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Magnetoplumbite-type oxides display various properties and find applications in multiple fields. In this study, a
novel magnetoplumbite-type solid solution BaZne.,Ni,TigO19 (0 < x < 4) with vivid green color was synthesized
through a high-temperature solid-phase method for the first time. The as-synthesized BaZng ,Ni,TigO19 solid
solution crystallizes in the space group of P63/mmc. The solid solution exhibits excellent green property, and its
color is adjustable with increasing doping levels of Ni2*. The depth of color originates from the content and
position of Ni*" in the solid solution. BaZne.xNi,TigO1g is suitable for PMMA (Polymethyl methacrylate) pigment

and hydrophobic coating. Colored PMMA containing BaZne.xNi,TigO19 exhibits vibrant colors with high satu-
ration, showing excellent application potential. The hydrophobic coating compounded with BaZng ,Ni TigO19
exhibits near-superhydrophobic properties and demonstrates excellent self-cleaning effects under simulated
natural environmental conditions.

1. Introduction

Magnetoplumbite-type oxides have attracted widespread attention
in various fields due to their excellent properties and structural char-
acteristics. With a general formula of AB12019 in hexagonal structure,
the magnetoplumbite-type oxide is a widely researched oxide family.
Among them, BaFe 5019 has emerged as a prominent choice for the base
materials of permanent magnets due to chemical, thermal stability and
affordable expense [1]. Lanthanum magnetoplumbites LnMgAl;;019
(Ln = La, Nd, Sm, Gd) are used in thermal barrier coatings because of
their high melting point, thermal expansion, and low thermal conduc-
tivity [2]. In addition to excellent properties, magnetoplumbite-type
structure is also rich in doping sites for rare earth and transition
metals, resulted in their wide applications in fluorescent materials [3].
These abundant doping sites in magnetoplumbite-type structure also
widen their potential applications to pigments. Pigments based on
CaAly2019, (Sr, Ca)Fe12019, and BaMgeTicO19 magnetoplumbite struc-
ture exhibit excellent color properties [4-9].
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The magnetoplumbite-type structure is composed of a triangular
bipyramidal layer (R block) and a spinel layer (S block), and the R*
block and S* block are obtained by rotating the R block and S block 180°
along c-axis. So the crystal structure of the magnetoplumbite-type can be
expressed as RSR*S* [10]. The alternating arrangement of cubic layers
and hexagonal layers in magnetoplumbite-type structure determines its
hexagonal symmetry in the crystal structure. Fig. 1 shows the detailed
magnetoplumbite-type structure with five different B crystallographic
sites, namely three different octahedron (B1 and B5 are edge-shared
octahedron, and B4 is a face-shared octahedron), tetrahedron (B3) and
trigonal bipyramid (B2) [8].

With special crystal features and wide applications, discovering new
compounds in the magnetoplumbite-type family is always attractive.
BaZngTigO19, which is mentioned in few reference, has not been syn-
thesized and analyzed yet [11,12]. According to the reference, Zn®'-
Ti*+ co-doping in BaFe;30,9 is possible. However, the compound of
BaZngTigO19 is difficult to synthesize. In this work, Ni%* is introduced
into BaZngTigO19 to stabilize the magnetoplumbite-type structure
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Fig. 1. The crystal structure of magnetoplumbite-type oxide.

through simple solid state synthesis method. The synthesized BaZng.,.
Ni,TigO19 demonstrates exceptional color properties and, as an MMOP
(Mixed Metal Oxide Pigments), is a highly inert compound that do not
contain any bioavailable or degradable substances [13,14]. This makes
it a very promising non-toxic, environmentally friendly green pigment.
The structure, color origin, and optical properties were analyzed by X-
ray diffraction analysis, X-ray photoelectron spectroscopy, and UV-Vis-
NIR absorbance spectrum. Additionally, the coloring ability of BaZng.,.
Ni,TigO19 was explored through its combination with PMMA (Poly-
methyl methacrylate). The pigment was mixed with organic silicon resin
and precipitated SiOy to prepare green self-cleaning coating and the
hydrophobic properties of the coating were investigated.

2. Experimental
2.1. Sample preparation

The BaZng,Ni,TigO19 (0 < x < 4) samples were synthesized from
BaCOs3 (99.95 % purity, Aladdin, China), ZnO (99.99 % purity, Aladdin,
China), NiO (99.0 % purity, Aladdin, China) and TiO; (98.0 % purity,
Sinopharm Chemical Reagent, China) mixtures using conventional high-
temperature solid-state synthesis. After weighing the raw materials ac-
cording to a specific measurement ratio, the raw materials were put into
the agate mortar to mix for 20 min. Then, the mixtures were put into the
mold for 3 min under 10 MPa to obtain sheet raw materials. The sheet
raw materials were sintered at 1150°C for 6 h. Later, the sintered sam-
ples were ground again and pressed into pellets. And the pellets were
sintered at 1300°C for 18 h.

The synthesized BaZnsNiTigO19 powder was dispersed in acetic acid
(pH = 3) and ammonia solution (pH = 12) for acid-alkali resistance
tests. The samples were soaked at room temperature for 12 h, then
washed with deionized water until the pH value reached 7. Finally, the
pigment powder was dried in an oven at 60 °C to remove any residual
moisture.

2.2. Preparation of colored PMMA

The BaZng ,Ni,TigO19 (0 < x < 4) samples were added to the ball mill
jar to grind via a bench-top planetary automatic ball mill (MSK-SFM-1)
at 300 rpm for 10 h. BPO (benzoyl peroxide, 10 mg, AR purity, Aladdin,
China) was dissolved in MMA (methyl methacrylate, 10.0 mL, 99.0 %
purity, Aladdin, China) in a glass flask. When the BPO was completely
dissolved, the ground samples were added to the glass flask. Then, the
mixture was magnetically stirred at 85°C until the mixture closed
glycerin. Finally, the mixture was transferred to a glass tube, cured at
50°C for 24 h, and reacted at 100°C for 1 h to obtain colored PMMA.
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2.3. Preparation of green hydrophobic coating

The organic silicon resin (Damao Chemical Reagents Factory Co.,
Ltd, China), BaZnyNisTigO19 green pigment and precipitated SiOy were
thoroughly ground in a mortar. The mixture was then placed in an oven
at 70 °C and dried for 20 min. This process was repeated 3 to 5 times.
After cooling to room temperature, the slurry was transferred to a glass
bottle. Then tetrachloroethylene (AR, Tianjin Ruijinte Chemicals Co.,
Ltd, China), fumed SiO,, and of PF-550 (solvent-based fluororesin,
Anhui Zhong En Chemical Co., Ltd, China) were added to the slurry, and
it was stirred for 1-2 h until there are no noticeable large particles.
Finally, phenyl tributyl oxime silane (AR, Tianjin Jiangtian Chemical
Technology Co., Ltd, China), 3-aminopropyltriethoxysilane (98 %,
Damao Chemical Reagents Factory Co., Ltd, China), and dibutyltin
dilaurate (AR, Tianjin Jiangtian Chemical Technology Co., Ltd, China)
were added to the slurry and stirred for 15-30 min.

Two 5 cm x 5 cm ordinary glass plates were selected and wiped clean
with anhydrous ethanol. RTV (hydrophobic coating, Tianjin Dalv Power
Technology Co., Ltd, China) was applied to one of the cleaned glass
plates. After the RTV-coated glass plate dried on the surface, the pre-
viously prepared mixed slurry was evenly sprayed onto both the RTV-
coated and uncoated glass plates using a spray gun.

2.4. Characterization

The identification of crystalline phases in the samples was conducted
using X-ray diffraction (XRD) with a Rigaku Ultima IV X-ray diffrac-
tometer. The instrument utilized Cu Ka (1 = 1.5406 }o\), operating at 40
kV and 40 mA, and radiation in the 26 range of 10 — 90° with a scanning
speed of 5°/min and a step size of 0.02°. Crystal structures were refined
by the Rietveld method using the GSAS-EXPGUI software [15,16].

The oxidation states of Ni in BaZngTigO19 were obtained by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha).

The L*a*b* color parameters of sample powders and PMMA surfaces
were analyzed using the X-Rite Ci7600 benchtop spectrophotometer. In
the context of the CIE L*a*b* system, L* corresponds to brightness, a*
represents the hue from green to red, and b* denotes the hue from blue
to yellow.

UV-Vis-NIR absorbance spectra for sample powders and PMMA were
recorded within the wavelength range of 200 nm to 2500 nm at room
temperature using a UV-Vis-NIR spectrophotometer (Hitachi UH4150).
Barium sulfate (BaSO4) served as the white reference.

The thermal stability of samples was measured by a HITACHI
STA200 simultaneous thermal analyzer with a heating rate of 10 °C/min
from room temperature to 600 °C at air atmosphere.

2.5. Computational details

All calculations were carried out using the spin-polarized density
functional theory (DFT) method, as implemented in Vienna ab initio
simulation package (VASP 6) [17,18]. To describe the electron-ion
interaction, the frozen-core projector augmented wave (PAW) method
was employed [19]. The exchange—correlation term was approximated
using the generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional [20]. The valence electrons of Ba 5 s
5p6s,Zn 3d 4p, Ni3d 4 s, Ti 3d 4 s, and O 2 s 2p were expanded in a
plane wave basis with a kinetic energy cutoff of 500 eV. The DFT+U
method was employed with on-site correction of 3.9 eV (Ugy = 3.9 eV)
and 6.4 eV (Ugs = 6.4 eV) for Ti 3d and Ni 3d electrons, respectively, as
used for their oxides reported in previous studies [21-23]. To obtain the
doping concentrations according to the experimental results, we con-
structed a 2 x 2 x 1 supercell model of BaZngTigO19 with lattice pa-
rameters a = 11.93 A, b = 5.99 &, ¢ = 23.64 A. The Ni?** doped systems
can be obtained by replacing Zn atoms with Ni atoms to yield BaZn4.
NisTigO19 and BaZnyNigTigO19. The Brillouin zone sampling were car-
ried out using the Monkhorst-Pack scheme [24] with k-point of 4 x 5x 2
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Fig. 2. The XRD patterns of BaZne ,TigNi,O19 (a) (0 < x < 5) and (b) (0 < x < 0.8).
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Fig. 3. (a) Rietveld refinement of the XRD pattern for BaZn4TigNi»O19 and (b) refined crystal structure of BaZnsTigNizO1o.

for structural optimization, while a denser k-point of 7 x 8 x 2 was used
for computations of electronic density of states (DOS). Forces and energy
convergence were set to 0.02 eV/A and 10 ev, respectively.

3. Results and discussion

The as-synthesized BaZng.,Ni,TigO19 belongs to M—type magneto-
plumbite structure which could be indexed to the space group of
BaCogTigO19 (PDF#51-1873, P63/mmc). Fig. 2a shows XRD patterns of
BaZng.xNi,TigO19 (x = 0, 1, 2, 3, 4, and 5). It can be seen from Fig. 2a
that characteristic peak of the impurities Ba; 7TigO16 (at 27.80°) and
ZnyTiO4 (at 29.77° and 35.15°) are observed in BaZngTigO19 without
Ni%* doping. The Fig. 2b is the XRD patterns of BaZn.Ni,TigO10 (0 < X
< 0.8). The impurities Baj 7TigO16 and ZnyTiO4 also appear in
BaZns gNig o TigO10. As the Ni%™ doping amount increases, the intensity
of the impurity characteristic peaks decreases until full disappearance.
BaZng ,Ni, TigO19 samples (0.2 < x < 4) show single phase indexed to
the space group of P63/mmc. When the Ni%* doping amount excess x =
4, new impurities appear.

As illustrated from the Rietveld refinement results in Fig. 3b and
Table 1, for sample with lower Ni?" doping concentration, the tetrahe-
dron positions (4f1) and the trigonal bipyramidal positions (4e) are
entirely occupied by Zn*. The 2a site is allocated to Ti** while the 42
sites are jointly occupied by Zn?* and Ti** Ni%" is introduced in the 12 k

site, sharing with Ti**. Generally, Zn?>" demonstrates a preference for
entering tetrahedron positions, while Ni2* and Ti** exhibit a robust
tendency to occupy octahedron positions (for detailed structure, refer to
Supplementary CIF 1) [25-30]. The phenomenon can be explained by
the stability of tetrahedral covalent bonds of Zn?". The energies of nd
and (n + 1)s orbitals of Zn?>" almost reach the same, so covalent tetra-
hedral bonds are easily formed. The covalent bonds are shorter than
ionic bonds. Consequently, Zn?" is more readily accommodated in tet-
rahedron positions than other ions [31]. Ni2* prefer to occupy octahe-
dron positions due to their d® configuration and the crystal field
stablization energy of octahedron site [32].

In Fig. 4b and Table 2, upon increasing the doping concentration of
NiZ*, Ni2* will take place of Zn?* in the 4f1 octahedron site. Ti*" starts
to enter the 4e site. The 2a, 4f2, and 12 k sites are concurrently occupied
by both Ni?* and Ti**. The electronegativity can serve as a predictive
indicator for Ni%* and Ti*" ion positions (for detailed structure, refer to
Supplementary CIF 2). Ions with higher electronegativity are predis-
posed to occupy octahedral positions. The electronegativities of Ni and
Ti atoms are 1.92 and 1.54, respectively [32]. Consequently, Ni®*
exhibit a tendency to occupy octahedral positions. According to previ-
ous study, when Ni* occupies the octahedron positions, Ti** ions may
occupy the 4f1 or 4e sites. In these samples, as the concentration of Zn2*
decreases, Ti** ions occupy the 4e positions. Despite the general incli-
nation of Ni?* taking the octahedron positions, it is noteworthy that in
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Table 1

Values of atomic lattice parameters, positional, coordinates, occupancy and
thermal parameters determined from Rietveld refinement of XRD pattern of
BaZn4TigNizOq0.

a(d) b(A) od) a(’) BC) ) volume
&%
5.9005 5.9005 23.433(1) 90 90 120 706.55
3 3) [C)
atom site occupancy X y z Uiso
(¢S]
Bal 2d 1 0.6667 0.3333 0.2500 0.0152
Til 2a 1 0.0000 0.0000 0.0000 0.0034
@)
Zn2 4f 1 0.3333 0.6667 0.0257 0.0141
4 ()
Zn3 4f 0.5 0.3333 0.6667 0.1912 0.0305
6) )
Ti3 4f 0.5 0.3333 0.6667 0.1912 0.0305
6) 5)
Zn4 4e 0.5 0.0000 0.0000 0.2599 0.0569
) (8
Ti5 12k 0.6667 0.1694 0.3389 0.8946 0.0181
) ) (€8] )
Ni5 12k 0.3333 0.1694 0.3389 0.8946 0.0181
(2 5) @ (2)
o1 4e 1 0.0000 0.0000 0.1389 0.0176
(©)] (6)
02 4f 1 0.3333 0.6667 —0.0638 0.0459
9 (2)
03 6h 1 0.1815 0.3630 0.2500 0.0438
@ 3 “
04 12k 1 0.1543 0.3086 0.0516 0.0265
@ ) @ %)
05 12k 1 0.4994 —0.0010 0.1497 0.0189
@ ® 4 )

certain compounds, Ni exhibits a dual propensity, occupying both tet-
rahedroal and octahedral positions, such as in the cases of CaAl;s.
QXNixTixolg and Cal,xLaxAllz,xNixolg [6,33]. In BaZn6_xNixTi6019, the
extensive substitution of Zn?* by Ni2* results in a minor introduction of
Ni2" into the 4f1 site. The validation of this phenomenon is further
corroborated by subsequent optical analyses [6,33-35].

The ionic radii of Zn?*, Ni**, and Ti*" ions are 0.74, 0.63, and 0.60
A, respectively [27]. The reduction of lattice parameter and unit cell
volume can be attributed to the substitution of Ni®* in place of the Zn?*
ions.

In order to determine the oxidation state of Ni in BaZng.Ni,TigO19,
XPS analysis was performed. Fig. 5a is XPS full scan spectrum of sample
BaZnsNiTigO19, in which the absorption peaks of O, Zn, Ti, Ni, Ba and C
elements are detected. As can be seen from Fig. 5b, the binding energy of
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the Ni2p3/ is 855.44 eV and corresponding satellite peak is located at
861.36 eV. The binding energy of the Ni2p;/, is 872.71 eV and corre-
sponding satellite peak locates at 879.72 eV. The value of above four
binding energies in BaZng ,Ni,TicO19 are similar to the binding energies
of Ni** in NiO/SnO, nanocomposites, Nig 15MgxAl2(0.85-xTi1.15+xO0s,
A11.35Ni0.15TiO5 and Srl_XNixAll142+xNi0_8_x019.5 showed in Table 3.
Therefore, the Ni2p3 2, Ni2ps,, satellite, Ni2p; /5 and Ni2p, /5 satellite in
the sample are all the characteristic peaks of Ni2*.

To verify the chemical stability of the BaZng ,Ni TigO19, the BaZns.
NiTigO19 pigment was dispersed in acetic acid (pH = 3) and ammonia
(pH = 12) for acid-alkali resistance tests. Before and after the tests, there
was no significant change in the appearance color of the samples (as
shown in Fig. 6).

From the analysis of the XRD patterns (as shown in Fig. 6) of
BaZnsNiTigO19 before and after the acid-alkali resistance test, the peak
positions remain unchanged, while the peak shapes exhibit certain
variations. This indicates that the crystal structure of the pigment has
not undergone significant changes, although its microstructure or crys-
tal defects may have been altered. Therefore, it can be concluded that
the sample demonstrates satisfied structural stability.

At the same time, the color coordinates of the sample after the acid-
base test were compared with those of the initial sample. Table 4 lists the
L*a*b* values and AE* (total color difference of the sample). When AE*
< 5, the pigment is considered to exhibit excellent stability [40].
However, since the AE* of the sample is slightly greater than 5, and
considering the XRD patterns, it can be concluded that the sample is not
highly stable.

According to the UV-Vis-NIR spectrum of the samples (Fig. 7a), when
Ni2* is at low doping levels, three distinct absorption peaks are found in
the near-infrared region, the red—orange region, and the blue-violet re-
gion. These spectral characteristics are consistent with cases such as (Ni,
Mg)2TiO4, BaNiTi;O16 and Nig 1 Wy 1Tig.gO2, in which Ni2Jr is situated in
the octahedral ligand field [41-44].

The positions of Ni2* are verified by analyzing Tanabe-Sugano dia-
grams (Fig. 7b) of d® configuration. Regarding Ni*" in a octahedral
ligand field, the spin-allowed transitions are:

Vi = 3Ay(%F)—> 3T (°F) 1
V2 = 3Ag(3F)= 3Ty, (°F) 2
Vs = *Ag(°F)— Ty, (°P) (3

By observing the spectrum in Fig. 7a, in the ultraviolet and infrared
regions, two broad absorption bands are located at 360 nm (27778
cm 1) and 1185 nm (8439 cm’l), corresponding to 3A2g CF) - 3T1g ép)

Wyckoff

2a

4f

4e

12k

Fig. 4. Rietveld refinement of the XRD pattern for (a) BaZn,TigNi4O;19 and refined crystal structure of (b) BaZn,TigNisO1o.



Z. Wang et al.

Table 2

Values of atomic lattice parameters, positional, coordinates, occupancy and
thermal parameters determined from Rietveld refinement of XRD pattern of
BaZn,TigNisOq0.

a(d) b) cd) a(’) Q) ) volume
€]
5.8961 5.8961 23.233(7) 90 90 120 699.45
(5) 5) (6)
atom site occupancy X y z Uiso(A%)
Bal 2d 1 0.6667 0.3333 0.2500 0.0108
6)
Nil 2a 0.2280(3) 0.0000 0.0000 0.0000 0.0126
)
Til 2a 0.7720(6) 0.0000 0.0000 0.0000 0.0126
%)
Zn2 4f 0.8956(8) 0.3333 0.6667 0.0262 0.0233
@™ @)
Ni2 4f 0.1044(1) 0.3333 0.6667 0.0262 0.0233
@ )
Ni3 4f 0.2994(5) 0.3333 0.6667 0.1877 0.0161
5) 5)
Ti3 4f 0.7006(4) 0.3333 0.6667 0.1877 0.0161
®) )
Zn4 4e 0.3114(6) 0.0000 0.0000 0.2459 0.0384
© 6
Ti4 4e 0.1886(3) 0.0000 0.0000 0.2459 0.0384
(C)] (6)
Ni5 12k 0.5425(1) 0.1626 0.3253 0.8935 0.0033
@ ®
Ti5 12k 0.4575(8) 0.1626 0.3253 0.8935 0.0033
@ ®
01 4e 1 0.0000 0.0000 0.1502 0.0154
®3) ®3)
02 4f 1 0.3333 0.6667 —0.0512 0.0030
@
03 6h 1 0.1990 0.3979 0.2500 0.0020
(6) 3 @)
04 12k 1 0.1411 0.2821 0.0532 0.0509
(6) 2 @ ©)
05 12k 1 0.5049 0.0099 0.1479 0.0321
(2 6) “ 4

and 3A2g CPH - 3T2g CP, respectively. At 654 nm (15291 em™), a
broad absorption band corresponding to 3Agg (3F) — 3T1g (3F) is
observed. The vy, v and v3 can be used to calculate 10Dg and B values in
the case of the 3d® octahedral configuration [38,45,46].

v, = 10Dg = 8439 cm™! @

v, = 7.5B+15Dq — 0.5[(9B — 10Dq)* + 144B%°® = 15291 cm™!  (5)

Applied Surface Science 679 (2025) 161185

Table 3
The binding energy of Ni2p3,», Ni2ps,» satellite, Ni2p, /5 and Ni2p, /, satellite in
Ni-containing materials.

Binding energy (eV) Ni2ps, Ni2ps,2 Ni2p;, Ni2p;,2 Ref.
9 satellite 2 satellite
NiO/SnO; nanocomposites 855.4 860.4 873.2 879.5 [36]
Nig.15MgxAly 856.52  862.39 874.02  880.38 [371
(0.85-0T11.154x05
Al; gsNig,15TiOs 855.29  861.17 872.86  879.12 [38]
Sr1xNixAl11.2xNio.gxO19.5 855.9 862 873.5 880 [39]
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Fig. 6. XRD pattern and digital photos of BaZnsTigNiO;¢ before and after the
acid-alkali resistance test.

Table 4

L*a*b* values and total color difference (AE*) after acid-alkali resistance test.
Sample L* a* b* AE*
Initial state 79.33 —19.64 35.10
Acid testing 75.82 -22.17 38.01 5.21
Alkaline testing 74.98 -22.86 38.45 6.37

AE* = [(AL*)? + (Aa¥)? + (Ab*)?]1/2
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Fig. 5. (a) XPS full scan spectrum and (b) Ni 2p fine spectrum of sample BaZnsNiTigO1g.
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Fig. 7. (a) UV-Vis-NIR absorbance spectra (b) Tanabe-Sugano diagram and (c) digital photos of BaZne ,Ni,TigO19 powders.

vs = 7.5B+15Dq — 0.5[(9B — 10Dq)* + 144B%]°° = 27778 cm™"  (6)

All three bands are observed. The following equations can be used to
calculate the parameters 10Dq and B.

10Dg = v, @

B = (v2+v3—31)/15 8

Based on these equations, the B value is determined to be 1183 cm ™!,
the Dq value is 844 cm ™!, and the Dg/B value is 0.713. In Fig. 7b, the
positional relationship of each absorption band is compared through the
value of E/B. After comparison and calculation, it is concluded that the
absorption band in the Tanabe-Sugano diagram is entirely consistent
with the spectral characteristics of the absorption band in the sample
spectrum. Thus, it is confirmed that Ni®* exists in the octahedron crystal
field environment, which is consistent with the Rietveld refinement
stated in previous part. Thus, the three peaks in Fig. 7a correspond to the
three spin-allowed transitions, 3A2g CF) > 3Ty, CCP), 3A2g ép - 3T1g
(®F) and Az, (°F) — 3Ty (®P). Transitions *Asg °F) — 3T1, C°F) and *Aq,
CF) —» 3T1g (®P) are located in the visible region, which are responsible
for the pigments’ color. The absorption peaks around 750 nm are caused

79 Bazn,Ti0,,

!

"9 BaZnNi,Ti 0,

BaZnyNiTi 0,y

R

BaZnNi{Ti 0\

by forbidden transitions [41,47]. The 3Azg F) - 3T1g (®P) transition
and the absorption band of the matrix at 266 nm form a broad absorp-
tion band in the ultraviolet-visible region.

Fig. 7a shows that BaZn,TigNi4O19 exhibits a shoulder peak at 600
nm. The particular absorption peak closely resembles the characteristic
absorption peak of Ni%" in tetrahedral coordination. The absorption
peak at 600 nm is a collection of two spin-allowed transitions and two
spin-forbidden transitions from the d-d transition of Ni?* within the
tetrahedral coordination [6].

The UV-Vis-NIR absorbance spectra of the samples show the char-
acteristic peaks of Ni?* in the octahedral sites, indicating that Ni**
doping in BaZne,TigNi,O19 tends to preferentially occupy octahedral
positions. Structural refinement reveals that Ni%* initially tends to
occupy the 12 k positions. As the concentration of Ni>" doping increases,
it then occupies the 2a and 4f2 positions. As the substitution progresses,
characteristic peaks of Ni2t in tetrahedral positions appear in the UV-
Vis-NIR absorbance spectra, indicating that Ni>* has entered the tetra-
hedral sites of the samples. Further refined structural information shows
that when Ni?" entirely replace Zn?" in the octahedron site, Ni%* will
then enter the 4f1 tetrahedral positions in BaZng ,TigNiO19.

The color of BaZng ,TigNi O19 is mainly determined by Ni%* in the

(b)
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Fig. 8. (a) Color coordinates in L*a*b* space and (b) chromaticity diagram of BaZng_,Ni,TigO19 powders.
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Fig. 9. Projected density of states (PDOS) of (a) BaZne.,Ni,TigO19 systems (x = 0, 2, 4). Labeled numbers in black and pink indicate the band gap and Ni d-d gap,
respectively. (b) Comparison of Ni d-d gap in tetrahedral site and octahedral site of the BaZn,NisTigO19 System.

octahedron positions. The content of Ni%" in tetrahedral sites is lower,
having a relatively smaller impact on the pigments’ color. From Fig. 7c,
it can be seen that as the content of Ni** in octahedral sites continues to
increase, the color of the pigment gradually deepens. When the doping
amount x in BaZngTigNiyO19 reaches 4, Ni%* begins to enter the
tetrahedral sites, resulting in a decrease in absorption around 500 nm,
and an increase in the blueness of the pigment, making the color even
more profound.

As observed in Fig. 8a which exhibits the color coordinates of the as-
synthesized samples in L*a*b* space, the L* value of the samples de-
creases when Ni?* doping amount increases, indicating the brightness of
the samples gradually decreases. This trend is also indicated in the
digital photos in Fig. 8c. The value of a* gradually increases, and the b*
value gradually decreases towards 0. Changes in the a* and b* values are
manifested as the samples chroma moving towards both blue and red
shown in Fig. 8b (chromaticity diagram of the as-synthesized samples).

To better understand the color change of the samples upon doping,
we employed the DFT-+U method to calculate and analyze the projected
density of states (PDOS) of the BaZng xNi TigO19 systems (x = 0, 2, 4).
Firstly, we explored the most stable configurations of Ni2™ doping at
various concentrations by varying Ni?* doping positions based on our
Rietveld refinement of XRD pattern. We find that Ni%* tends to distribute
throughout the supercell in both low (12 k site) and high doping con-
centrations (4f1, 2a, 4f2 and 12 k site), as detailed in Supporting In-
formation. In addition, Ni2* doping leads to reduction of cell volume by
3.7 % due to the smaller ionic radius of Ni*>* compared to Zn?* and Ti**.
The calculated results are consistent with our Rietveld refinement of
XRD pattern.

As shown in Fig. 9a, the calculated PDOS of BaZngTigO19 exhibits a

band gap of 1.54 eV. Its valence band (VB) primarily comprises O 2p
states with non-negligible overlap of Zn and Ti 3d states, while the
conduction band (CB) displays strong hybridization of Ti 3d and O 2p
states. Doping Ni%* at low concentration (BaZnygNisTigO19) introduces
additional Ni 3d states at both VB and CB while the band gap remains
unaffected. Nevertheless, the observed bright green color of the material
could be attributed to the d-d transition of Ni 3d states at VB and CB with
the gap of 1.76 eV. As the Ni2* concentrations increase, the band gap
reduces to 0.68 eV, which leads to the reduction of the Ni** d-d transi-
tion gap to 0.81 eV. The reduction of the band gap and Ni?* d-d gap
could be the origin of the darker colors of the samples with high Ni?*
concentrations.

Interestingly, the d-d gap of Ni%" at tetrahedral site (Ni Tq, 4f1 site,
1.19 eV) is larger than d-d gap than that of Ni?* at octahedral site (Ni Op,
12 k site, 1.10 eV), as shown in Fig. 9b. The calculated results agree with
the experimentally observed absorption spectra where the transition of
Ni T4 exhibits absorption at lower wavelength than that of Ni Oy,

It is noteworthy that electronic structures derived from DFT+U cal-
culations may display discrepancies in predicting band gaps due to
inherent self-interaction errors in DFT. However, despite this limitation,
the observed trend in band gap reduction resulting from Nit doping
offers valuable insight into the effects of varying Ni>* doping concen-
trations, aligning well with experimental findings.

4. Analysis of PMMA optical properties
The as-synthesized BaZng ,Ni TigO19 powders are polymerized with

PMMA for potential application study. Compared to the powder sam-
ples, the L* value of colored PMMA decreases, and the brightness
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Fig. 10. (a) Color coordinates in L*a*b* space, (b) chromaticity diagram, (c) UV-Vis-NIR absorbance spectra and (d) digital photos of pure PMMA and
colored PMMA.
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Fig. 11. TG/DTG of PMMA.

becomes darker. The elevation in the b* value of colored PMMA en-
hances the yellow chroma of PMMA compared to the BaZng,NixTigO19
samples, as illustrated in Fig. 10a. In Fig. 10b, the points representing
the colored PMMA move up in contrast to points representing the green
powder samples in Fig. 10b, and the yellow color has deepened.

Between colored PMMA and powder samples, there is no significant
change in the a* value and the green hue. As shown in Fig. 10c, the UV-
Vis-NIR absorbance spectra of colored PMMA are similar to the char-
acteristic peaks of Ni?" in the octahedron and tetrahedron in the
BaZng ,NiyTigO19 powder samples. Therefore, powder samples are the
color source of colored PMMA. Comparing with samples, the reflection
peak of PMMA in the visible light region broadens, and the reflection in
the yellow visible region is covered. As shown in Fig. 10b and d, the
apparent color changes from yellow to yellow-green. The color exhibits
some variances from powder samples. This is mainly due to the trans-
parent PMMA plastic owns a different refractive index from the powder
samples. The above results indicates that BaZng.,NiyTigO19 exhibits
excellent coloring properties.

To verify the effect of the pigment on the thermal stability of PMMA,
TG/DTA analysis was performed on the PMMA [48]. As observed from
Fig. 11, the TG/DTA curves of the two types of PMMA are similar,
meaning the onset of thermal decomposition and the decomposition
rates are approximately the same. The incorporation of pigments does
not affect the thermal stability of PMMA.

5. Analysis of colorful hydrophobic coatings

Fig. 12a and b show green coatings without primer and with primer,
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Fig. 12. Photos of the green coating: (a) without primer spray, (d) with primer spray; spherical water droplets on the green coating: (b) without primer spray, (e)
with primer spray; and images of water droplets in contact with the hydrophobic surface: (c) without primer spray, (f) with primer spray.

Fig. 13. The self-cleaning process of the superhydrophobic surface (a) and (b) without primer spray, (c) and (d) with primer spray.

respectively, displaying a light green coloration. In Fig. 12b and e, water
droplets placed on both types of coatings remain as spherical droplets on
the surface (as shown in Supplementary Video 1 and 2), indicating that
both coatings exhibit hydrophobic properties. When the glass plate is
tilted at 6.5°, test indicates that the green coating without primer has a
CA (contact angle) and RA (rolling angle) of 146.16° and 8°, respectively
(as shown in Fig. 12¢ and Supplementary Video 3). When the glass plate
is tilted at 2°, the experiment shows that the CA and RA of the green
coating with primer are 143.67° and 9° respectively. (as shown in
Fig. 12f and Supplementary Video 4). Their CA are close to 150°, and RA
are less than 10°, exhibiting near-superhydrophobic properties [49].

Carbon powder was sprinkled on both types of coatings, and deion-
ized water was dropped onto the coatings using a pipette to simulate
raindrops. When deionized water was dropped onto the coatings, the
droplets quickly rolled off and came into contact with the carbon pow-
der, washing away the carbon powder on the surface and leaving clean
paths (Fig. 13). Therefore, we infer that under natural rainfall condi-
tions, dust can be washed away by water droplets, achieving a self-
cleaning effect [50].

6. Conclusions

The solid solution of BaZne.,NixTigO19 with magnetoplumbite

structure has been synthesized for the first time. According to the
structure refinement, Zn?* occupies all of the tetrahedral and trigonal
bipyramidal positions, and the partial octahedron positions. Ti*" ex-
hibits no specific positional tendency and occupies sites based on the
positional advantages of other ions. Ni2* tends to preferentially occupy
the octahedron positions. With the elevation of Ni2t doping concen-
tration, Ni?" progressively replaces Zn?" at the octahedron positions. It
will further replace Zn?t at the tetrahedron positions. Ni>* exhibits
three spin-allowed transitions at the octahedron positions: 3A2g CF) —»
3Tag CF), 3Agg CF) — 3T (F) and *Agg (°F) — 3Ty (CP) in the ultra-
violet-visible region, visible region, and near-infrared region, respec-
tively. The distinct reflection peak in the range of 490-605 nm imparts a
yellow-green appearance to BaZne ,Ni,TigO19. When Ni%* occupies the
tetrahedron positions, it has three transitions: 3T1 (F) —» 3T2 ), 3T1 (F)
— 3A2 (F) and 3T1 (F) —» 3T1 (P). Some of these transitions overlap with
absorption peaks produced in the octahedron positions of Ni2*. The
overlapping of these peaks results in a shift of the reflection peak in the
visible light region towards shorter wavelengths, resulting in the darker
color of BaZng,Ni,TigO19. BaZng ,Ni, TigO19 is successfully introduced
into PMMA and colorful superhydrophobic coatings, confirming its po-
tential as a novel, green, and environmentally friendly inorganic
pigment. This suggests promising applications for BaZne ,Ni TigO19 in
the development of sustainable and eco-friendly coloration solutions.
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