-! 00Red
ja' a
Blue 7 'Blue

Fig. 7 CIE 1976 L*a*b diagrams and related photographic images of the prepared nano-pigments.

indicates that the pigments can be utilized in coatings to reflect prepared nano-pigments. It can be seen from the figure that the
heat and that they show promise as cooling nanomaterials for intensive spectral IR emissivity of LWFO is found to be ~0.32 in
energy saving. Fig. 6(d) shows the IR emissivity curves of the the 9.75-28.25 um band and 0.12 in the 1.25-9.75 um band,
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Table 1 The CIE chroma coordinates (L*a*b*), chroma (c*), and hue angle (h°) values of the prepared nano pigments compared with corre-
sponding standard colors

CIE coordinates

(L*a*b*)
Pigments L* a* b* AE* Chroma (c*) Hue angle (2°) Color Analysis
LWFO 62.77 19.34 19.79 — 27.67 45.66 -
Terrazzo Tan 62.02 18.79 20.25 1.264 28 47 - Close but distinguishable
Copper trail 62.45 20.44 18.11 4.352 27 42 - Slightly different
LWCuO 80.87 —3.29 24.39 — 24.61 97.67
Pantone C 82.18 —3.5 24.07 1.454 24 98 Close but distinguishable
Soft green 81.01 —3.42 21.22 10.205 21 99 Different
LWCO 62.01 —-0.69 —-2.57 — 2.66 254.9 -
Cool Grey 8 U 61.49 —0.11 —-2.17 0.98 2 267 - Distinguishable to the practiced eye
Steely gray 61.98 —2.01 —3.03 1.984 4 236 - Close but distinguishable
LWZO 94.42 —2.57 7.39 — 7.83 109.2
Sail cloth/washing line 94.47 —2.04 7.76 0.467 8 105 Distinguishable to the practiced eye
Mental note 93.46 —3.46 729 1762 8 115 Close but distinguishable

which is mainly ascribed to the extremely weak absorption of
the pigment. Moreover, the lower spectral emissivity of the
pigment was witnessed as the reflectance of the pigment was
high. This phenomenon is mainly attributed to pigments
having a certain absorption capability in these wavelength
bands, which is not strong in other wavelength bands.®”
However, maximum emissivity (i.e., ~0.68) is witnessed in the
LWCO nano-pigment due to the significant absorption of inci-
dent light. The CIE 1976 L*a*b color coordinates were evaluated
to assess the chromatic properties of the synthesized pigments.
Fig. 7 shows the CIE L*a*b diagrams and photographic images

This journal is © The Royal Society of Chemistry 2024

of the LWO, LWCO, LWCuO, LWZO0, and LWFO nano-pigments.
As shown in the figure, the undoped LWO material exhibits
a maximum L* value of 91.84 with a* = —3.6 and b* = 6.9
(Fig. 7(a)). The LWCuO nano-pigment demonstrates a decrease
of the L* value from 91.84 to 80.87 (Fig. 7(b)), which is ascribed
to the effective substitution of the chromophore ions in the
LWO lattice site. Interestingly, the value of a* (—3.29) is almost
consistent with the LWO system, nevertheless the b* value
(24.39) shifted towards the yellow side; it is a clear indication
that the prepared pigment turned into a near Pantone C-type
color (as shown in Table 1) by human visual inspection. CIE

J. Mater. Chem. A, 2024, 12, 32054-32068 | 32063
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L*a*bh diagrams of the LWCO and LWFO nano-pigments
demonstrate lower L* values of 62.01 and 62.77, respectively
(Fig. 7(c and e)). Among them, the LWCO pigment exhibits a* =
—0.69 and b* = —2.57, indicating that the pigment turns a pale
grey color, which is only distinguishable by the practiced eye
compared with the standard Natural slate (Table 1). The CIE (a*
and b*) color coordinates of the LWFO nano-pigment are
located in the red-yellow degree (19.34 and 19.79) region of the
CIE diagram and are close but distinguishable with standard
Terrazzo Tan color (L* = 62.02, a* = 18.79, b* = 20.25, and ¢* =
28). The obtained result demonstrated that the prepared
pigment has a nearly tan color perception (inset photo). Under
close inspection, the LWZO nano-pigment shows a brilliant
white L* value of 94.42, whereas a* and b* values span in the
green-yellow degree (Fig. 7(d)), manifesting a close resemblance
to the appearance of sail cloth (Table 1). In addition, the color
difference (AE*) between the synthesized nano-pigments and
commercial pigments was estimated using the following
relation:**%

AE* = \J(AL*)? + (8a*)’ + (Ab*)? (8)

The estimated AE* values of the prepared pigments were
tabulated in Table 1. As evident from the table, AE* values of the
LWFO pigment are found to be reasonably minimal as
compared to other pigments. The obtained result demonstrated
that the prepared LWFO pigment can be considered as an
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alternative solution benefiting from high NIR reflectance
properties and a lowest AE* value to replace conventional
pigments. Furthermore, C* and H° values of the LWCO,
LWCuO, LWZO, and LWFO nano-pigments are also estimated
and tabulated in Table 1.

The stability assessment of the pigments plays a vital role in
their application and NIR reflectance needs to be strong enough
for various harsh working conditions. The chemical stability of
the nano-pigments was examined by mixing the pigments with
H,0, 5% HNO;, HCl, and NaOH solution thoroughly using
a magnetic stirrer for 20 min. Then, the soaked samples were
filtered and washed several times using a distilled water in an
centrifuge to remove the acid content. Finally, the resultant
pigment was oven-dried by maintaining at 70 °C for 5 h.
Subsequently, the CIE color coordinates, chroma, and H° values
of the acid/alkali treated nano-pigments were examined and the
values are tabulated in Table 2. In addition, the color difference
(AE*) of the nano-pigments after being treated with acid/alkali
solution was also estimated and is listed in Table 2. As shown in
the table, the estimated AE* for the LWO material exhibits an
acceptable color difference in the H,O and NaOH; whereas the
HNO; and HCI treated samples show diminished chemical
stability, since AE* values were greater than the permitted limit
(AE* = 5). Similarly, the LWZO nano-pigment also follows
a similar trend by exhibiting good chemical stability for alkali
solutions, nevertheless, revealing larger AE* values for acids
(HNO; and HCI). Concurrently, the LWCO, LWCuO, and LWFO
nano-pigments have excellent chemical stability with AE* < 5,

Table 2 The chroma parameters and color difference (AE*) values of the prepared nano pigments after acid/alkali treatment.

CIE L*a*b*
Pigments Treatment L* a* b* Cc* H* AE*
LWO Without 91.84 —3.6 6.9 7.79 117.6 —
H,0 92.63 -3.29 6.82 7.57 115.8 0.85
HNO; 83.13 —1.52 38.7 38.73 92.25 33.04
HC1 85.34 —6.19 36.8 37.32 99.54 30.71
NaOH 93.55 —2.85 6.86 7.43 112.6 1.87
LWCuO Without 80.87 -3.29 24.39 24.61 97.67 —
H,O 81.63 —3.32 23.95 24.18 97.9 0.88
HNO; 82.96 —3.99 25.55 25.86 98.88 2.49
HCl 81.9 —3.49 27.14 27.37 97.33 2.94
NaOH 84.43 —3.27 20.29 20.55 99.16 5.43
LWCO Without 62.01 —0.69 —2.57 2.66 254.9 —
H,0 63.14 -0.8 —2.49 2.62 252.2 1.14
HNO; 65.3 —0.87 -1.91 2.1 245.5 3.36
HC1 67.34 —2.55 1.9 3.18 143.3 7.20
NaOH 66.95 —-1.17 —2.48 2.74 244.7 4.96
LWZO Without 94.42 —2.57 7.39 7.83 109.2 —
H,O 94.58 —-2.5 7.04 7.47 109.6 0.39
HNO; 91.78 —6.05 22.3 23.1 105.2 15.54
HCl 91.32 —5.52 17.07 17.94 107.9 10.58
NaOH 93.6 —2.48 7.63 8.02 108 0.86
LWFO Without 62.77 19.34 19.79 27.67 45.66 —
H,O0 63.09 19.49 19.62 27.66 45.19 0.39
HNO; 62.47 19.92 20.39 28.51 45.66 0.89
HC1 63.6 19 20.19 27.72 46.74 0.98
NaOH 61.9 19.39 19.15 27.25 44.64 1.08
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indicating their outstanding alkali/acid resistance. This feature
makes them excellent materials for cooling applications.
Interestingly, the nano-pigments underwent high-temperature
calcination during their preparation (1000 °C for 6 h),
implying that they can sustain high temperatures without
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altering their chromatic properties. In addition, the photo-
stability of the prepared nano-pigments was examined by
continuously irradiating IR light for 48 h. Later, the CIE color
coordinates, chroma, H°, and AE* values of the pigments after
continuous irradiation of the light were estimated and are given

(b)
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Fig.8 (a) The interior temperature of the house model with different roofing materials. (b) The water contact angle of the LWFO pigment-coated
aluminum sheet, (c) and (d) the profilometer trace of surface roughness analysis test of the coated sheet, and (e) the mid-rise apartment model

established by OpenStudio software.
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in Table S3.1 The calculated values clearly show that the AE*
values of the pigments by considering before and after irradi-
ation were found to be in the acceptable range of difference
(AE* = 5). The aforementioned results demonstrate that the
prepared nano-pigments exhibit excellent chemical, thermal,
and photostability properties, which show their potential as an
excellent candidature for cooling applications.

The thermal conductivity study of the synthesized nano-
pigments was examined at room temperature. The thermal
conductivity of the prepared pigments was found to be 0.07-
0.08 W m ' K™ *. The prepared pigments revealed low thermal
conductivity as compared to conventional roofing materials. For
instance, Xu et al.” studied the thermal conductivity of the
conventionally used concrete mortar and found it to be 0.58 W
m~" K. Chung et al.”* also investigated the thermal conduc-
tivity of the wood-plastic composite (WPC) which was shown to
be 0.53 Wm ™" K '; the thermal conductivity of bare concrete is
2.29 W m~' K. Interestingly, the prepared LWFO nano-
pigment showcased excellent NIR reflectance, low thermal
conductivity, chemical, thermal, and photostable properties
along with better color perception as compared to LWCO,
LWCuO, and LWZO nano-pigments. After these careful evalua-
tions, LWFO was considered to be the best-performing pigment
among others for UHI applications. Hence, a comparison study
of a thermal shielding test using the plywood house model with
the LWFO nano-pigment-coated aluminum sheet and
commercially available sheets as a roof was performed. As given
in the experimental section, a plywood house model with LWFO
nano-pigment coated aluminum sheet and commercially
available sheets (bare sheet, blue sheet, off-white sheet, and red
sheet) were placed under an IR lamp positioned 40 cm above the
roof as well as temperature sensors were provided to record the
interior temperature of the model (Fig. S51). Subsequently,
time-dependent temperature measurements were noted, and
the corresponding plots are depicted in Fig. 8(a). As shown in
the figure, the interior temperature of the models increased
with increasing time up to 40 min, and a steady temperature
was reached after 1 hour of IR irradiation in pigment-coated
sheet and commercial sheet-based models. Interestingly,
a similar trend was also noticed in other comparison investi-
gations; the temperature difference (At) between the nano-
pigment coated and the bare aluminum sheet was found to
be —7 °C, indicating that the coated sample supports a 7 °C
cooler interior than the bare aluminum sheet roofing interior.
The At values between coated sheets with commercially avail-
able blue off-white, and red sheets were ~—10 °C, —7 °C, and
—8 °C, respectively. These results demonstrated that the inte-
rior of the LWFO pigment-coated sheet delivers a cooler atmo-
sphere as compared to the conventional sheet interior. The
aforementioned results endorse the applicability of the
prepared pigment with excellent NIR reflectance for passive
daytime radiative cooling applications. Furthermore, to inves-
tigate the wettability of the nano-pigment-coated surface, the
WCA was measured and shown in Fig. 8(b). The microliter (pl)
drop WCA of the coated surface was estimated and found to be
~103.5°. The obtained result demonstrated that the coated
surface is hydrophobic and becomes water-repellent. Fig. S61
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demonstrates the comparison of WCA of various pigment
coatings with a prepared LWFO coating. It is noteworthy that
Fatah et al.” studied the WCA of the blue-pigmented coated
surface and found it to be ~107.7°. Further, the blue pigment
with ZnO nanoparticles coated surface exhibits a WCA of about
114.3°, which indicates its hydrophobicity. However, the
surface-modified corresponding pigment by an antifouling
agent showcases the superhydrophobic nature with the WCA of
~145.4°. The antifouling agent covered the porous structure on
the surface and reduced the surface energy, resulting in
a surface that resembles the natural superhydrophobic lotus
leaf. Similarly, Wang et al.”® also investigated the hydrophobic
modification of ZnTiOjz-based thermal insulation functional
composite coatings using silicone resin. The WCAs of ZnTiO;
and silicone were 25° and 102°. The very small WCA of bare
ZnTiO; signifies the hydrophilic surface of the particles.
However, ZnTiO; and silicone-based composites (with different
% of ZnTiO3) have improved the WCA up to ~122° (Fig. S51).
The results confirm that the surface of ZnTiO; particles have
been successfully converted from hydrophilic to hydrophobic.
However, cellulose nanocrystals and their dye showcase WCAs
of ~49.75 and 62.13°, respectively, with a hydrophilic surface
nature.” In comparison, the prepared LWFO nano-pigment
coated surface demonstrated a hydrophobic nature without
any surface modification strategy and tended to avoid water
absorption and adherence on the surface. Hence, the hydro-
phobic nature of the coating protects the coating from
contamination to maintain a stable cooling performance. The
roughness of the nano-pigment coating on the aluminum sheet
was investigated by the surface profile test and is given in
Fig. 8(c and d). From the obtained plot, the mean roughness of
the pigment film was found to be lower than 5 pm. The uniform
roughness and excellent water-repellent property of the
prepared cooling LWFO nano-pigment demonstrated its appli-
cability in conventional cool roofing systems to mitigate UHI.
The efficient energy-saving ability of the designed nano-
pigments in actual buildings by circumventing solar energy
conduction inside a building was further evaluated and quan-
tified using EnergyPlus software via simulating energy
consumption. Bengaluru city, Karnataka, India was selected to
simulate energy consumption since it has the fourth most
populous urban agglomeration in India, a tropical savanna
climate with occasional heatwaves, and it reached a maximum
temperature of around 36.5 °C during summer 2023. The
openstudio software was used to design a mid-rise apartment
(Fig. 8(e)) with a total area of 268 m”> provided with an HVAC
system for cooling and heating and a total indoor occupant
density of 0.1670 people per m”. The heating and cooling
temperatures were fixed at 18 °C and 26 °C, respectively. After
simulation, the energy consumption of the HVAC system was
analyzed and tabulated in Table S4.f As witnessed from the
table, the total electricity required for cooling in a year of the
designed building coated with the best performing LWFO nano-
pigment is found to be 32.45 kW h m 2, and the electricity cost
per month was assessed to be $162.25. The obtained results
were compared with conventional exterior coatings, such as
cement and pearlescent pigment; demonstrating the LWFO

This journal is © The Royal Society of Chemistry 2024
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pigment coating can reduce electricity utilization by up to 17.54
kW h m™> and save costs of $87.7 per month. From these
results, we can conclude that the synthesized various chromo-
phores doped-LWO cooling pigments with high reflectance are
suitable candidates as a thermal passive radiative cooling
material for external coating to alleviate UHI effects.

4. Conclusions

In summary, a series of various chromophore-doped
LayWi g6Mo 1409 (M = Co, Cu, Zn, and Fe) radiative cooling
nano-pigments were rationally designed and synthesized by the
SC route. Morphological studies of the nano-pigments show
irregular ribbons, dumbbells, and flaky-type morphologies with
large agglomeration and voids, which are obvious morphologies
in the SC route-derived samples. The absorption spectra of the
established pigments have revealed both the metal-to-metal
charge transfer as well as d-d transitions simultaneously,
which results in the possibility of obtaining various colors. The
E, values of the prepared nano-pigments were estimated and
calculated to be around 2.83-3.78 eV. Indeed, the prepared
pigments have a large quantity of solar irradiance spectral
concealment, implying their advantage as coating materials to
reflect solar radiations. The designed cooling pigments show
excellent thermal, chemical, and photo stabilities, which
endorse their adaptivity to several provision conditions. In
addition, the wettability and surface roughness profile test
results of the nano-pigment-coated surface exhibit a uniform
coating with a water contact angle of ~103.5°, demonstrating
that the coated surface makes the surface hydrophobic and
water-repellent. Further, it can be protected from external
contamination to maintain a stable cooling performance. These
results established in this report will be beneficial for endorsing
the development of efficient high NIR reflectance passive radi-
ative cooling pigments, which could be pursued as an energy-
efficient and economical solution for mitigating urban heat
islands effects and contributing to boosting energy
sustainability.
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