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ABSTRACT: The severe urban heat island effect emphasizes the oo
heightened importance of reducing building energy consumption. Cool e
pigments with higher near-infrared reflectivity contribute to the overall
coating performance of the building. In this work, a novel intense blue
pigment with superior infrared reflectance based on Ni-doped Zn,SiO, (> 4
was successfully synthesized via the simple solid-state method. The

crystal structure, oxidation states, and optical properties are analyzed.  ,[__wm 1700

The oxidation state of Ni was confirmed to be +2 using magnetic - m":v,.w.en::.,m. e
analysis and XPS. The intense blue color exhibited by the solid solution

is due to the *T,(°F) — 3T,(°P) transition of Ni** at the tetrahedral . ‘ . .
sites. UV—vis—NIR spectra demonstrate that this pigment exhibits

superior near-infrared reflectance compared to cobalt blue in the range

of 900—1700 nm, indicating its potential application in the realm of

building energy conservation.

KEYWORDS: Zn,SiO,, cool blue pigments, high-NIR reflectance, optical properties, solid-state method
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1. INTRODUCTION

The process of urbanization has given rise to a range of
environmental issues, one of which is the heat island effect.
Changes in urban climate not only lead to energy wastage and
increased carbon emissions but also have adverse effects on
people’s health and quality of life. With the ongoing global
warming, cities are facing more severe challenges.l_6
According to statistics, in some developed countries, building
energy consumption accounts for 40% of the total energy
consumption, and its related greenhouse gas emissions also
account for 40% of the total emissions.”® Near-infrared region
(NIR, 700—2500 nm) constitutes the majority, approximately
52% (Figure 1), of the solar spectrum. Therefore, when high
near-infrared reflectance coatings are applied to building
surfaces, they can effectively reduce surface temperatures,
thereby alleviating the effect of the urban heat island effect.
In colored high-near-infrared (NIR) reflective coatings, the Figure 1. Wavelength light versus spectral irradiance over the Air
cool pigment with superior NIR reflectivity contributes to the Mass AML.5 solar spectrum.’
overall performance. Currently, the industrialized blue pig-
ments ready for coatings are majorly based on ultramarine —
(NagAl,SicS,0,0) and cobalt blue (CoAl,O,)."” However, their Received:  December 5, 2023 Sustalnable
NIR reflectance is limited and, therefore, lowers the cooling Revised:  March 12, 2024 -
effect of the coating. Moreover, ultramarine easily decomposes Accepted:  March 12, 2024
under acidic conditions to produce toxic hydrogen sulfide Published: March 26, 2024
gas,11 cobalt blue contains the toxic ion Co?' and is
expensive.'”'? In 2009, Subramanian'* developed a new type
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of intense blue pigment based on the YIn,  MnO; solid
solution with satisfied NIR reflectance, and it is ideal for the
cool blue pigment. Research studies have been conducted, and
even higher NIR reflectance could be achieved by Li doping or
combining with ZnO. However, the high price of the precursor
In,O; is the main obstacle for its large-scale applications.”"®
Therefore, the exploration of suitable new high near-infrared
reflective blue pigments holds considerable research signifi-
cance. Currently, the primary chromophoric ion responsible
for blue coloration is Co**. However, Co** is expensive and
environmentally polluting.'®™"® Previous research results show
that when Ni**, Cu®*, and Mn’" are in the tetrahedral
coordination environment, a blue hue is possibly pro-
duced."”™*' However, it is important to note that Mn®* ions
are inherently unstable and prone to disproportionate to Mn”*
and Mn*>* In the case of Ni**, previous research has
effectively produced various blue hues by Ni** doping in
regular tetrahedral coordination in structures such as
CaAl;,0,,”" BaAl},0,6,”" MgAlLO,,” and so on. When Ni**
resides in distorted tetrahedral positions, it exhibits different

a0 2627 -
colors such as magenta and lilac,™"" as shown in Figure 2.

%.

a-LiZnBO,
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Figure 2. Doping of Ni’* at tetrahedral positions in different
oxides, 192023263031

However, these pigments have the problems of complicated
preparation, expensive price, or poor color performance, and
an intense blue hue has not yet been achieved by Ni** into
tetrahedral coordination. Therefore, one direction in the
synthesis of novel blue pigments involves the quest for
materials possessing a stable tetrahedral coordination structure
capable of accommodating Ni?*.***’

Widely used in phosphors, adsorbents, electronic insulators,
batteries, and glaze, Zn,SiO,, which is an important inorganic
functional material with high-temperature stabilitz, crystallizes
in a willemite structure (shown in Figure 3).>*~° Zinc (Zn)
and silicon (Si) atoms occupy two tetrahedral (g)ositions within
the lattice, displaying a rhombic symmetry.‘“’3 This structural
feature exclusively entails tetrahedral coordination, thereby
establishing a stable environment conducive to Ni** incorpo-
ration.

Research endeavors centered on Zn,SiO, primarily involve
its crystallographic attributes, sgmthetic methodologies, and
applications in fluorescence.”” >’ The most studied is its
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Figure 3. Crystal structure of Zn,SiO, (purple tetrahedra are Si
atoms, green are Znl atoms, orange are Zn2 atoms).

fluorescence performance. Mn-doped Zn,SiO, green phos-
phors were synthesized by different methods by Singh et al.,*®
Diao and Yang,"’ and Portakal-Ugar et al.*' Previous research
on pigments has covered the dogin§ of Mn?**, Co*', and Ni*
ions into the structure.’”’"**~* These doping efforts,
conducted through calcination at temperatures ranging from
900 to 1300 °C, have yielded blue, bright yellow, blue-green,
and green pigments. Among these pigments, the most intense
blue hues were achieved through Co** doping. These studies
have comparatively limited investigations into the performance
of pigments derived from Ni** doping.

Therefore, in this study, Ni-ion-doped Zn,SiO, was
synthesized by the conventional solid-phase method. Nickel
ions replace zinc ions at their tetrahedral sites, yielding a deep
intense blue pigment with greater color intensity than cobalt
blue through a small amount of Ni doping. The pigments are
stable and pure phase, and the doping of Ni has been greatly
reduced compared to previous studies. Optical tests indicated a
high near-infrared reflectance, suggesting potential applications
in cool pigment applications.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Zn,_,Ni,SiO, (0.05 < x < 0.2) was
synthesized by a conventional high-temperature solid-phase method.
Stoichiometric ZnO oxide (99.96% purity, Bide Pharmaceuticals,
China), NiO oxide (99.0% purity, Aladdin, China), and silica SiO,
(99.0% purity, Aladdin, China) were weighed and mixed in an onyx
ball milling jar under an alcohol medium for grinding and mixing.
Subsequently, the mixed samples were dried and sintered in an oxygen
atmosphere. The sintering condition was 1400 °C for 2 h. Finally, the
sintered samples were ground to obtain the pigments, which were
used for subsequent characterization.

The synthesized pigments were dispersed into acetic acid and
ammonia solutions for the acid—base resistance test, adjusting the pH
to 3 and 12, respectively, and immersed at room temperature for 6 h.
The solution was then washed with deionized water to a pH of 7.
Finally, the pigment powders were dried in an oven at 60 °C to
remove residual moisture.

2.2. Characterization. X-ray diffraction (XRD) patterns of all of
the synthesized powder samples were collected on a Rigaku miniflex
600 X-ray diffractometer. The data were acquired using Cu Ka (4 =
0.15415 nm) radiation in the 20 range of 10°=90° at a speed of 5°/
min. XRD data were refined by the Rietveld method using Fullprof*®
software.

The oxidation state of Ni was determined by X-ray photoelectron
spectroscopy (XPS) and magnetic testing. The XPS equipment used
was a Thermo Scientific K-Alpha X-ray photoelectron spectrometer.

https://doi.org/10.1021/acssuschemeng.3c07982
ACS Sustainable Chem. Eng. 2024, 12, 5522-5532


https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07982?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Monochromatic AlKa (Mono AlKa) sources were used for data
acquisition at an energy of 1486.6 eV. Magnetic data were collected
on the Quantum Design Physical Properties Measurement System
(PPMS) in the temperature range of 0—350 K. The experimental
effective magnetic moments between 150 and 300 K were then
calculated by the equation:

Hg(exp) = 3KC
eff N,

A

= 2.84/Cu, W

where k is Boltzmann’s constant, C is Curie constant, N, is
Avogadro’s number, and pjp is the Bohr magneton. The theoretical
effective magnetic moment was calculated by the equation:

Hg(th) = J4S(S + 1) uy

where S is the total spin quantum number.

A 3nh YS3060 spectrophotometer was used to test the L* a* b*
color parameters of the samples. L* represents the brightness; its
value from 0 to 100 indicates dark to bright. a* represents the red-
green value, a* is positive for red and conversely for green. b*
represents the yellow-blue value, and b* is positive for yellow and
conversely for blue.

UV—vis-NIR absorption patterns were obtained using a UV—vis-
NIR spectrophotometer. The equipment used was an Agilent Cary
7000 UV—vis-NIR spectrophotometer. The data was collected in an
integrating sphere mode at a scanning speed of 600 nm/min. BaSO, is
used as a substrate for baseline correction.

The NIR solar reflectance (R*) of pigments within the wavelength
range spanning from 700 to 2500 nm was ascertained using the
following equation:

/ ;Z"‘)r(z)i(z)dz

Loy 122 3)

In the equation, r(4) represents the spectral reflectance derived
from experimental data, while i(1) signifies the solar spectral
irradiance obtained from the ASTM G173-03 Reference Spectra
standard (W m™2 nm™).!

2)

R* =

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. The XRD patterns of the pigments of
Zn,_,Ni,SiO, (0.05S < x < 0.3) powder calcined at 1400 °C
are shown in Figure 4. The main phase of all of the synthesized
samples belongs to the Zn,SiO, willemite phase (PDF#8S-
0453). The diffraction peaks correspond well with the standard
data of Zn,SiO,, and the impurity phase is not detected. The
sharp peak shape of the diffraction peak indicates the good
crystallinity of the as-synthesized samples. The diffraction
peaks between 26 of 30—35° are magnified, as shown in Figure
4b. As the ion radius of Ni** is slightly smaller than that of
Zn*, the crystal structure will not be significantly distorted.
From the figure, it can be seen that the (11-3) crystal faces
move at a small angle, which may be due to the formation of
NiO clusters as the Ni**-doping amount increases.’”** When
the doping concentration of Ni** is 0.3, an impurity peak of
NiO appears, indicating that the doping concentration limit of
Ni** is 0.2.

In order to explore the performance differences between low
and high temperatures, various calcination temperatures from
1100 to 1500 °C for Zn, gsNij;sSiO, were studied, and the
XRD results and apparent color are compared in Figure S. The
changes in XRD peaks and apparent colors of the pigments
reveal distinct changes with/without impurity. It is observed
from Figure S that at sintering temperatures of 1100 and 1200
°C, the samples exhibit a distinct green hue. At this point, the
impurity peaks of ZnO and NiO are very high, indicating an
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Figure 4. (a) XRD patterns of Zn, ,NiSiO, (0.05 < x < 0.3)
powders. (b) Enlarged XRD pattern (30—35°).

incomplete reaction. As the temperature rises to 1300 and
1350 °C, a noticeable shift toward a blue tint occurs, resulting
in a blue-green color. The intensities of the NiO and ZnO
peaks significantly diminish, indicating the partial integration
of NiO into the crystal lattice. It is worth noting that, at 1400
°C, a remarkable change occurs, with the samples taking on a
deep, vibrant blue color. With continued temperature
elevation, the peaks of NiO and ZnO become lower, and the
blue hue intensifies. With continued temperature elevation, the
peaks of NiO and ZnO become lower and the blue hue
intensifies. In addition, the diffraction peaks at 31.48° and
34.02° shift to the left, indicating a shrinkage of the lattice.
This is because the ionic radius of Ni** (0.63 A) is slightly
smaller than that of Zn?* (0.74 A).*” Meanwhile, NiO and
ZnO impurity peaks disappear, yielding a phase-pure XRD
pattern. This indicates complete NiO integration into the
crystal structure at this point. From Table 1, the stoichiometric
ratio of Ni** in Zn, 4sNiy;sSiO, is close to 0.15 by calculating
the occupancy rate of Ni**. It also proves that Ni atoms have
completely entered Zn,SiO,. At temperatures exceeding 1400
°C, the samples melt after the sintering process, indicating the
upper sintering temperature limit of 1400 °C for these
pigments.

The XRD patterns of Zn,_NiSiO, (0.05 < x < 0.2) are
refined with the R3 space group by the Rietveld method using
Fullprof software.*® The refined pattern and the lattice
parameters of typical samples are shown in Figures 6 and 7,
the refined crystallographic data are summarized in Table I,
and the refined atomic coordinates of Zn;¢Niy;sSiO, are
shown in Table 2. The refined R-factor values fall within an
acceptable range, indicating the reliability of the refinement
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Figure S. (a) XRD patterns of Zn, 4NijsSiO, powders at different
temperatures. (b) Enlarged XRD pattern (30—40°).

Table 1. Crystallographic Data, Occupancy Factor (Occ.),
and Average Interatomic Distances for Zn,_.NiSiO, (0.05
< x < 0.2) Powder after Refined

General Information

Space group R-3
Sample  Zn2SiO4  Zni.9sNio0sSiO4  Zni9Nio1SiO4  ZnigsNio.1sSiO4  Zni.sNio2SiO4
a(A) 13.948 13.932(20) 13.930(18) 13.926(3) 13.922(3)
o(A) 9.3150 9.3138(15) 9.3201(13) 9.3265(20) 9.3288(20)
a/c 1.4970 1.4959 1.4946 1.4932 1.4924
V(A3) 1569.4  1565.7(0.040) 1566.2(0.036)  1566.4(0.056) 1566.0(0.061)
Occ.
Znl 1.0000 0.9680(0) 0.9500(2) 0.9210(2) 0.9030(3)
Nil - 0.0320(0) 0.0500(2) 0.0790(2) 0.0970(3)
Zn2 1.0000 0.9750(3) 0.9320(0) 0.9460(0) 0.8450(0)
Ni2 - 0.0250(3) 0.0680(0) 0.0540(0) 0.1550(0)
Qo
Average interatomic distances (A) @ @\
O
Znl-O 1.9500 1.9490 1.9480 1.9328 1.9865
Zn2-0 1.9610 1.9773 1.9660 1.9753 1.9025

results. When Ni** and Zn?" are in tetrahedral coordination,
their ionic radii are 0.55 and 0.60 A, respectively. Following
Ni** doping, in comparison to the original crystal structure, a
and b lattice parameters, as well as the unit cell volume, exhibit
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Zn,_Ni,SiO, (0.05 < x < 0.2) synthesized powders.

a reduction, whereas the c lattice parameter increases, resulting
in a gradual decrease in the a/c ratio. This pattern is also
observed in Co**-doped Zn,SiO,°" This phenomenon is
possibly attributed to the influence of the Ni**-doping
concentration on the random distribution of Ni** ions or the
localized defects it induces. This observation serves as evidence
of the successful incorporation of Ni** into the Zn sites.””
When the Ni**-doping amount is 0.05 and 0.15, the
occupancy (Occ.) value of Ni** at the Znl site exceeds that
at the Zn2 site, and the situation is reversed when the doping
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Table 2. Atomic Coordinates for Zn, ¢sNi,;sSi0, Powders
after Being Refined

site x y z

Znl 0.9809(20) 0.1904(29) 0.4158(68)
Nil 0.9809(20) 0.1904(29) 0.4158(68)
Zn2 0.9757(22) 0.1917(28) 0.0818(66)
Ni2 0.9757(22) 0.1917(28) 0.0818(66)
Si 0.9802(43) 0.1904(41) 0.7529(151)
(0) 0.1147(72) 0.2122(89) 0.7479(202)
02 —0.0080(106) 0.3114(76) 0.7340(123)
03 0.9261(109) 0.1211(98) 0.8933(190)
04 0.9246(105) 0.1243(112) 0.6018(185)

amount is 0.1 and 0.2, as shown in Table 1. This phenomenon
was also observed when we assume that Ni** occupies only one
of the Zn1 and Zn2 positions for refinement. This observation
may be ascribed to the relatively similar crystal environments
of the Zn1 and Zn?2 sites, so Ni** is randomly distributed at the
Zn1 site and Zn2 site. For samples with x = 0.5, 1.0, and 1.5, as
the Ni-ion-doping level increases, in comparison to the original
crystal structure, the interatomic distances between Zn2 and
the corresponding atoms elongate, while the interatomic
distances between the corresponding atoms shorten. However,
at a doping level of 0.2, the interatomic distances between Zn1l
and O atoms increase, and those between Zn2 and O atoms
decrease. This behavior is probably a consequence of the fact
that at low doping concentrations, Ni** ions typically disperse
uniformly, replacing a small fraction of Zn>* ions in the lattice,
thereby imparting localized effects on the crystal structure and
properties, with relatively weak interactions among them. At
higher Ni*" concentrations, interactions between multiple
dopant ions become significant and may begin to influence one
another, resulting in the creation of more crystal defects.**>*>*

In order to test the acid—base resistance of pigments,
Zn, ¢sNij,sSi0, was soaked in acetic acid and ammonia
solutions for 6 h. The apparent color of the sample is not
changed. There is no obvious peak position and profile change
after the acid—base testing, as shown in the XRD patterns of
Zn, gsNig5Si0, (Figure 8). Table 3 lists the L* a* b* values of
pigments before and after acid—base testing and calculates the
AE* of the samples. When AE* < §, it is considered that there
is little change in the pigments." In summary, this indicates
that the pigment has promising acid/base resistance.

Alkaline testing

Acid testing|

Intensity(a.u.)

l l l ul m l.ll Initfal state
|

|
7n.Si
1 | l "l L [ 810,

20 40 60 80
2 Theta(degree)

Figure 8. XRD pattern of Zn, gsNij ;5SiO, before and after the acid/
base resistance test.
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Table 3. L* a* b* of Zn, 43Niy;5sSi0, before and after the
Acid/Base Resistance Test”

sample IL a* b* AE*
initial state 56.74 8.13 —46.31
acid testing 56.18 9.84 —43.31 3.50
alkaline testing 55.78 8.64 —45.41 1.41

TAE* = [(AL¥)? + (Aa¥)? + (Ab¥)2]'2,

3.2. Oxidation State Analysis. To investigate the
oxidation state of Ni, the binding energies of elements in
Zn, gNi,,Si0, were analyzed by XPS analysis. The full survey
and enlarged Ni peak are shown in Figure 9. As can be seen
from the figure, the characteristic peaks of Zn, Nj, Si, C, and O
are displayed in the spectrum. The emergence of the C atomic
peak is a consequence of the adsorption of carbon components
onto the sample’s surface following exposure to air during
sample preparation at the time of the test. The main peak of Ni
2p 3/2 is observed at 856.2 eV, and the companion peak
possesses a binding energy of 861.6 eV. These values are
similar to tetrahedrally coordinated Ni>* in Ni(OH),,*”*° in
which the main peak is located at 856.2 eV and the companion
peak is at 861.2 eV. Furthermore, researchers conducted an
investigation on Ni-doped ZnO with a hexagonal wurtzite
structure, where Zn occupies tetrahedral positions. The XPS
results indicated that the main peak and satellite peak of Ni 2§p
3/2 are situated at ~856.2 and ~861.6 eV, respectively.””*
Thus, the results indicate that the oxidation state of Ni in
Zn, gNi;,SiO, is a +2 oxidation state.

To further prove the oxidation state of Ni ions in the
compounds, magnetic susceptibility measurements were
conducted on Zn,_,Ni,SiO, (0.05 < x < 0.2). The results
are presented in Figure 10 and Table 4. The inverse magnetic
susceptibility exhibits linear variation, fitting the Curie—Weiss
law y = C/(T — 0) effectively within the temperature range of
150—-300 K.

The experimental effective magnetic moments (g g)
calculated for Ni-doping levels of 0.1 and 0.2 from the
measurement are 3.75 py and 3.64 g, respectively. The
theoretical magnetic moment of the sample is calculated under
two considerations: spin-only case (k,,) and S+L momentum
case (Ug,1). When calculated in the spin-only case, the
magnetic moment for the Ni atom is 0.61ug, while the value
for Ni** is 1.73 pp. Both of these values are much smaller than
that of Ni** (2.83 ug). Moreover, the experimental magnetic
moment is even higher, indicating that we also need to take S
+L momentum into consideration. The experimental values are
close to the previous reported values of Ni** (3.7—4.0 ug)
(Table S). Thus, the observed magnetic moments for the
compounds discussed in Table 4 confirm the presence of Ni in
tetrahedral coordination with a + 2 oxidation state (Table S).

The Weiss constants are —14.92 and —19.55 K, respectively,
indicating the presence of antiferromagnetic interactions.””°
Thus, the magnetic data and the XPS data derive the same
conclusion that Ni states in the +2 oxidation state in the
compound.

3.3. Optical Performance Analysis. Photographs and
color coordinates of Zn, ,NiSiO, (0.05 < x < 0.2) and
commercial-applied CoAl,O, are compared in Figure 11a and
Table 6. The chromaticity diagram of Zn,_,Ni,SiO, (0.05 < «x
< 0.2) is shown in Figure 11b. The colors of as-prepared
Zn,_NiSiO, (0.05 < x < 0.2) are bright blue. The color of
the pigment obtained in this study is noticeably more vibrant
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Figure 9. XPS spectra of Zn, gNi,,SiO, powders.
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Figure 10. Inverse magnetic susceptibility of Zn,_,Ni,SiO, (0.05 < x
<02).

Table 4. Summary of Magnetic Data for the As-Prepared
Zn,_ ,NiSiO, Sample

Weiss
th. mag. Curie constant obs. mag.
composition ~ moment %ﬂs) constant (K) moment (fy)
Zn, sNiy, IO, 2.83 173 ~14.92 3.75
Zn, {Nig,5i0, 2.83 1.64 -19.55 3.64

Table 5. Comparison of Calculated Spin-Only (g,,) and
Spin Orbital Magnetic Moments (g, ) with Experimental
Magnetic Data

ion

Ni(II)

d configuration
dS

Mo/ BM.
2.83

”obs/B'M'
3.7-4.0

Mo /BM.
4.47

than what was previously observed for this structure.”"**

Furthermore, in comparison to cobalt blue, the as-synthesized
pigments demonstrate a higher L* value and a lower b¥,
indicating a stronger blue hue with higher brightness. As the
level of Ni doping increases, the a* value for the pigments
rises, indicating the diminishing presence of greenish tones.
While the b* value decreases at the same time, signifying an
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520

(b)

0.0

Figure 11. (a) L* a* b* of Zn, NiSiO, (0.0 < x < 0.2) and
CoALO, powders and (b) chromaticity diagram of Zn, NiSiO,
(0.05 < x < 0.2) powders.

intensified bluish tint. The L* value gradually diminishes,
implying a reduction in the overall brightness. Notably, when
the Ni doping level reaches 0.15, the blue chroma reaches its
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Table 6. L* a* b* and the Apparent Colors of Zn,_Ni SiO,
(0.05 < x < 0.2) and CoAl,O, Powders

Sample L* a* b* Color
Zn1.95Ni0.0sSiO4 70.70 -2.62 -29.77 .
Zn15Nio, Si04 57.05 -0.16 33.25 €
Zn1.35Nio0.15Si04 56.74 8.13 -46.31 .
Zn1.8Ni02SiOs 53.59 7.00 -41.54 ’

CoALLO4 44.46 -4.11 -21.92 .

peak, resulting in the most intense and visually striking blue
coloration.

The UV—vis—NIR absorption spectra of the Zn, Ni,SiO,
(0.05 < x < 0.2) solid solution are shown in Figure 12a. For
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x=0.05
x=0.10
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Figure 12. (a) UV-vis-NIR absorbance spectra of Zn,_ NiSiO,
(0.05 < x < 0.2) powders. (b) Spin-allowed transition for Ni**. (c)
T-S diagram for Ni** (d® electronic configuration) in tetrahedral
coordination.

Ni**, with a 3d® configuration, only three transitions are spin-
allowed: °T,(°F) — °T,(°P), °T,(°’F) — °A,(°F), °T,(’F) —
T,(°F), which correspond to the visible light region, near-
infrared region, and far-infrared region, respectively, as shown
in Figure 12b. In the visible region, the absorption is due to the
d-d transition of Ni** in tetrahedral coordination. As can be
seen from the figure, the sample shows strong absorption at
584 and 631 nm, which are due to the *T,(°F) — *T,(°P)
transition of Ni**.*’ "% This is consistent with the Tanabe—
Sugano (T—S) diagram of the d® configuration in the
tetrahedral crystal field (Figure 12c). It proves the results
from Rietveld refinement that Ni** replaces Zn>* in the ZnO
tetrahedral sites in Zn,SiO, and produces an intense blue
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color. The intensity of the absorption peak increases with the
increase in Ni** doping, indicating a decrease in the sample
brightness. However, the intensity of the absorption peak is
lowest when the Ni** content is 0.15.

The solar spectrum covers radiance from 200 to 2500 nm
(Figure 1), with 52% of the energy located in the near-infrared
region. As visible light is responsible for the color, infrared
reflectance plays a crucial role in heat insulation (Figure 13).

The sun's
radiation

Figure 13. Schematic diagram of the solar radiation reflective coating
roof.

To elucidate the infrared reflectance characteristics of both the
blue pigment Zn, NiSiO, and the widely used commercial
cobalt blue, a comprehensive comparison is conducted on the
NIR Reflectance (R %) and NIR Solar Reflectance (R* %) of
Zn,_Ni SiO, (0.05 < x < 0.2) and CoALOQ,, as detailed in
Table 7.

The observed trend reveals a decrease in both NIR
Reflectance (R %) and NIR Solar Reflectance (R* %) of
Zn,_Ni,SiO, (0.05 < x < 0.2) with an increasing amount of
Ni doping. However, even with this decrease, the reflectance
values remain higher than those of cobalt blue. Particularly in
the near-infrared spectral range, the as-synthesized pigments
exhibit a notable reflectivity at 876 nm, where the reflectivity
reaches its maximum value of 88.77% shown in Figure 14a.
The performance attribute underscores why Zn,_Ni SiO,
outperforms cobalt blue. Figure 1 illustrates that the 876 nm
peak corresponds to the region with the highest energy in the
infrared spectrum, further emphasizing Zn, Ni SiO,’s superi-
or reflectivity over cobalt blue in this area. Consequently,
Zn,_ ,NiSiO, demonstrates a higher energy-saving efficiency
than cobalt blue.

Figure 14b reveals a notable advantage in the reflection
efficiency of Zn,_,Ni,SiO, compared to cobalt blue within the
wavelength range of 800—1000 nm. Zn,_,Ni SiO, also exhibits
high reflection efficiency over cobalt blue in the infrared region
of 1200—2500 nm, with reduced energy consumption.
Consequently, Zn, ,NiSiO, emerges as a novel pigment
with enhanced reflective properties, surpassing those of cobalt
blue.

In addition, a comparative analysis was conducted between
the as-synthesized Ni-doped Zn,SiO, blue pigment and the
other near-infrared pigments, with results presented in Table 8.
The comparison reveals that the majority of near-infrared
reflective pigments are primarily achieved through Co?*
doping. Cobalt, being a scarce resource, experiences rising
prices with the expansion of the lithium-ion battery industry.
Furthermore, Co-doped pigments do not exhibit significant
advantages in terms of infrared reflection efficiency.'”®' "% In
contrast, the as-synthesized Ni-doped Zn,SiO,, blue pigments
demonstrate superior near-infrared reflective performance,
boasting a NIR Solar reflectance of 75.86%. YIn;, MnO;
demonstrates outstanding infrared reflection properties, with a
NIR Solar reflectance reaching as high as 93.33%. However,
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Table 7. NIR Reflectance and NIR Solar Reflectance of Zn,_,Ni,SiO, (0.05 < x < 0.2) and CoAl,0, Powders

sample Zn, 9sNig 0sSi0, Zn, ¢Ni, ;SiO, Zn, ¢sNij15Si0, Zn, ¢Ni,,SiO, CoAL O,
R % 63.94 54.82 43.26 39.95 38.54
R* % 75.86 68.84 59.67 54.97 42.95
100 i . .
(a) CoAlO, exhibited pure phases, and a small amount of Ni doping
Zn, ¢oNig 1<Si0, resulted in a noticeable blue coloration. Through XRD

refinement and oxidation state analysis, it was confirmed that
Ni exists in a divalent form in tetrahedral positions. The

S discernible blue coloration is attributed to the T,(°F) —
3
E 3 3T,(®P) transition of Ni**, which is situated at the tetrahedral
% 7<><_ positions. Compared with previous studies, significantly bluer
&

pigments have been obtained, which may be related to their
structure. The pigment exhibited optimal color performance at
the Ni-doping level of 0.15 and is stable under acid and alkali

0+

900nm 1700nm conditions. The Zn, ,Ni,SiO, pigments exhibit outstanding

400 600 500 1000 1200 1400 1600 18002000 22002400 reflective properties, particularly in the NIR Solar reflectance,
Wavelength(nm) which attains a value of 75.86%, a notable improvement

(b) compared to those of currently available blue pigments. The

utilization of this innovative blue pigment holds the potential
to significantly diminish energy consumption in thermal
insulation, consequently fulfilling the objectives of energy
conservation and emission reduction. Considering factors such
as cost, the Zn, . Ni,SiO, pigment emerges as a promising cold
pigment with significant application potential.
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Table 8. NIR Reflectance and NIR Solar Reflectance of Pigments

sample NIR reflectance (R %) NIR solar reflectance (R* %) NIR reflectance (MAX)
CoAlL,0,** 51.82
Zn,,9Co00,ALO,* 58.00 (1100 nm)
2D kaolin/CoAlL0,* 60.18
NaZng¢Coq,PO,"* 64.00
Sr,..M,CuSi,0, (M = Pr, Nd, Sm)*’ 68.54—72.00
YBy0,Mng ;05°° 69.75
YIngMng,0;—Zn0% 70
ultramarine blue (PU)”° 80.67
YInggMny, (Li/Zn)g;O5_s" 78.95/72.04 93.33/90.95 92.85/85.12 (1100 nm)
Zn, Ni,SiO, (this study) 38.54—63.94 54.97—-75.86 88.77 (876 nm)
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