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Mg2.2.xCoxTiO4 (0 < x < 0.6) and Mgz 2.,CryTiO4 (0 < x < 0.6) solid solutions with spinel structure were suc-
cessfully synthesized by solid-phase reaction. Excess MgO was added to achieve the single phase of the com-
pounds. The transition metal ions Co/Cr tune the colors of Mg,TiO4 to intense blue and green, respectively. The
root of the observed intense blue color of Mgz 2.xCoxTiO4 is attributed to the 4A2 (F) - 4T1 (P) transition of Co**
in tetrahedral coordination. In Cr doped Mg»TiO4, Cr exists in a mixed oxidation states of +3 and + 6. The green

color of the as-synthesized Mgs 5.xCryTiO4 is attributed to 4A2 (F) - 4T1 (F) at 410 nm-500 nm and 4A2 F) - 4T2
(F) at 610 nm transitions of Cr>*. Besides, the Cr>* - Ti** charge-transfer transition at 410 nm-500 nm is also the
reason why it shows green. The as-synthesized pigments were dispersed into PMMA to prepare blue/green

plastics.

1. Introduction

Due to high thermal and chemical stability, inorganic pigments are
widely used in roof painting, ceramics, glass, plastics and other occa-
sions [1]. Spinel is an ion-bound oxide, generally denoted as AB;04. The
arranged regularly tetrahedral and octahedral sites contribute to high
chemical and thermal stability, as well as interesting optical properties.
Therefore spinel oxides are widely used in catalyst, optical materials,
transparent ceramics and other fields [2].

Previous researches were exerted on the preparation of blue and
green inorganic pigments with Co and Cr spinel structure. The blue-
green color solid solution of CoCrs.,ALO4 (0 < x < 2) spinel structure
are synthesized by wet chemical method, and its potential for photo-
catalysis is also proved [3]. Furthermore, colorless ions such as Mg2+
and Zn?* are introduced into Co site in Al-doped CoCrO4 to reduce Co
content by gel injection method [4,5]. Transition metals such as Ni, Cu
and Zn are doped into Co site in Co;.,M,Cra04 (M = Ni, Cu and Zn) by
sol-gel method to tune the color to blue-green and yellow-green, which
shows potential as ceramic pigments [6].

The Co/Cr content of these pigments is lower than that of traditional

* Corresponding author.
E-mail address: jiangp@ustb.edu.cn (P. Jiang).
1 Zhiwei Wang and Qiuying Wang contributed equally to this work.

https://doi.org/10.1016/j.optmat.2024.114967

blue and green pigments such as CoAly04 and Cry0O3 [7]. At present, the
preparation of inorganic pigments by adding a small amount of Co and
Cr in spinel structure is more widely studied. Mgj.,Zn,Al; gCrg 204 was
synthesized by a gelpolymerization method. By introducing Zn,
Mgi.xZnyAl; gCrp 204 changes the occupancy rate of Zn%*, Mg2+, and
ARY in the tetrahedron and octahedron, thereby changing the crystal
field environment and achieving tunable color [8]. Fe;.¢CoyCra04 (0 <
¥ < 1) demonstrating red and blue color was synthesized by solution
combustion synthesis method [9]. In addition, Huong doped Co(II) ions
into the ZnAl,O4 spinel structure to obtain Zn;_,Co,Al,O4 blue pigments
(x =0.1, 0.3, 0.5, 0.7, 0.9). With the increase of Co(II) content, the in-
tensity of blue gradually increased [10]. These methods are able to
produce inorganic pigments with lower Co and Cr content. However, sol
gel, water heat treatment and other methods are often used, which are
complicated and requires accurate procedures. Therefore, it is eager to
find new inorganic pigments that can be prepared with low content of Co
and Cr and simple preparation process.

Mg,TiO4 crystallizes in a typical inverse spinel structure (shown in
Fig. 1), in which the oxygen ions are arranged in a cubic close pack. And
half of Mg?"occupies tetrahedra positions, and the other half of the
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Octahedra - 1/2[MgO] : 1/2[TiO]

Fig. 1. Structure of Mg,TiO,4, red is oxygen atoms, orange is [MgO4] tetra-
hedra, purple is [MgO¢] octahedral or [TiOg] octahedral.

Mg%Tand Ti** occupy octahedral positions. Mg?* and Ti*" randomly
distribute at the octahedral positions in a 1:1 ratio. The spinel compound
owns a relatively stable structure and can be used as high temperature
refractory materials and electronic ceramic materials. It provides the
structural basis for the isomorphic substitution of ions in lattices and
therefore has a wide range of chromaticity fields as well as practical
applications. Transition metal ion doping in spinel structure has been
widely studied to prepare inorganic pigments with good color properties
[11]. M. Llusar investigated nickel-doped spinel solid solutions prepared
by solid-phase sintering and sol-gel methods as potential ceramic pig-
ments or dyes [12].

Our research group has proved the contribution of spinel structure
with Cr/Co doping in green/blue colored oxides. A new blue-green
inorganic pigments was prepared by doping Cr/Co into the magneto
plumbite BaMggTigO19 with spinel layers in the structure [13]. Wang
et al. successfully synthesized a dark blue solid solution based on
BaAl;5.,Co,O19 through a conventional solid-phase reaction. Its color
developing mechanism is related to the d-d transition of Co in the spinel
layer [14].

Therefore, in this work, novel blue/green pigments were synthesized
by Co/Cr doped Mg,TiO4 through conventional solid state reaction. The
as-prepared pigments were dispersed in PMMA to prepare color plastics.
The mechanism of the observed intense colors are rationalized by XRD,
XPS, UV-Vis spectra.
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2. Experimental
2.1. Pigments preparation

Mg3 2.xC0,TiO4 and Mgy 5.4CryTiO4 (0 < x < 0.6) compounds were
prepared by conventional solid-state synthesis. The raw materials used
are MgO (99.95 % purity, Aladdin, China), TiOy (99.99 % purity,
Macklin, China), Co304 (99.99 % purity, Aladdin, China), and Cro03
(99.95 % purity, Aladdin, China). The mixed ingredients were first
ground in an agate mortar. The mixed powder was then kept under a
pressure of 10 MPa for 3 min to obtain a block sample. Subsequently, the
samples were put in alumina crucibles and calcined at 1500 °C for 2 h.

2.2. PMMA composite preparation

BPO (benzoyl peroxide, 10.0 mg, AR purity, Aladdin, China) and
MMA (methyl methacrylate, 10.0 mL, 99.0 % purity, Aladdin, China)
were dissolved in glass flasks. Then, the as-synthesized pigments were
added, and the glass flasks were placed in a water bath at 85 °C with
magnetic stirring. When the mixture became glycerol-like, it was
transferred to glass tubes. Then the glass tubes were placed in an oven.
The mixture needed to cure at 50 °C for 24 h and react at 100 °C for 1 h.
Finally, the rigid Poly (methyl methacrylate) (PMMA) stick was ob-
tained by breaking the glass tube.

2.3. Characterization

The pigments were characterized by Rigaku Ultima IV X-ray
diffractometer with Cu Ko radiation (A = 1.5406 1°\) to obtain X-ray
diffractometion (XRD) patterns. The collection range is 10°-90°. The
scanning speed is 20°/min, and step size is 0.02°. The working voltage
and current are 40 kV and 40 mA. The Binding energy of Co and Cr is
obtained through X-ray photoelectron spectroscopy (XPS, ESCALAB
250X1).

L* a* b* color coordinates of samples were measured by a spectro-
photometer (X-Rite Ci7600). In the three-dimensional model of CIE L*
a* b*, the L* value indicates brightness. The a* value from negative to
positive represents a gradual transition from green to red. And the b*
value from negative to positive represents a gradual transition from blue
to red. The UV-Vis-NIR absorbance spectra were obtained from a
UV-Vis-NIR spectrometer (Hitachi UH4150). The wavelength range is
between 200 and 2000 nm and barium sulfate (BaSO4) was used for
baseline correction.

The synthesized pigments were dispersed in prepared acetic acid
(pH = 3) and ammonia (pH = 12) at room temperature and left to stand

(a) 3 (b)
] . il T . ] . | I . N
1 " l A l x=0.1 . 1 . 1 1 l x=0.1 . )
L . | .k x=0.2 . | ; l 1 2 =02 .
o 1 L ] = @ ) | A l | e @
sl L @ [ e
'g 1 Xk lA N | i ‘ E | A l | . - .
= . L J . 1 x=0.6 .. E | ) l l il x=0.6 .
Mg, TiO, PDF#87-1174 Mg, TiO, PDF#87-1174
| L | | [ | | 1 I | [ a
2.0 40 60 8l0 20 40 60 80
2 Theta (degree) 2 Theta (degree)

Fig. 2. XRD patterns of (a) Mgz 5.4Co,TiO4 (0 < x < 0.6), (b) Mgs 2,Cr,TiO4 (0 < x < 0.6).
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Fig. 3. XRD patterns of testing for leaching to acids and alkalis (a) Mg; 7C00 s5TiO4, (b) Mg; 7Cro sTiO4.
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Fig. 4. X-ray photoelectron spectra of (a) Co in Mg; gC0g 4TiO4, (b) Cr in Mg gCrg 4TiO4.

for 6 h. The samples were then washed with deionized water until the
solution pH = 7. Finally, the samples were dried at 60 °C.

3. Results and discussion
3.1. XRD analysis

The samples were first synthesized according to the stoichiometric
ratio of MgyTiO4 at 1500 °C for 2 h. MgTiO3 impurity was observed in
the XRD of the as-synthesized samples. Excess MgO was then added to
the formula to eliminate the impurity. When the formula reached to
Mg2 2TiO4, single spinel structure pattern was achieved. Therefore, Co/
Cr were designed to dope into the Mg site in Mgy 2TiO4. As shown in
Fig. 2, the main peaks of all the samples are aligned with the hexagonal
Mg,TiO4 with the space group of Fd3m (PDF#87-1174). The peaks
correlated to impurities are not observed, proving that the synthesized
samples are all pure phase. For Co/Cr doped Mgs 2TiO4, the maximum
doping range is (0 < x < 0.6). As the doping amount of Co and Cr in-
creases, new impurity peaks will appear, so the maximum doping
amount is limited to 0.6. With the increase of doping amount, the color
is gradually darkened.

To prove the acid-alkali resistance of the as-synthesized pigments,
the pigments were soaked in acetic acid (pH = 3) and ammonia (pH =

12) at room temperature for 6 h and the XRD patterns of samples before
and after acid-alkali test are listed below. As shown in Fig. 3, the peak
intensity and peak position did not change, indicating that the pigment
has promising chemical stability.

3.2. XPS analysis

In order to analyze the valence state of doped ions in spinel structure,
X-ray photoelectron spectroscopy was performed on Mg; §Cog 4TiO4 and
Mg gCr 4TiO4, and the Co and Cr 2p scans are shown in Fig. 4. In
Mg 8C00.4TiO4 in Fig. 4(a), after fitting, the Co 2p survey can be divided
into four peaks. The binding energy peaks from high to low correspond
to Co 2p 3/2 (781.18 eV), Co 2p 3/2 (785.48 eV) satellite, Co 2p 1/2
(796.48 €eV), and Co 2p 1/2 satellite (802.48 eV), respectively. In
CosAlx04 prepared by sol-gel and solid-phase methods, the binding
energies of Co 2p 3/2 are 781.7 eV and 781.4 eV, while the binding
energies of 2p 1/2 are 797.36 eV and 797.18 eV [15,16]. In Mg,Coq.x.
Al;04 cobalt blue composite pigments, the binding energy of Co 2p 3/2
is observed as 781.26 eV [17]. Above reported results are similar to the
observed value, so it is concluded that the valence state of Co ion in the
synthesized products is +2.

In Mg, gCro 4TiO4 (Fig. 4(b)), two peaks corresponding to Cr 2p 3/2
and Cr 2p 1/2 are observed and each group of peaks splits into two
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Fig. 5. The photographs of (a) Mgz 2xC0,TiO4 (0 < x < 0.6), (b) Mgz 5.xCryTiO4 (0 < x < 0.6).
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Table 1
The CIE L* a* b* color coordinates of the powder pigments.
sample L* a* b*
Mg2 2 TiO4 91.92 -0.14 0.09
Mg2Co 2TiO4 50.87 -16.15 0.14
Mg5Co0.4TiO4 60.47 —19.65 —2.05
Mg2C00.6TiO4 57.26 ~14.57 ~6.62
MgoCr 2TiO4 61.69 —5.42 17.03
MgoCr 4TiO4 64.37 —-8.59 19.27
MgyCro 6 TiO4 58.56 —-10.2 17.7

values. Due to the higher sensitivity of electrons in the outer shell, the Cr
2p 3/2 peak is used to analyze the oxidation state of Cr. The binding
energy of Cr 2p 3/2 at 576.51 eV is close to the Cr,03 (576.6 eV) or
CrPO4 (578.3 eV) [18]. Thus, the occurrence of ctin MgoCr 2TiO4
could be confirmed. The binding energy at 579.14 eV is close to that of
CagCo4.,CryOg (579.7 eV) or KaCrO4 (579.1 eV) [18,19], indicating the
presence of Cr®" in the Cr-Mg;TiOy4. Therefore, the presence of both crdt
and Cr®" can be determined in Mg, gCrg 4TiO4. Similar coexistence of
cr®t and Cr®* is also previously reported in Mg(Al, Cr),04 with spinel
structure [20]. The portion of Cr ions in different oxidation state is
related to the peak area in the X-ray photoelectron spectra. Therefore,
it's obvious to find that the amount of Cr®" is greater than Cr5".

3.3. Optical properties

The photographs of the Mgs 2 ,C0,TiO4 and Mgz 5.,CryTiO4 (0 < x <
0.6) are shown in Fig. 5. The undoped Mg, 2TiO4 sample appears pure
white. With elevated amount of Co doping, the color of the Mgs .
«Co,TiO4 pigments (Fig. 5 (a)) gradually changes from light blue (x =
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0.1) to dark blue (x = 0.6). The color of the Mgz 5.xCry,TiO4 column
(Fig. 5 (b)) was adjusted from light green (x = 0.1) to green (x = 0.6)
with increasing chromium content.

Table .1 provides a graphical representation of Co/Cr substitution for
Mg 5TiO4 oxides in the L* a* b* value. The hues of a* and b* gradually
deepen as they get farther away from the midpoint. With the increase of
Cr concentration, the a* value of Mgs 5.,Cr,TiO4 decreases, leading to a
deep green color of the sample. The b* value of Mgs 2,CoxTiOy4 is
descending when the Co concentration is enhanced. These results are in
accordance with the apparent color.

The UV-Vis-NIR spectra are analyzed to demonstrate the ligand field
of Co and Cr ions. Existed in 3d’ configuration, Co®>" undergoes three
spin-allowed transitions in both tetrahedral or octahedral ligand field.
As Mgj 2.xCoxTiO4 can provide tetrahedral and octahedral ligand fields
for Co?*, the determination of its ligand field is based on the charac-
teristic transition. When Co®* occupies the octahedral position, the T
(€] —>4T2 ), 4T1 F) - 4A2 (F) and 4T1 (F)—>4T1 (P) transitions occur
[21]. Additionally, the 4T1 F - 4A2 (P) transition can generate a
characteristic peak that appears near 750 nm. This above listed peaks
are observed in Co®" in octahedral coordination in CoTiO3 [22]. How-
ever, the absorption at 750 nm is not observed in the as-synthesized
sample. Therefore, possibility of Co®>" in the octahedral site could be
ruled out.

The Tanabe-Sugano (T-S) diagram of Co®" (d” electron configura-
tion) in tetrahedral coordination is shown in Fig. 6 (a). Under the action
of tetrahedral coordination field, the d orbital splits into tyg and ey en-
ergy levels. During the d-d transition of Co?* ion, the d orbital electrons
transition from eg to tag. The three spins that allow the Co®" d-d transi-
tion are indexed to the d’ electron configuration in the tetrahedral co-
ordination (Fig. 6 (b)). The three spin allowed transitions are 4A2 (F) -
4T2 B, 4A2 F) - 4T1 (F), and 4A2 F) - 4T1 (P). Generally, similar
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Fig. 6. (a) Tanabe-Sugano (T-S) diagram for Co" (d” electronic configuration) in tetrahedral coordination, (b) UV-Vis-NIR absorbance spectra of Mg, 5.xC0,TiO4 (0

< x < 0.6), (¢) d-d transition of Co?* ion in tetrahedral structure.
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Fig. 7. (a) Tanabe-Sugano (T-S) diagram for Cr* (d® electronic configuration) in octahedral coordination, (b) UV-Vis-NIR absorbance spectra of Mgs »,Cr,TiO4 (0

< x < 0.6), (¢) d-d transition of Cr®* ion in octahedral structure.

characteristic peaks are produced from ions in similar crystal field en-
vironments. However, because their crystal field environments are
different, the position and intensity of their characteristic peaks will
shift accordingly. The 4A2 (F) - 4T1 (F) can produce a broad band at
1300-1700 nm region [23-25]. So the broad band at 1400-1800 nm in
Fig. 6(b) is attributed to d-d transition 4A2 (F) —» 4T1 (F). The transition of
4A2 (F) (ground state) — 4T1 (P) has been found to split into a triplet
signal in the visible wavelength region due to the Jahn-Teller distortion
of the tetrahedral structure or the interaction between the L and S
quantum numbers [26-28]. The 4A2 (F) (ground state) — 4T1 (P) tran-
sition split into a triplet signal at 505 nm, 627 nm and 672 nm in
Mg2.2.xCoxTiO4. The 4A2 (F) —» 4T2 (F) tends to appear at 2500 nm [29].
So the transition isn’t found in Fig. 6(b). The three bands in visible
wavelength region and the broad band in infrared wavelength region are
all attributed to the Co®" in the tetrahedral position, so it is confirmed
that Co®™ is in the tetrahedral ligand field.In Mg5 2 ,Cr,TiO4, Cr majorly
exists in Cr>" while a small amount of Cr resides in the form of Cr®*.
However, the Cr®" doesn’t exhibit d-d transition because of
3d0-conﬁguration. The UV-Vis-NIR spectrum of the sample (Fig. 7 (b))
is similar to the absorption spectrum of Cr3" in octahedral coordination
[30]. The Tanabe-Sugano (T-S) diagram of cr®t (3d° electron configu-
ration) in octahedral coordination is shown in Fig. 7 (a). Under the ac-
tion of octahedral coordination field, the d orbital splits into a higher eg
and lower tog level. The electron of cr*tionin tog will absorb energy and
jump up to eg in a d-d transition. In the UV-Vis-NIR spectrum of the
sample (Fig. 7 (b)), some absorption peaks can be observed. The 4A2 (F)
— 4T1 (F) transition is allowed to occur between 391 nm and 461 nm
[30]. There is a broad absorption peak at 410 nm-500 nm. In addition to
“Ay (F) - *T; (F) transition, the Cr®*-Ti** charge-transfer transition is
also allowed to occur at 450 nm [31]. So, the broad absorption peak is
caused by these two transitions. The 4A2 (F) - 4T2 ), 4A2 (F) — 2T1 (&)
and 4A2 (F) » %E (G) transitions also occur in the visible range. The
former one normally ranges between 503 nm and 614 nm, and the latter
two between 657 nm and 730 nm [30]. The 4A2 (F) - 2T1 (G) and 4A2 (F)
- 2E (G) bands are often overlapped. So the bands at 610 nm and 752
nm are assigned to the 4A2 (F) —» 4T2 (B, 4A2 (F) > 2T1 (@) and 4A2 (F) -
2E (G) transitions. The absorption peak at 345 nm is due to A0 (F) = *T,
(P) transitions [32]. So, the Cr>™ is in the tetrahedral ligand field.

3.4. Colored PMMA composite
The 2 wt% of Mgs 2,M,TiO4 (M = Co or Cr, x = 0, 0.2, 0.4 and 0.6)

pigments were dispersed in PMMA to produce color composite plastics.
The color of the plastics and the colorimetric coordinates are shown in
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Fig. 8. PMMA composite color coordinates with objective colors in a* b* space.

Fig. 8. The colors of the plastics vary with the Co/Cr doping amount.
With the increase of Cr doping amount, the samples show decrease in a*
value and increase in green color intensity. With increase in Co doping,
it shows decrease in b* value and corresponding increase in blue color
intensity. For comparison in Fig. 8, the measured L* a* b* values of
PMMA are quite close to the pigment powder. The shift of L* a* b* values
is rooted in the encapsulation of the pigment particles in the PMMA
matrix, which affects the absorption and reflection of light [33]. In
addition, The apparent color of the PMMA is uniform (Fig. 9), so the
pigments have good coloring properties for PMMA.

4. Summary and conclusions

In this work, single phase Mg5 »,C0,TiO4 and Mgz 2 ,CrTiO4 blue/
green colored oxides with spinel structure were successfully prepared by
solid-state reaction. Excess MgO is added to ensure the single phase of all
the samples. The XPS results shows that Co states at the oxidation state
of +2, while Cr resides in both +3 and + 6 states. From the UV-Vis-NIR
spectrum, the absorption peak at 505-700 nm from Ay (F) = “Ty (P)
transition of Co* is the origin of the blue color. The absorption peak due
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Cro0.2 Cro4 Cr 0.6

Fig. 9. Colors of pure PMMA and PMMA composite with 2 wt% Co/Cr doped Mg, >TiO4 pigments.

to the *A, (F) — *T, (F) transition of Cr®* at 600 nm in the visible light
range is the root of its green color. Subsequently, only 2 wt% pigments
can make PMMA exhibit good color performance, indicating that the
pigments has good coloring ability and good adaptability to plastics.
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