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A B S T R A C T   

In this research, we produced ochre/yellow pigments of YIn0.9Fe0.1O3, combined with ZnO pigments, through a 
citrate-assisted sol-gel approach. We investigated the impact of varying ZnO addition methods (incorporated into 
the sol-gel bath and physically mixed with YIn0.9Fe0.1O3 pigments) on their color properties, near-infrared (NIR) 
reflectance and photocatalytic activity. The effect of the different ZnO addition methods was investigated on 
pprecursors and final calcined pigments through X-ray diffraction (XRD), Vis-NIR reflectance, Fourier transform 
infrared spectroscopy (FT-IR) Scanning Electron Microscope (SEM) and thermal analyses such as thermog-
ravimetry (TGA), and differential scanning calorimetry (DSC). The synthesized nanocomposites were evaluated 
for their photocatalytic characteristics by examining the degradation of 4-Nitrophenol (4-NP) when exposed to 
UV radiation. The potential environmental applications of the pigments were investigated not only for direct 
pollutant degradation but also in terms of energetic sustainability. In fact, the developed pigments can be 
employed as passive cooling materials to mitigate the temperature of buildings, thus dramatically reducing 
energy consumption. For this reason, the pigments were embedded into a polymeric binder and coated onto 
roofing aluminum sheets. The obtained coatings were investigated in terms of NIR reflectance and heat 
adsorption. The photocatalytic ability of the coatings was assessed by the degradation of 4-NP and methylene 
blue (MB) under xenon arc lamp. The results obtained indicate the feasibility of producing a pale yellow pigment 
with both NIR reflectance and photocatalytic capabilities.   

1. Introduction 

Infrastructure development in urban environments caused the 
gradual replacement of vegetation with heat-absorbing materials, such 
as bitumen, concrete, and limes. Those materials absorb and store solar 
radiation and affect the exchange of moisture between the soil and the 
atmosphere, known as evapotranspiration, which impacts the thermal 
conditions of urban areas. The heat-absorbing materials used in urban 
pavement and construction have been identified as contributors to a 
distinctive phenomenon known as the urban heat island (UHI) effect [1, 
2]. Heat islands form due to the rise in surface temperatures and overall 
ambient temperatures experienced in urban areas in comparison with 
adjacent rural areas (naturally covered by trees and vegetation). The 
warming effect induced by paving and roofing materials contributes to 
the occurrence of heat waves, human discomfort, and heat-related ill-
nesses. As a result, energy consumption surges in the summer months, 
driven by the extensive use of environmental comfort technologies, 

including ventilation and air-conditioning (HVAC) systems within 
buildings. Indeed, HVAC technologies alone account for 40% of a 
building’s total energy consumption [3]. In this scenario, passive cool-
ing technologies serve as a means to mitigate the urban heat island effect 
and improve indoor thermal comfort in buildings without relying on 
energy consumption. Different passive cooling technologies, such as 
phase change materials (PCM) [4] and radiative materials designed for 
application on roofs, facades, and pavement surfaces [5], were investi-
gated to mitigate the temperature of the buildings in urban settlements. 
Out of the examined technological solutions, NIR reflective pigments 
emerge as a promising strategy for effectively mitigating Urban Heat 
Island (UHI) effects. Considering the whole solar radiation spectrum, the 
near-infrared portion (NIR, 700–2500 nm) [6] is the major component 
(52%). 

The remaining portion consists of 5% ultraviolet radiation (UV, 
300–400 nm) and 43% visible light (VIS, 400–700 nm). In the last 
decade, various initiatives have been pursued to develop near-infrared 
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(NIR) reflective pigments designed for incorporation into cool coatings. 
These pigments effectively reflect NIR radiation, contributing to a sub-
stantial reduction in absorbed heat. According to the literature, highly 
reflective materials such as ZnO, Fe2O3, TiO2 (anatase and rutile pha-
ses), Al2O3, are often employed in synthesizing NIR reflective materials 
[7–9]. Specifically, numerous studies have unveiled the influence of 
different crystalline phases on the chemical and optical properties of the 
synthesized pigments This encompasses factors such as color charac-
teristics and near-infrared (NIR) reflectance. Sadeghi-Niaraki et al. [10] 
have increased NIR reflectance of Fe2O3 by applying a thin layer of TiO2, 
while Jose et al. [11] discovered that the addition of ZnO to 
YIn0.9Mn0.1O3 using a sol-gel route led to an increase in NIR solar 
reflectance from 50% to 70%. 

Apart from overheating buildings, urban areas contend with pollu-
tion generated and emitted primarily through combustion processes in 
densely populated urban environments. In this context, photocatalytic 
degradation for pollutant removal has revealed an attractive solution to 
increase local air quality. Photocatalytic processes facilitate the miner-
alization of hazardous compounds under gentle conditions by harness-
ing the generation of electron-hole pairs induced by light, which 
initiates the formation of highly reactive radical species [12]. Given that 
specific materials display both photocatalytic and reflective character-
istics, it becomes possible to formulate composite compounds that can 
achieve both near-infrared (NIR) reflection and simultaneously facilitate 
photocatalytic air purification. As previously mentioned, enhancing 
near-infrared (NIR) reflectance capability depends on combining 
distinct crystalline phases with specific characteristics, and a similar 
approach is applicable in the field of photocatalysis [13–15]. In fact, 
ZnO and Fe2O3 find applications both as photocatalytic and NIR 
reflective materials [13,16] as well as TiO2 [10,16]. In the case of Fe2O3, 
it has been observed that when coupled with TiO2 or ZnO, the absorp-
tion range of the material towards visible light is extended, and its 
photocatalytic activity enhanced [13,17]. In fact, coupling different 
semiconductors of suitable electronic properties leads to spatial sepa-
ration of the photogenerated charges with a consequent reduction of 
their recombination. Therefore, synergistic systems typically exhibit a 
higher level of photocatalytic activity compared to what is observed in 
the presence of individual components [10,18]. 

The YIn1-xFexO3 stoichiometry produces colourful pigments with 
average NIR radiation efficiency [11,19]. Solid solutions based on 
YFeO3 [20] are promising photocatalyst [20–23], but only limited 
literature regarding NIR reflectance of YFeO3 based materials is avail-
able [24,25]. YIn1-xFexO3 and YFeO3-based pigments seem to be a 
promising solution to combine NIR reflectance and photocatalytic ac-
tivity, considering that environmentally friendly production routes 
(such as the precipitation [24], the sol-gel methods [26] and solid state 
reaction [27]) can be employed. The sol-gel synthesis route employs low 
calcination temperatures for a limited time, does not use toxic materials, 
and limits residual wastes [19,28]. The YIn1-xFexO3-based pigments 
exhibit a yellow, ochre-red hue, making them a potential alternative to 
traditional yellow pigments based on toxic chrome yellow (PbCrO4) or 
solid solutions of Pb(Cr,S)O4. The pigments based on Cr and Pb, exten-
sively utilized in road and traffic paints, are now being acknowledged as 
contributors to lead and hexavalent chromium contamination in water 
and sediments [29,30]. 

In this research, we developed doped YInO3 pigments containing Fe 
to produce an ochre/yellow pigment possessing both NIR reflectance 
properties and photocatalytic activity. The effect of adding ZnO nano-
particles to the NIR reflectance was also investigated. Specifically, 
YIn0.9Fe0.1O3 pigments were synthesized using the citrate-assisted sol- 
gel method, with and without the addition of ZnO nanopowders (ZnO 
<100 nm). Moreover, ZnO was introduced directly during the synthesis, 
following previously reported synthesis routes [11,31], or it was me-
chanically mixed with the synthesized YIn0.9Fe0.1O3 pigment after the 
completion of the synthesis. We have examined the impact of distinct 
ZnO addition methods on the materials’ physico-chemical and 

appearance properties. Additionally, we have assessed the NIR reflective 
properties and the photocatalytic activity of the developed pigments. 
Finally, the pigments were dispersed in a commercial acrylic binder and 
deposited on aluminum roofing sheets to test the photocatalytic activity 
and NIR reflectance. The developed pigments demonstrated their po-
tential both as passive cooling materials to mitigate the temperature of 
buildings (thus enabling dramatic reduction of building energetic con-
sumption) and as a support for direct photocatalytic degradation of at-
mospheric pollutants. 

2. Materials and methods 

2.1. Materials 

Y2O3 (99.99%, Sigma-Aldrich), In2O3 (99.99%, Sigma-Aldrich), 
FeCl2•4H2O (≥99%, Sigma-Aldrich), ZnO nanopowders with a particle 
size of <100 nm (approximately 80% Zn, Sigma-Aldrich), and citric acid 
(99%, Sigma-Aldrich) were utilized without any additional purification. 
Sol-gel synthesis of YIn0.9Fe0.1O3 pigments (Fig. 1a) was performed ac-
cording to a procedure described in a previous work [31]. Briefly, to 
ensure a comprehensive overview, we recall here the synthesis route. 
Stoichiometric amounts of yttrium oxide (1.66 mmol), iron (II) chloride 
tetrahydrate (0.33 mmol), and indium oxide (1.49 mmol) were dis-
solved in 4.0 M nitric acid (100 mL) under constant stirring at 800 rpm, 
maintaining a temperature of 50 ◦C. After 1 h, a homogenous solution 
was obtained. Citric acid was then introduced in a stoichiometric pro-
portion with a molar ratio of 3.5:1 relative to the metal cations. After 6 h 
of continuous stirring, the resultant yellow solution underwent drying at 
80 ◦C until a dried gel was formed. Subsequently, the gel was heated to 
250 ◦C to induce nitrate decomposition, followed by calcination at 850 
◦C for 2 h. This process employed a heating rate of 5 ◦C/min in a 
high-temperature electric furnace (MAB). The identical procedure was 
duplicated for the synthesis of YInFeO - ZnO powders, illustrated in 
Fig. 1b. The only deviation was the inclusion of zinc oxide (3.33 mmol), 
which was dissolved in the 4.0 M nitric acid solution during the syn-
thesis. The same procedure was replicated for the preparation of YInFeO 
- ZnO powders (as shown in), with the exception that zinc oxide (3.33 
mmol) was dissolved in the 4.0 M nitric acid solution during the syn-
thesis process. 

Fig. 1. Appearance of the investigated pigments: YInFeO (a), YInFeO - ZnO (b), 
YInFeO MIX ZnO (c), commercial ZnO (d). 
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In the case of the pigment obtained by mixing ZnO nanopowders 
(Fig. 1d) with YIn0.9Fe0.1O3 (YInFeO MIX ZnO, Fig. 1c) the two com-
ponents were mechanically mixed in an agate mortar (27 wt% of ZnO, 
bal. YInFeO). Table 1 presents an overview of the powders investigated 
in this study, including the diverse techniques utilized for their pro-
duction, accompanied by their corresponding labels. Fig. 1 illustrates 
that the inclusion of ZnO leads to a lighter hue of the powder. 

The photocatalytic behaviour of the synthesized pigments was 
investigated by using 4-Nitrophenol (4-NP) as a model pollutant. The 
degradation tests were carried out within a pyrex cylindrical photo-
reactor (V = 20 ml), housing an aqueous suspension of 4-NP at a con-
centration of 0.3 mM. To this, varying quantities of pigments were 
introduced: 1 g/L of YInFeO, 0.5 g/L of ZnO, 1.85 g/L of YInFeO – ZnO 
and of YInFeO MIX ZnO. The suspension was kept at around 27 ◦C and 
stirred in darkness for 30 min to establish adsorption/desorption equi-
librium. Following this, the suspension was subjected to irradiation by 
six UV actinic fluorescent lamps (each 14 W, Philips, primary emission 
at 365 nm, irradiance: 7 W/m2), arranged in a hexagonal configuration 
around the reactor. Sampling from the solution was performed at 
specified time intervals. The solution samples were filtered through a 
0.2 μm filter (HA, Millipore), acidified with predetermined amounts of 
concentrated H2SO4, and subsequently analyzed using a UV–vis spec-
trophotometer (Shimadzu UV-1900i), with absorbance measured at 316 
nm. 

4 wt% of each pigment was dispersed in an acrylic binder consisting 
of a water-based clearcoat (Alpina, Daw Italia GmbH, Italy). 

Prior to the deposition process, the mixture underwent ultra-
sonication (Hielscher ultrasound technology UP400S) for 60 min at 70% 
amplitude in a one-cycle mode, ensuring thorough mixing of the 
resulting solution (60 mL). 90 mm × 150 mm x 3 mm AA5005 (con-
taining 0.7% Fe, 0.3% Si, 0.5% Mg, 0.25% Zn, 0.2% Mn, 0.2% Cu, 0.1% 
Cr, with aluminum as the balance) panels were employed as the sub-
strate to coat. The panels underwent a pre-treatment process to enhance 
its adhesion to the organic coating. Specifically, it was subjected to a 6- 
min ultrasonic cleaning with ethanol, followed by etching in a room- 
temperature alkaline solution (5 wt% NaOH) for 120 s. Subsequently, 
it was pickled in a 34 v/v% HNO3 solution for 60 s at room temperature. 
After each treatment, the panels were thoroughly washed with demin-
eralized water. 

The application of the paint onto the AA5005 plates was carried out 
using an Elcometer 4340 Motorized Film Applicator, to obtain a dry film 
coating thickness of approximately 100 μm. Four distinct coatings were 
prepared, as depicted in Fig. 2a. Additionally, we prepared a white 
reflective coating containing titanium (IV) oxide (Sigma-Aldrich 99.7%) 
and a black absorber coating containing graphite (Sigma-Aldrich 99.0% 
carbon basis) to serve as the positive and negative control, respectively 
(see Fig. 2b). Both titanium (IV) oxide and graphite were incorporated 
into the binder at the same concentration (4 wt%). Titanium (IV) oxide, 
specifically in the anatase form, was selected due to the extensive uti-
lization in outdoor architectural applications, such as photocatalytic 
self-cleaning and high solar reflectance [32–34], and its commercial 
availability [32]. Graphite, employed as the negative control, finds 
extensive use in the fabrication of components known for their 
outstanding heat absorption properties [35] and in coatings designed for 
solar energy concentration [36]. Furthermore, experimental tests were 
carried out on the uncoated AA5005 aluminum sheet for comparative 
purposes. AA5005 aluminum sheets coated with acrylic binder and TiO2 

were utilized as reference samples in photocatalytic tests. The labels 
reported in Table 2 were consistently utilized in the manuscript to 
reference the coatings within the text. 

The photocatalytic activity of the coated samples was examined 
using both 4-NP and methylene blue (MB) as the model compounds. 
Square samples measuring 4 mm2 (cut from the Qpanels) were 
immersed in a 20 mL stirred solution of the selected model compound 
with a concentration of 0.06 mM. Subsequently, they were irradiated 
using the xenon arc lamp employed for assessing thermal performances. 
The lamps were positioned 300 mm away from the solution, and samples 
collected at predefined time intervals were analyzed using UV–vis 
spectroscopy (Shimadzu UV-1900i), as described earlier. 

2.2. Methods 

Thermogravimetry (TGA) and differential scanning calorimetry 
(DSC) analyses were performed on the YIn0.9Fe0.1O3-ZnO dried gel to 
investigate the thermal decomposition processes (TGA) and the phase 
transitions (DSC). These analyses were conducted under ambient air 
conditions with a flow rate of 50 mL/min, covering the 50–1000 ◦C 
temperature range at a heating rate of 20 ◦C/min. A differential thermal 
analyser TG/DSC NETZSCH STA 409 PC Luxx was employed for this 
purpose. Additionally, Fourier transform infrared (FT-IR) spectra were 
acquired using a Varian 4100 FT-IR Excalibur Series instrument. The 
different powders, combined with spectroscopically pure KBr, were 
pressed into tablets to collect transmission spectra. The morphology and 
the particle size of the synthesized pigments were examined through 
low-vacuum scanning electron microscopy (SEM) utilizing a JEOL JSM- 
IT300 instrument equipped with an energy dispersive spectrometer 
(EDXS). The crystal structure of the pigments was investigated through 
X-ray diffraction (XRD) using an Italstructures IPD3000 diffractometer. 
This instrument was equipped with a Co anode source, which featured a 
line focus. To minimize k-beta radiation, a multilayer monochromator 
was employed, along with fixed 100 μm slits. The XRD investigation was 
performed in the reflection geometry, maintaining a constant omega 
angle of 5◦ relative to the incident beam. Diffraction patterns were 
captured using an Inel CPS120 detector, covering the 5–120◦ 2θ range, 
with a resolution of 0.03◦ per channel. All XRD measurements were 
conducted at room temperature and the refinement of the X-ray 
diffraction data was carried out using a JAVA-based software called 
Materials Analysis Using Diffraction (MAUD) [37,38]. The optical 
properties of the powdered pigments were evaluated using a Perki-
nElmer Lambda 1050 UV/VIS/NIR Spectrophotometer equipped with a 
60 mm diameter integrating sphere. ZnO (99.0% purity) was used as a 
reference material. An equal quantity of each pigment (3 g) was 
measured, and the powders were placed in quartz cuvettes with stan-
dardized dimensions (5 mm × 20 mm × 30 mm) to ensure consistent 
measurements and mitigate any potential impact of particle distribution 
and material thickness. Reflectance spectra were recorded using a 
diffuse reflectance setup with a 0◦/d geometry. The NIR solar reflectance 
(R*) of the pigments was calculated using the following formula: 

R*=
∫ 2500

700 r(λ)i(λ)dλ
∫ 2500

700 i(λ)dλ  

here, r(λ) represents the experimentally measured spectral reflectance 
(W/m2) and i(λ) stands for the solar spectral irradiance (W•m⁻2•nm⁻1), 
determined in accordance with the ASTM G173-03 guidelines [39]. 
Furthermore, the reflected power for each wavelength can be deter-
mined by multiplying the spectral irradiance data from ASTM G173-03 
by the corresponding spectral paint reflectance. 

The L*, a*, b* color coordinates of the pigments and their corre-
sponding visible reflectance spectra were ascertained using the CM- 
2600d Spectrophotometer, in conjunction with the analytical software 
Spectra Magic NX. The spectrophotometer was calibrated using a white 
standard. The data were collected at 10 nm intervals across the 360–740 

Table 1 
Labelling and brief description of the preparation of the pigments.  

Pigments label Description 

YInFeO Sol-Gel derived YIn0.9Fe0.1O3 

YInFeO - ZnO Sol-Gel derived YIn0.9Fe0.1O3 with ZnO added during synthesis 
YInFeO MIX ZnO Sol-Gel derived YIn0.9Fe0.1O3 mechanically mixed with ZnO 
ZnO ZnO, as supplied  
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nm range. The colorimetric coordinates were determined based on the 
CIE-1976 Lab* color space [40], as recommended by the CIE (Com-
mission Internationale de l’Eclairage). In this color space, L* represents 
the axis of lightness (ranging from black (0) to white (100)), a* denotes 
the green (− ) to red (+) axis, and b* represents the blue (− ) to yellow 
(+) axis. 

Regarding the coatings, the same UV/VIS/NIR Spectrophotometer, 
CM-2600d Spectrophotometer, and SEM were employed to assess the 
optical and morphological properties. 

The thermal performance of the coatings was assessed using the 
procedure previously described in [41]. The test specimens were posi-
tioned at a distance of 200 mm from the light source, which was a 1000 
W Xenon arc lamp (Wissen). The investigated panels were positioned at 
the top of an open-topped box made from polyurethane foam sheets 
(dimensions: 150 mm × 270 mm × 200 mm). A thermocouple was 
positioned on the backside of the panel to obtain the temperature value 
(Tpanel). The thermocouple was connected to a Delta OHM HD 32.7 RTD 

data logging device to record the temperature values at 1-min intervals 
until a stable temperature plateau was achieved. The DeltaLog 9 soft-
ware was used to manage the instrument. The temperature plateau value 
was considered as the parameter describing the overall thermal per-
formance of the different coatings. All the measurements performed 
using the Xenon arc lamp were carried out in a controlled environment 
at about 25 ◦C. 

3. Results and discussion 

3.1. Pigments 

Fig. 3a shows the TGA and DSC curves for the dried gel. The weight 
loss and the emergence of new phases were examined. The decomposi-
tion temperature, indicated by the highest rate of weight loss and rep-
resented by a descending peak, can be identified on the derivative curve 
(DTGA). The slight incline between 80 and 135 ◦C in the TGA curve 
corresponds to the elimination of adsorbed moisture. Upon closer ex-
amination using DTGA, the peak observed at 250 ◦C is associated with 
the decomposition of nitrates [42]. The peak observed at 400 ◦C was 
attributed to the decomposition of citric acid [42,43]. In the DSC curve 
(Fig. 3b), there are exothermic peaks observed at 250 ◦C and 400 ◦C, 
confirming the processes of nitrate and citrate decomposition, respec-
tively. Additionally, the two closely positioned exothermic peaks at 420 
◦C and 450 ◦C are associated with citrate combustion [44]. Furthermore, 
the slight increase in heat flow observed between 600 ◦C and 850 ◦C can 
be attributed to the release of residual carbon-oxygen compounds [44]. 
Examining the DSC curve (Fig. 3b), an exothermic peak is observed 
within the temperature range of 700 ◦C–900 ◦C. This particular 
exothermic peak can be attributed to the formation of the crystalline 
phase of yttrium iron oxide [45]. Additionally, it is worth noting that 

Fig. 2. Appearance of the AA5005 coated samples: (a) YInFeO + binder, (b) YInFeO-ZnO + binder, (c) YInFeO-MIX-ZnO + binder, (d) ZnO + binder (e) TiO2 +

binder, (f) Graphite + binder, (g) Binder, (h) Substrate. 

Table 2 
Summary of the coatings investigated in this study.  

Labels Polymeric 
binder 

Pigments 

Content Nature 

YInFeO + binder Acrylic 4 wt% YIn0.9Fe0.1O3 

YInFeO-ZnO + binder YIn0.9Fe0.1O3-ZnO 
YInFeO MIX ZnO +

binder 
YIn0.9Fe0.1O3 MIX 
ZnO 

ZnO + binder ZnO 
TiO2 + binder TiO2 

Graphite + binder Graphite 
Binder – – 
Substrate – – –  
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nearly all of the organic components associated with the citrates un-
dergo degradation beyond 650 ◦C. 

Fig. S1 displays the FT-IR spectra of the synthesized pigments, 
revealing noteworthy features. The presence the prominent band at 
1384 cm⁻1 was attributed to the nitrate stretching vibrations [46,47]. 
This suggests that non-degraded nitrates persist even at elevated tem-
peratures, up to 850 ◦C. Other significant bands include those linked to 
the indium-oxygen bond (603 cm⁻1) [46] and Y-O stretching vibrations 
[48–50] (568 cm⁻1 and 497 cm⁻1). In the FTIR spectra of YInFeO - ZnO 
and YInFeO MIX ZnO, the peaks corresponding to the asymmetric 
stretching vibration of Fe–O are present [27,51,52]. 

In the case of the ZnO pigment, the signal of wurzite is observed at 
464 cm− 1 [53]. Fig. 4 shows the appearance of the YInFeO – ZnO and 
YInFeO MIX ZnO powders. YInFeO - ZnO (Fig. 4a and b) are charac-
terized by larger ZnO particles are apparent compared to YInFeO MIX 
ZnO (Fig. 4c and d). The latter exhibits a more homogeneous dispersion 
of ZnO, attributed to mechanical mixing, which facilitates an even dis-
tribution of ZnO nanoparticles within the mixture. Conversely, in the 
case of YInFeO - ZnO, nitric acid dissolves ZnO, leading to recrystalli-
zation and growth of larger ZnO particles through a coarsening mech-
anism, as observed in similar experimental conditions [54]. A visual 
comparison with the other synthesized pigments is provided in Fig. S2. 

Fig. 5a displays the XRD patterns of the pigments under investigation 
along with their corresponding crystal structure (Fig. 5b). The Rietveld 
refinement process was conducted utilizing the MAUD software [37,38, 
55,56]. The quality of refinement was assessed based on the obtained 
weighted profile R factor (Rwp) and the idealized Rwp value known as the 

expected R factor (Rexp), which served as refining quality parameters 
(see Table 3). The background was fitted using a third-order polynomial, 
and the cell value parameters for both the hexagonal and cubic phases of 
YIn0.9Fe0.1O3 (JCPDS Card 70–0133 and JCPDS Card 25–1172, respec-
tively), and ZnO (JCPDS Card 36–1451) were refined to enhance the 
overall fit. Because the JCPDS data files corresponding to the Y2Fe2O7 
pyrochlore structure are still not available on COD (Crystallography 
Open Database), the XRD pattern was obtained from [57] (file: 
mp-1568,804.cif). All synthesized pigments (YInFeO, YInFeO - ZnO, 
YInFeO MIX ZnO) show cubic and hexagonal phases of YIn0.9Fe0.1O3 
(Fig. 5b) while ZnO is present as a hexagonal phase. In contrast to 
similar systems like YIn0.9Mn0.1O3, where the cubic-hexagonal transi-
tion concluded above 850 ◦C [31], the YIn0.9Fe0.1O3 system exhibited 
the coexistence of cubic and hexagonal phases up to 850 ◦C. This 
behaviour is not unusual [58]. In previously studies concerning YInO3, it 
has been reported that the cubic-hexagonal transformation initiates at 
900 ◦C and completes around 1100 ◦C [58,59], or it commences at 1000 
◦C and concludes at 1250 ◦C [60] or even higher temperatures [61]. 
Additionally, Shukla et al. [58] observed a biphasic compound in the 
YIn1− xFexO3 system for values of x ranging from 0.3 to 0.9. The presence 
of two phases in the compound arises from the transition of YInO3 from 
an unstable cubic phase to a hexagonal phase. Increasing the tempera-
ture leads to a decrease in the cubic metastable phase and an increase in 
the hexagonal phase. The preservation of the cubic phase stability up to 
850 ◦C is likely attributed to the disparity in size between the A-site 
(Y3+) and B-site (In1− xFex). The presence of In at a concentration of 0.9 
brings about a convergence in relative ionic radii, aligning with the 
structural requirements of C-type structures. 

According to the numerical values obtained with the Rietveld 
refinement (Table 3), the hexagonal phase in YInFeO pigment is about 
5.65%. A low percentage of the hexagonal phase of YIn0.9Fe0.1O3 is also 
present in YInFeO MIX ZnO (2.51 %). The hexagonal phase of YIn0.9-

Fe0.1O3 is about 56.21% in YInFeO - ZnO. It appears that ZnO also serves 
as a favored site for the nucleation and growth of YIn0.9Fe0.1O3 with a 
hexagonal phase. X-ray diffraction studies have confirmed the formation 
of epitaxial hexagonal phases over wurtzite ZnO core particles [62,63]. 
Those findings suggest that, in our case, the formation of a higher 
amount of hexagonal YIn0.9Fe0.1O3 is not due only to thermal stability 
but is likely related to the presence of ZnO crystals. Thus, the pigments 
nucleate and grow on ZnO surface through the citrate sol-gel method 
[64]. 

The other crystalline phase observed in the pigments is Y2Fe2O7 with 
a pyrochlore structure (Fig. 5b). A third phase formation was observed 
in the study of Shukla et al. [58], where an orthorhombic YFeO3 garnet 
was obtained. In this study, we have found the Y2Fe2O7 pyrochlore 
structure instead of YFeO3 garnet. This is probably due to the different 
precursors employed in this study with respect to Shukla et al. [58], 
which reflects in the atomic recombination. A similar structure, 
Y3Fe5O12 garnet, was also obtained via-citrate sol-gel by combining Y 
and Fe with the molar ratio 3:5 [45]. The lattice parameters of YIn(Mn) 
O3 pigments synthesized by Rosati et al. [31] are similar to those 
measured in this study (see Table 3). This is due to the fact that the ionic 
radius of Mn3+ (0.066–0.067 nm) and Fe3+ (0.064 nm) are in close 
proximity [65]. 

The visible reflectance spectra of the pigments and ZnO powder 
(Fig. 6a) reveal nearly complete reflectance for ZnO (represented by the 
grey spectrum) and a broad absorption band spanning the entire visible 
range for the YInFeO based powders. As expected, the inclusion of ZnO 
leads to an enhancement in reflectance (notice the increase in reflec-
tance for the curves corresponding to the YInFeO MIX ZnO and YInFeO- 
ZnO samples). The visible reflectance spectra were employed to extract 
the colorimetric coordinates according to the CIE-1976 Lab* color space 
[40]. The CIE-1976 L*a*b* colorimetric coordinates are reported in 
Table S1. Fig. 6b represents a digital reconstruction of the color of the 
synthesized pigments from the colorimetric coordinates reported in 
Table S1 as L*a*b* color space coordinates. According to Table S1, zinc 

Fig. 3. TGA-DTGA (a) and DSC curves (b) of the YIn0.9Fe0.1O3–ZnO dried gel.  
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oxide shows the highest value of L* while the most saturated color is the 
pigment YIn0.9Fe0.1O3, without zinc oxide. Looking at the b* component, 
it is interesting that zinc oxide addition in the sol-gel bath leads to an 
increase in b*(24.68), while the physical mixing causes a decrease in b* 
(17.68). The L*, a* and b* values collected for ZnO are in agreement 
with previous literature reports [66]. Fig. 6b shows that the absence of 
ZnO results in a deep yellow hue, while the presence of ZnO contributes 
to a color shift towards blue, resulting in a paler yellow shade. 

Fig. 7 displays the near-infrared reflectance profiles of the investi-
gated pigments, with the corresponding solar reflectance spectra pre-
sented in Fig. S4. A marginal elevation in NIR reflectance is noticeable in 
the mixed samples compared to YInFeO. This increase is particularly 
noteworthy since the 700–1100 nm range is the most critical heat- 
producing region within the NIR domain [67]. Up to 1100 nm, the 
samples with ZnO have NIR reflectance spectra that are well stacked, 
and the reflectance is slightly higher than the reflectance spectrum of 
YInFeO sample. The notable NIR reflectance exhibited by each pigment 
is attributed to the inclusion of ZnO, a material known for its high NIR 
reflectance. This characteristic is evident in the spectrum obtained in 
Fig. 7 and is corroborated by existing literature [68]. A slight increase 
above 100 % in reflectance is observed in YInFeO MIX ZnO sample up to 
about 105 % at the 1750–2500 nm range. This is not unusual when 
analysing powdery materials in the high wavelengths region of the 
spectra [9,19,69,70], and is attributed to the housing of the powders in 
the cuvette. 

Comparing data in Fig. 7 and Table 4 there is no marked difference in 
reflectance between YInFeO - ZnO, with large ZnO crystals, and YInFeO 
MIX ZnO with nanometric ZnO. The numerical values in Table 4 suggest 
that YInFeO can reflect near-infrared radiation similarly to pigments 
with ZnO, according to the NIR reflectance spectrum of YInFeO in Fig. 7. 
The reflectance values are close to those of the other spectra at 1100 nm 
(see values in column IR reflectance at 1100 nm (%) in Table 4). Thus, 
NIR reflectance is mainly intrinsic in YInFeO, according to the findings 
of other authors [71]. 

Table 5 presents a comparison of the color and NIR reflectance 

properties between the materials synthesized in this study and yellow 
pigments developed by other authors. It is noteworthy that the NIR 
reflectance values obtained in our study are comparable or slightly 
lower when compared to pigments developed by other authors. Con-
cerning the yellow hue, the incorporation of Bi into the crystalline 
structure of the compound results in a vivid coloration, as indicated by 
high and positive values of the coordinate b*. However, it is important to 
highlight that the materials developed in this work often exhibit simi-
larity to other pale yellow pigments developed by different researchers. 

The photocatalytic performance of the pigments was evaluated by 
observing the degradation of 4-Nitrophenol (4-NP) under UV light 
exposure. The YInFeO sample exhibited no discernible photochemical 
activity. In contrast, the presence of ZnO facilitated the nearly complete 
degradation of 4-NP within approximately 120 min, according to the 
relevant literature [14]. ZnO promotes the almost complete degradation 
of 4-NP after about 120 min. Coupling ZnO with YInFeO improves the 
degradation efficiency with respect to simply ZnO when the components 
are mechanically mixed, while lower photochemical activity can be 
observed for the YInFeO-ZnO sample. 

The diminished photochemical activity observed in the YInFeO 
sample can likely be ascribed to the enlargement of ZnO particle size 
during synthesis (as depicted in Fig. 4), resulting in a reduction in the 
exposed surface area. Additionally, XRD results underscore the growth 
of YInFeO particles on the surface of ZnO, which further diminishes the 
direct interaction between the active surface of ZnO and the target 
pollutant. On the other hand, when ZnO and YInFeO are mixed, the size 
distribution of the ZnO particles is maintained, thus resulting in 
improved photocatalytic efficiency. Notably, the mechanical mixture is 
slightly more active than bare ZnO, even if the amount of the ZnO is 
about 30 wt% lower in the reacting mixture. This implies the possibility 
of a synergistic effect between the two components, although further 
research is needed to validate this hypothesis. 

Fig. 4. SEM pictures of YInFeO - ZnO (a) with the corresponding EDXS elemental distribution of Zn (b), and SEM pictures of YInFeO MIX ZnO (c) with the cor-
responding EDXS elemental distribution of Zn (d). 
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3.2. Coatings 

The colorimetric coordinates for the coatings are provided in 
Table S2 and depicted within the CIE-1976 Lab* color space in Fig. 9a. 
The distinction between the presence and absence of ZnO is likewise 
discernible when the pigments are incorporated into the polymeric 
matrix. In fact, ZnO increases the reflectance (Fig. 9b) and L* component 
of coatings, shifting to a lighter yellow hue. As reported in Table S2 and 
Fig. 9, the absence of ZnO makes a more saturated yellow color, with the 
lowest L* (64.61) and the highest b* (31.72). The colorimetric co-
ordinates of the coatings exhibit more significant variations compared to 
the corresponding pigments. Therefore, it appears that the binder en-
hances the contrast in the various colors. The visible reflectance spectra 

of coatings YInFeO ZnO + binder and YInFeO MIX ZnO + binder are 
similar to those of ZnO + binder beyond 600 nm. This is further evidence 
of the fact that the presence of ZnO modifies color shades. 

High-contrast SEM pictures of the different coatings were collected 
to evaluate the distribution of the particles inside the binder, through a 
binary area fraction plot (Fig. 10). Binary area fraction plots were 
employed to investigate the particle distribution in polymeric matrixes 
[78–80]. The histograms of the plot are obtained by calculating the total 
area occupied by the pigments (the area corresponding to the 
high-contrast white particles). The binary area fraction values, derived 
from SEM pictures, suggest a homogeneous distribution of pigments 
inside the matrix in all the investigated coatings (see numerical values in 
Table S2). 

Fig. 5. X-ray diffraction (XRD) patterns of the pigments under investigation (a) and their corresponding crystalline structures (b).  
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In all the investigated coatings, the pigments seem well dispersed 
and show the same degree of distribution. As revealed by the SEM pic-
tures of the pigments, the shape of the synthesized pigments is not ho-
mogeneous while samples ZnO + binder and TiO2 + binder (Fig. 10) 
show uniform particles. 

Fig. 11 displays the near-infrared (NIR) reflectance spectra of the 
pigmented coatings in comparison to the reference samples. Similarly to 
the NIR reflectance spectra of the pigments, the NIR reflectance at 1100 
nm can describe the feasibility of the developed coatings as cool-roof 
materials. From the comparison of the spectra, it is possible to note 
that the coatings maintain almost the same behaviour than the pig-
ments. Differently from the reflectance spectra of the synthesized pig-
ments, the difference between coatings containing ZnO (YInFeO ZnO +
binder, YInFeO MIX ZnO + binder, ZnO + binder) and coatings without 
it (YInFeO + binder) is more marked. The YInFeO + binder coating 
exhibits a noteworthy reduction in NIR reflectance, extending up to 
1100 nm. 

The NIR solar reflectance power spectra of the analyzed coatings, 
obtained in accordance with ASTM G173-03 standards (as depicted in 
Fig. S5), confirm the trend observed in NIR reflectance. These outcomes 
can be explained considering that NIR reflectance is primarily 

Table 3 
Crystallographic data of the synthesized pigments.   

Reliability 
factors (%) 

YIn0.9Fe0.1O3 Phases ZnO Phase Y2Fe2O7 Phase  

Rwp Rexp Cubic (Space group Ia-3) Hexagonal (Space group P63cm) Hexagonal (Space group P63mc) Cubic (Space group F23) 

Cell 
parameters (Å) 

Amount 
(%) 

Cell parameters (Å) Amount 
(%) 

Cell parameters (Å) Amount 
(%) 

Cell 
parameters (Å) 

Amount 
(%)    

a  a c  a c  a  

YInFeO3 12.92 4.20 10.4558 
±0.0020 

93.76 
±14.00 

6.2698 
±0.0003 

12.1879 ±
0.0122 

5.65 
±1.72    

10.3007 ±
0.0023 

0.58 ±
0.09 

YInFeO - 
ZnO 

29.21 7.47 10.6318 
±0.0004 

16.42 
±1.64 

6.2776 
±0.0008 

12.2519 
±0.0003 

56.21 
±3.34 

3.2495 
±0.0006 

5.2295 
±0.0020 

26.75 
±0.01 

10.1810 
±0.0027 

0.60 
±0.06 

YInFeO 
MIX ZnO 

16.88 4.39 10.4145 
±0.0002 

75.30 
±1.93 

6.2648 
±0.0021 

2.4454 
±0.0019 

2.51 ±
0.25 

3.2665 
±0.0007 

5.2051 
±0.0001 

21.81 
±0.01 

10.2861 ±
0.0020 

0.36 ±
0.03 

ZnO        3.2492 
±0.0006 

5.2055 
±0.0001 

100 
±0.01    

Fig. 6. Visible reflectance spectra (a) and digital reconstruction of the colors of the investigated pigments obtained from the CIE-1976 L*a*b* colorimetric co-
ordinates (b). 

Fig. 7. Spectral profiles of near-infrared (NIR) reflectance for the exam-
ined pigments. 

Table 4 
Solar reflectance and NIR reflectance at 1100 nm of the investigated pigments.  

Pigments Solar reflectance, 
R* (%) 

IR reflectance at 1100 nm (%) 

YInFeO3 85.5 89.3 
YInFeO - ZnO 88.4 92.5 
YInFeO MIX ZnO 89.0 90.5 
ZnO 100.2 98.9  
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influenced by the presence of ZnO, which imparts the highest values of 
IR reflectance (%) at 1100 nm and solar reflectance (R*), as reported in 
Table 6. 

According to the data reported in Table 6, the calculated solar 
reflectance R* is lower for the coating containing solely YIn0.9Fe0.1O3 
(60.65 %) and increases with the addition of ZnO in the binder. For the 
coating YInFeO MIX ZnO + binder, R* is the highest (68.95 %) among 
the samples containing the synthesized pigments (excluding the sample 
TiO2 + binder, R* = 79.9 %). Comparing the numerical values in Table 6 
(R* and IR reflectance at 1100 nm) there are no marked differences in R* 
for the samples YInFeO MIX ZnO + binder and YInFeO-ZnO + binder 
(66.1 % and 68.95 %, respectively). R*value for ZnO is 70.5 %, similar to 
those of YInFeO - ZnO + binder and YInFeO MIX ZnO + binder. The bare 
AA5005 substrate exhibits NIR reflectance values of 40% across the 
entire NIR spectrum. The TiO2 + binder and Graphite + binder coatings 
validate their suitability as control samples: TiO2 + binder stands out as 
the most reflective sample with an R* of 79.9%. Conversely, Graphite +

binder is the sample with very low NIR reflectance (R* = 8.50%), in 
agreement with the literature [81]. 

The temperature (Tpanel) of the different coatings exposed to the 
xenon arc lamp is reported in Fig. 12. For the YInFeO + binder sample, 
Tpanel is 67.0 ◦C. This temperature decreases adding ZnO: YInFeO – ZnO 
+ binder coating (Tpanel = 66.3 ◦C) and YInFeO MIX ZnO + binder 
coating (Tpanel = 64.5 ◦C), shows lower panel temperature. The incor-
poration of YIn0.9Fe0.1O3 and ZnO particles can be deduced to assist in 
alleviating the temperature increase. Hence, the pigments synthesized in 
this study can be employed in the development of cool materials. 

We evaluated the photocatalytic performance of the pigments 
incorporated into the acrylic binder by assessing the degradation of both 
4-NP and methylene blue (MB). The Xenon Arc Lamp was employed for 
the test. The two reference samples (TiO2 + binder and simply clear-
coat), were also tested for comparison. All the examined pigments 
demonstrated equivalent efficacy in degrading the target pollutants. 
Fig. 13 reports, for example, the evolution of the degradation curve for 
4-NP and MB in contact with the coating containing YInFeO MIX ZnO. 
The decrease in concentration values of all samples were used to 
calculate an average value of C/C0 at each time. None of the investigated 
coatings induced a complete degradation of 4-NP, regardless of the 
embedded pigments. Even prolonged irradiation time (up to 420 h, not 
shown) was not sufficient to promote complete degradation of the 
molecule. Taking into account the photocatalytic outcomes observed 
with the pigments (as shown in Fig. 8), this phenomenon can be 
attributed to the acrylic binder, which significantly restricts the direct 
interaction between 4-NP and the pigments, thereby inhibiting interfa-
cial electron transfer and the generation of reactive oxygen species. 
Therefore, even if adding ZnO endows the pigment with both efficient 
NIR adsorption and photocatalytic activity, the binder/pigments in-
teractions should be further deepened and improved. On the other hand, 
MB concentration in the solution decreased with the same trend in the 
presence of all of the embedded pigments and the acrylic binder without 
pigments. These results highlight that, as also reported elsewhere in the 
literature [82,83], MB is not a suitable compound to test the activity of 
coatings because of the complex photochemistry and the plethora of 
photoinduced mechanisms which can take place concurrently to the 
direct photocatalytic one, which is the target to be investigated when 
testing the activity of photoactive materials. 

Table 5 
Comparison of the color coordinates and the NIR reflectance of yellow pigments.  

Chemical compound Color coordinates Color (from color coordinates) NIR Reflectance (R %) Reference 

L* a* b* 

BiVO4–ZnO 86.79 4.92 53.50 99.6 [64] 

CeBi15O24 80.51 6.62 52.26 ≈87.0 [72] 

Yb6Mo2O15 95.20 − 11.70 28.30 93.7 [73] 

Bi1.50Y0.50Ce2O7 76.85 13.33 47.97 91.9 [74] 

Bi1.20Er0.80MoO6 81.70 4.99 34.41 96.9 [75] 

[(Li0.4Lu0.6Al0.6)0.1Bi0.8][Mo0.2V0.8]O4 83.40 8.85 79.29 97.6 [76] 

BiP0.9V0.1O4 91.33 − 3.51 27.15 90.2 [77] 

YInFeO3 80.17 5.51 22.63 89.3 This work 

YInFeO - ZnO 86.52 4.56 24.58 92.5 This work  

Fig. 8. The concentration of 4-Nitrophenol as a function of UV light irradiation 
time in the presence of the synthesized pigments. 
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4. Conclusions 

YIn0.9Fe0.1O3 based pigments were synthesized through an envi-
ronmentally friendly chemical route. Simply YIn0.9Fe0.1O3 showed 
intrinsic NIR reflective properties but very limited photochemical ac-
tivity. The YInFeO3 mixed with ZnO nanoparticles has been found to be 
a promising pigment able to reflect NIR radiation, cool down the tem-
perature of the coating, and show photocatalytic activity even higher 
than bare ZnO. Interestingly, the NIR reflectance of simply YIn0.9Fe0.1O3 
is comparable to that of YIn0.9Fe0.1O3 mixed with ZnO. However, the 
latter modifies the color shades and increases the photocatalytic 
properties. 

Mechanically mixing YIn0.9Fe0.1O3 with ZnO yields superior out-
comes compared to the direct synthesis of the composite, particularly in 
terms of photocatalytic activity. NIR reflectance spectra and the R* 
values of the YIn0.9Fe0.1O3 pigment, which are comparable to those of 
pigments containing ZnO, underscore that the elevated NIR reflectance 
values are not solely attributed to ZnO but also arise from the inherent 

properties of YIn0.9Fe0.1O3. 
Considering all synthesized pigments, when they are added to an 

acrylic binder, they can confer the features of a cool coating to the layer 
(high NIR reflectance and low temperature of the coating). However, 
when the pigments are embedded in the acrylic binder, the photo-
catalytic activity is almost completely suppressed, probably because the 
polymeric binder incorporates the particles completely. Additional 
research is currently underway to develop coating materials capable of 
providing adequate mechanical properties while maintaining the pho-
tocatalytic activity of the pigments and the cooling effect. Furthermore, 
it has been emphasized that the utilization of methylene blue can yield 
deceptive results when assessing the photocatalytic activity of such 
materials. 

Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time due to technical or time limitations. 

Fig. 9. Colorimetric coordinates values for derived coatings, in CIE-1976 L*a*b*color space (a) and visible light reflectance spectra (b).  

Fig. 10. Measured binary area fraction: graphical representation of the amount of pigment particles inside the acrylic binder; the high contrast SEM pictures are 
shown on the bottom of the plot. 
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