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In this paper, MnTiO5; powder has synthesized by solid-state method, and its color properties were also investi-
gated. Research indicates that the L*-value of the prepared MnTiO3 powder was only 25.85, showing a pure and
deep black hue, which indicates that MnTiO3 can be used as a black ceramic pigment and coating. The color
mechanism of MnTiO; pigment is attributed to the °A;,—%A;, and ®A;,—“T,, crystal field transition of octahedral
Mn?2* site. Besides, the MnTiOs pigment exhibited outstanding tinting performance in ceramic glaze. The L*-v

alue of the glaze sample with 8 wt% MnTiO; pigment added was only 11.44, which is the minimum value re-
ported in the literature. Moreover, the MnTiO3; pigmented coating shows an excellent solar energy utilization
performance. This work demonstrates the promising application of MnTiO; pigment in ceramic decoration and

solar absorber.

1. Introduction

In the ceramic decoration system (cyan-magenta-yellow-black sys-
tem), black ceramic pigment is a crucial element, which has the dual
roles: to act as a basic color and adjust the lightness of the pattern [1].
There are currently two main black ceramic pigments, i.e., zircon en-
capsulated carbon pigment (C@ZrSiO,) and Co/Cr/Ni-containing
metallic oxide-based pigments (e.g., CoFe,O4 and Cr-Fe,03) [2-6]. Un-
fortunately, these two pigments have their drawbacks. Specially, lower
encapsulation efficiency and a non-ideal lightness value (L*>30) limit
its widespread application of C@ZrSiO,4 black pigment [7-9]. Similarly,
Co/Cr/Ni-containing metallic oxide-based black pigments have been
criticized for expensive and a potential environmental threat [2,10,11].
More seriously, the color properties of the metallic oxide-based black
pigments are sensitive to the chemical composition of the base glaze, so
they are hard to provide a pure black hue to ceramic glaze [1,8]. In
brief, it is significantly meaningful to develop a high color performance,
cheap and environmentally friendly black ceramic pigment.

MnTiO; is one of the perovskite type materials, which has at-
tracted attention for its excellent photocatalytic, magnetism, multifer-
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roic, electrochemical properties, and so on [12-16]. Whereas, the
color properties of MnTiO3; seem to be overlooked. It has been re-
ported that MnTiO3; has strong light absorption in the visible region,
indicating that it has the potential as a black pigment [17,18]. To
data, no research to our knowledge has examined the color properties
of MnTiOs.

In this contribution, MnTiO3; black pigment was synthesized via
solid-state route. X-ray diffraction (XRD), thermogravimetric analysis/
differential thermal analysis (TG/DTA), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Selected area electron
diffraction (SEAD), X-ray photoelectron spectroscopy (XPS), ultravio-
let-visible spectroscopy (UV-vis) and other testing techniques were
used to characterize the MnTiO; pigment and the corresponding glaze
samples. The aim of the present work is to investigate the color proper-
ties and tinting performance of MnTiO3; pigment. Moreover, the tinting
mechanism of MnTiO; pigment in glaze was also discussed.
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2. Experiment procedure
2.1. Materials

Manganese monoxide (MnO, 99%), Titanium oxide (TiO,, anatase,
99%) and Ethanol (CH3;CH,OH, 99%) were purchased from Shanghai
Titan Scientific Co., Ltd. Acrylic paint was obtained from Guangzhou
Huakui Chemical Co., Ltd. All raw materials used without further pu-
rification.

2.2. Synthesis of MnTiO3 black pigment

In a typical experiment for the preparation of MnTiO; pigment,
7.094 g of MnO, 7.980 g TiO, and 20.000 g of ethanol were mixed by
mechanical grinding process in an agate mortar. The ethanol will
volatilize during the mechanical grinding process. The precursor was
obtained after the volatilization of ethanol. Finally, the precursor was
calcinated at 1100 °C for 1 h to achieve the MnTiO; black pigment. In
order to study the thermal evolution behavior of precursor, the precur-
sor was also calcinated at 700 °C, 800 °C, 900 °C, 1000 °C, 1200 °C, re-
spectively.

2.3. Application of MnTiO3 pigment in ceramic glaze

To investigate the tinting performance of MnTiO; black pigment in a
ceramic glaze, different amount (4 wt%, 6 wt%, 8 wt%, 10 wt%,
12 wt%) of MnTiO; pigment were added to base transparent glaze, re-
spectively, and calcinated at 1200 °C for 20 min. Finally, the color glaze
samples would be collected, and their performance would be tested.
Table 1 lists the chemical compositions of the base transparent glaze.

2.4. Application of MnTiO3 pigment in coating

To investigate the application of MnTiO3 pigment in coatings, a
MnTiO; pigmented coating was prepared. The fabrication process of the
coating was as follows: firstly, MnTiO5 paint was obtained by mechani-
cal mixing 5 g of MnTiO; pigment and 5 g of acrylic paint in an agate
mortar. And then, MnTiO; paint was evenly spread on a glass slide and
left to dry at 80 °C for 12 h in an oven. Finally, the MnTiO5; pigmented
coating was obtained. For comparison, a control group and two coat-
ings using commercial pigments were also prepared.

The solar energy utilization performance of MnTiO; pigmented
coating was evaluated as follows: first, place the MnTiO5; pigmented
coating on an upside-down empty glass beaker to prevent heat conduc-
tion. An infrared lamp (Philips 250 W, 220 V) was used to simulate so-
lar radiation. The distance between the coatings and the infrared lamp
was maintained at 0.3 m. The temperature in laboratory maintaining at
30 °C (controlled by an air conditioner), and no wind. Finally, the tem-
perature changes of the coatings within a 60 min periods were recorded
with an infrared thermometer (AS842B, SMART SENSOR).

2.5. Characterization

A series of test techniques were used to characterize the MnTiO3
black pigments and the color glaze samples. Phase compositions of the
pigments and the glaze samples were analyzed by X-ray diffraction
analysis (XRD, Bruker D8 Advance X-ray diffraction) with a Cu Ko radi-
ation source (A = 0.15418 nm). The XRD data were collected using a
step-scan mode with a step size of 0.02°, a goniometer speed of 6°/min

Table 1
Chemical composition of the base transparent glaze.

Oxide Si0, Al,0; CaO MgO K,0 Na,O ZrO, BaO else LOI

Content/% 59.75 12.07 9.86 1.95 238 233 1.36 4.67 0.93 4.70
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and a scanning range (26) of 5-80°. Microstructures of the pigments and
the glaze samples were investigated using a scanning electronic micro-
scope (SEM, SU8010, Hitachi). The color glaze samples were etched by
HF solution (5 wt%) before SEM test. Microstructures, high resolution
transmission electron microscope images (HRTEM) and selected area
electron diffraction (SEAD) were carried out using a transmission elec-
tron microscope (TEM, JEOL JEM-1010/2010, Japan). Thermal evolu-
tion process of the precursor was studied by simultaneous thermogravi-
metric and differential scanning calorimeter (DSC/TG, NETZSCH STA
449C). Analysis was conducted from room temperature to 1200 °C at a
rate of 10 °C/min in air using a-Al,Oj as a reference. CIE lab parameters
L*, a*, and b* were measured using a spectrophotometer (Hunter Lab
Miniscan MSXP 4000, 400-700 nm, white glazed tile reference
x = 31.5, y = 33.3). Here, L* is the lightness axis (black (0) ~ white
(100)), b* is the blue (=) ~ yellow (+) axis, and a* is the green
(=) ~ red (+) axis. AE is the hue variation and means the color differ-
ence between two products. Hue variation can be calculated by the fol-
lowing equation: AE = [(AL*)?2+ (Aa*)?+ (Ab*)?]'/2. The chemical sta-
bility of the pigment is characterized by acid and alkali resistance. The
pigment was tested by soaking exactly weighed quantity of the pig-
ments in 10 wt% HCI, 10 wt% HNO3, 10 wt% H,SO,4, 10 wt% NaOH so-
lutions and water under magnetic stirring for 0.5 h at room tempera-
ture. The pigments were filtered, washed, dried and weighed. The
weight and the color of the pigments before and after the check with
acids and alkali were measured. UV-visible spectroscopy of the pig-
ments and glaze samples were recorded using diffuse reflectance with
an integrating sphere (Perkin-Elmer, USA) in the 200-900 nm range,
with a step of 0.3 nm, and with BaSO, as a reference. Chemical compo-
sition of the transparent glaze was determined using an X-ray fluores-
cence spectrometer (Shimadzu, XRF-1800, Japan) that was equipped
with a Rh target. The measurement for XRF is based on the melting
method. The glaze was dried in an oven at 105 °C for 24 h to eliminate
the moisture content prior to XRF analysis. The glaze mixed with the
binder (starch) homogeneously after drying, and then the test block was
formed by pressing the mixed powder in a stainless-steel mold under 20
Mpa of pressure. Finally, Loss of Ignition (LOI) was determined by
heated at 1025 °C for 20min, and the chemical composition was deter-
mined by heated at 1150 °C for 20 min. Valence state of manganese
(Mn), titanium (Ti) and oxygen (O) ions in the pigment was determined
by X-ray photoelectron spectroscopy (Escalab 250Xi; Thermo Fisher
Scientific, Waltham, MA, USA). The binding energy values were cali-
brated based on the Cls peak that was measured at 284.8 eV.

3. Results and discussion

Fig. 1 illustrates the DTA-TG curves of the precursor, which is a
mixture of MnO and TiO,. There are two stages of weight change in
the precursor, and the total weight loss is only 0.39% after heating to
1200 °C. On the basis of the TG curve, the first weight change stage
(room temperature~700 °C) is a weight gain process, which could be
attributed to the oxidization of MnO to a high-valence manganese ox-
ide species. After calculation and analysis, it may be Mn,05; [19]. Of
course, this needs to be further confirmed by XRD analysis. Addition-
ally, the corresponding oxidation temperature is 565.0 °C in the DTA
curve. The second stage is a weight loss process, which is from 700 to
1100 °C. In this stage, a sharp endothermic peak was observed at
990.1 °C in the DTA curve, which was ascribed to the formation of
MnTiO;. Meanwhile, the weight loss behavior is attributed to the re-
duction of trivalent Mn cation (Mn3*) to divalent Mn cation (Mn2t).

Fig. 2 exhibits XRD patterns of MnTiO3 pigment calcinated at differ-
ent temperatures. It can be seen that MnO is transformed into Mn,0O3
(PDF-#41-1442) after calcination at 700 °C, which is consistent with
the DTA-TG analysis in Fig. 1. As the temperature increases from 700 to
900 °C, the peaks of Mn,05 gradually weaken. Nevertheless, no diffrac-
tion peaks of MnO or MnTiO3; were detected, suggesting that the Mn,03
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Fig. 2. XRD patterns of the MnTiO; pigments calcinated at different tempera-
tures.

was not reduced to MnO before the reaction with TiO, to form MnTiOs.
Meanwhile, TiO, is transformed from anatase phase (PDF-#21-1272)
to rutile phase (PDF-#21-1276) after calcination at 900 °C. When the
calcination temperature reached 1000 °C, MnTiO; phase
(PDF-#29-0902) is observed, and Mn,05 phase is disappeared.

It should be noted that the synthesized MnTiO3 pigment contains an
impurity of TiO, (rutile), despite the initial reagents follow a strictly
stoichiometric ratio. Furthermore, although the diffraction peaks of
TiO, (rutile) disappeared in the samples with an initial Mn/Ti ratio
greater than 1, Mn species other than MnTiO; were still not detected (as
seen in Fig. S1). Considering that the melting points of MnO, and
Mn,0; are only 535 °C and 1080 °C, respectively, it speculates that the
absence of Mn species should be attributed to the loss of manganese ox-
ides through melting into a liquid phase. This is supported by the fact
that the inner wall of the corundum crucible used for the synthesis of
the MnTiO3 pigments was dyed black/brown. Fortunately, loss of Mn
species had little impact on the color properties of the MnTiO; pig-
ments, as shown in Fig. S2.
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So far, the formation process of MnTiO3 can be deduced as follows:

4MnO + 0,—2Mn,0;5 [at about 600 °C]
TiO, (anatase)—TiO, (rutile) [at about 900 °C]
2Mn,03 +4TiO, (rutile)»4MnTiO3 + O, [at about 1000 °C]

To investigate the microstructure of the prepared MnTiO5; pigment,
the SEM and TEM analyses were carried out, as shown in Fig. 3. The
SEM image from Fig. 3(a) demonstrates that the MnTiO3 pigment shows
an irregular morphology, which conforms to the morphological charac-
teristics of the powder prepared by solid-state method [20]. In addition,
particle size of MnTiO5 pigment is in the range of 2-5 pm, suggesting
that the pigment can be used directly into glaze without milling further
[1]. Interestingly, many hexagonal layered structures were observed in
the particle surface of MnTiO5; pigment. Furthermore, the area of these
hexagonal layered structure decreases gradually in the c-axis direction,
indicating that the MnTiO3 pigment particle is grown layer-by-layer
from inside to outside. The HRTEM image in Figs. 3(b-2) exhibits the in-
terplanar spacing of the prepared MnTiO; pigment is approximately
0.279 nm, close to the (104) lattice spacing of MnTiO5;. SEAD reflec-
tions found in this region can be assigned to the (124), (220) and (104)
crystal planes of the hexagonal structure of space group R-3(148). Both
of HRTEM and SEAD analysis demonstrate that the prepared MnTiO3
pigment has high crystallinity.

Fig. 4 illustrates the chromatic parameters and photographs of
MnTiO; pigments calcinated at different temperatures. As the calcina-
tion temperature increased from 800 to 1200 °C, the L*-value of
MnTiO; pigment continuously decreased and then reached a minimum
value at 1100 °C, which is only 25.85. Meanwhile, the a*- and b*-value
are close to 0. Additionally, the photograph demonstrates that the
MnTiO; pigment calcinated at 1100 °C shows the pure and deepest
black hue. In order to highlight the advantages of the MnTiO3; pigment
reported in this work, the L*-values, synthesis methods and process pa-
rameters of different black pigments reported in recent literature were
summarized in Table 2 [1-3,7-9,21-29]. Obviously, the L*-values of
C@ZrSiO,4 black pigments are generally greater than 30, suggesting
that the pigments show a dark grey, not black [7-9,21,22]. Meanwhile,
C@ZrSiO4 black pigments are usually prepared by liquid-phase
method, such as non-hydrolytic sol-gel method, sol-gel-spraying, and
so on. The complex preparation process and expensive raw materials,
e.g., ZrCly, TEOS, C¢H;,Ny, will lead to high cost of C@ZrSiO, pigment.
Besides, an inert gas, e.g., N, or Ar, is essential for preparing C@ZrSiO,
pigment, which can prevent the oxidation of the carbon source used as
colorant [1,7-9,21-23]. It has put forwards higher requirements on the
production equipment and cost control of C@ZrSiO4 pigment. On the
other hand, a complex chemical composition, expensive raw materials,
higher synthesis temperature and longer holding time are the defects of
metallic oxide-based black pigments [2,3,24-29]. To sum up, com-
pared with C@ZrSiO, pigment and metallic oxide-based black pig-
ments, the MnTiO; black pigment prepared by solid-state method has
many advantages, for instance superior color performance
(L* = 25.85, a* = 3.86, b* = 0.91), simple chemical composition,
facile preparation route and low production cost, etc.

To further investigate the color behavior of MnTiO; pigment,
UV-vis absorption analysis was performed, whose results are shown in
Fig. 5. It can be seen that the MnTiO3 pigment calcined at 1100 °C has
the strongest absorption intensity in the full visible light region
(380-780 nm), indicating that the pigment shows the deepest black
hue, which is consistent with the results of chromatic parameters [30].
Thereinto, the strongest absorption band at A = 516 nm, correspond-
ing to green-light region, with an absorption intensity of 86.74%. The
UV-Vis spectra of the MnTiO; pigment shows a wide absorption band
in the full visible light region, which was assigned to the ®A;;—%A,; and
6A1g—>4ng crystal field transition of octahedral Mn2+ site [17,18]. Be-
sides, the light absorption intensity in the red-light region is weaker
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Fig. 3. SEM images (a-1 and a-2), TEM image (b-1), HRTEM (b-2) and SEAD pattern (b-3) of MnTiO; pigment. (Note: calcination temperature is 1100 °C).
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Fig. 4. Chromatic parameters and photographs of MnTiO5; pigments calcinated
at different temperatures.

compared to the other light region, which leads to an a*-value greater
than 0 (a* = 3.86).

In our previous research, the composition and chemical states on the
particle surface have already been shown to have a significant impact
on color properties of ceramic pigment [31,32]. In order to determine
the surface information of MnTiO; pigment, XPS analysis was per-
formed. Fig. 6(a) displays the survey spectrum of MnTiO5; pigment sur-
face, which suggests only the existence of Mn, Ti and O elements in the
prepared pigment surface, and no peaks related to other elements is de-
tected. The charge effect was corrected by aligning the C element at
284.8 eV [31]. The peaks are located at approximately 642, 457 and
529 eV were detected, which were ascribed to Mn 2p, Ti 2p and O 1s,

respectively. Fig. 6(b) illustrates the high-resolution XPS spectrum of
Mn 2p, which consisted of four peaks at binding energy of 640.03,
641.55, 651.77 and 653.31 eV [15]. According to the previous reports,
two signals at 640.03 and 651.77 eV were assigned to divalent Mn
cation (Mn?*), while two signals at 641.55 and 653.31 eV were as-
signed to trivalent Mn cation (Mn3+). Besides, the peak at 645.62 eV
was ascribed to a satellite peak. Consequently, it can be concluded that
Mn cations in the MnTiO; pigment surface has two valence states, i.e.,
divalent (+2) and trivalent (+ 3), rather than only + 2. Moreover, the
occupation ratio of Mn2*/Mn3+* is 1.50. Fig. 6(c) presents the high-
resolution XPS spectrum of Ti 2p, which consisted of two peaks at bind-
ing energy of 457.76 and 463.39 eV. The two signals correspond to the
Ti** 2p;,, and Ti*+ 2p, , feature peaks, related to the octahedrally co-
ordinated Ti** in MnTiOs lattice, indicating that tetravalent (+ 4) is the
only valence state of Ti element in MnTiOs3. Fig. 6(d) shows the O 1s re-
gion fitted with three peaks located at 529.31 and 530.63 eV, which
were assigned to the Ti-O and Mn-O bonds in the MnTiO; crystal struc-
ture, suggesting that Mn and Ti atoms are connected by bridging oxy-
gen. In addition, the peak located at 532.04 eV was ascribed to ad-
sorbed-O, on the pigment surface. More importantly, the atomic ratio
of Mn/Ti is 0.87, not the stoichiometric ratio (i.e., 1). This could be ex-
plained by the presence of dislocations or defects such as oxygen and
manganese vacancies in MnTiO; lattice. A similar phenomenon was
also observed in the SrTiO; lattice [15,33].

Based on the above results, it can be seen that the content of Mn2+
on the pigment surface is a key factor affecting the color property of the
MnTiO; pigment. In view of this, the Mn2*/Mn3+ ratios of the MnTiO3
pigment surfaces calcinated at 1000 °C and 1200 °C were also calcu-
lated by XPS analysis, respectively. Fig. 7 compares the effect of synthe-
sis temperature on the Mn2*/Mn3* ratio in the MnTiO3 pigment sur-
faces. As expected, the sample with the best color performance
(1100 °C) had the highest Mn2*/Mn3* ratio on particle surfaces, i.e.,
the highest Mn?* content.

Chemical stability is very important for the application of pigment.
To survey the chemical stability of the MnTiO; pigment, the acid, alkali
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Table 2
Comparison of the L*-values, synthesis methods, synthesis temperatures and holding times of different black pigments.
Pigment L*-value Synthesis method Temperature (°C) Holding time (h) Ref.
C@ZrSiO, 39.09 non-hydrolytic sol-gel 950 2 [71
33.08 molten-salt assisted 1000 2 [21]
34.93 non-hydrolytic sol-gel 950 2 [9]
33.02 non-hydrolytic sol-gel 950 2 [9]
42.01 non-hydrolytic sol-gel 900 2 [8]
41.04 non-hydrolytic sol-gel 900 2 [22]
22.21 liquid-phase 1050 2 [23]
19 sol-gel-spraying 1150 3 [1]
Laj gCag 4Co03 36.19 polymeric precursor 800 3 [24]
(Fe,Cry.4)203 23.13 solid state 1200 2 [25]
Fe,,Cr; 303/FePO, 23.84 solid state 1000 2 [26]
CoFe; ,Cr( 304 9 solid state 1200 1 [27]
Ni g25Mng g75Fe; 375Crg sMng 15504 10 solid state 1200 1 [27]
CuFe,04 37.55 polymeric precursor 700 4 [28]
Coy/3Mny,3Fe; 3Cry 04 39.6 solid state 1300 12 [2]
CoFe,04 29.76 conventional 1200 3 [29]
CoFe,04 22.72 co-precipitation 800 6 [29]
Fe-Cr-Mn spinel 39.7 - - - [3]
Commercial black pigment-1 48.77 - - - -
Commercial black pigment-2 39.43 - - - -
MnTiO5 25.85 solid state 1100 1 This work
blue color of glaze samples were observed. Obviously, the glaze sample
Viqlet l Cyan green orange red without MnTiOj3; (control group) is white, while the MnTiO3-containing
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Fig. 5. UV-vis absorption spectra of MnTiO3 pigments calcinated at different
temperatures.

and water resistance were tested. As shown in Table 3, the weight loss
of all samples was less than 2.0%. Considering the operating error, such
weight loss could be neglected, which indicates that the MnTiO5; pig-
ment is stable and resistant to the different mineral acids and alkalis.
The color difference (AE) is a common way for measuring the color dif-
ference between two pigments. The difference between two colors can
be differentiated by the human eye when the value of the color differ-
ence is larger than 1 [34]. Table 3 demonstrates the color difference of
MnTiO; pigment after treated by water, alkali and acid. Smaller AE val-
ues (all less than 1) also manifest that the synthesized MnTiO3 pigment
has outstanding chemical stability [35].

Ceramic glaze is the primary application scenario of ceramic pig-
ment, so it is necessary to explore the tinting performance of the
MnTiO; pigment in ceramic glaze [8,32]. Fig. 8 exhibits the pho-
tographs of color glaze samples with different MnTiO3 pigment addi-
tions. As the addition of MnTiO5; pigment increased, the differences in

samples have a comparatively strong coloration, which can be seen in
the lower L*-values. As the pigment addition increased from 0 to
12 wt%, the L*-values of color glaze samples were continuously de-
creased and then reached a minimum value at the addition of 8 wt%,
which is 11.44. Intuitively, samples with the pigment addition less than
6 wt% are brownness, those whose pigment addition of 8-10 wt% show
black, and the ones added 12 wt% pigment is pale brown. The glaze
samples with pigment addition less than 8 wt% had superior surface
gloss and no defect was observed, suggesting that the MnTiO5; pigment
has outstanding high temperature stability, chemical stability and
chemical compatibility with base transparent glaze [31,36]. It should
be noted that the color performance of the color glaze samples starts to
deteriorate when the pigment addition exceeds 8 wt%, for example the
black hue is diminished and the glazes lose their vitreous luster.

In order to further elaborate the advantages of the MnTiO5 pigment,
Table 4 compares the L*-values and additive amounts of black glazes
colored with different black pigments. It is obvious that 11.44 is the
minimum L*-value reported in the current literature [1-3,23,25].
Moreover, the additive amount of MnTiO5; pigment is significantly less
than that of C@ZrSiO, pigment [1,23]. By contrast, the additive
amount of MnTiO; pigment is only slightly higher than that of the
metallic oxide-based black pigments [2,3,25]. Considering the lower
price of the MnTiO; pigment, the extra additive amounts are negligible.

UV-vis absorption spectrum allows a more accurate characterize the
color behavior of the color glaze samples, as shown in Fig. 9. It is clear
that the absorption intensity of the control group sample in the full visi-
ble light region is almost 0, so the sample is white. Conversely, the glaze
sample with pigment addition of 8 wt% has the strongest light absorp-
tion intensity in the full visible light region, thereby this sample has the
deepest hue. When the addition exceeds 8 wt%, the light absorption in-
tensity of the glaze samples is weakened. Similarly, glaze samples show
a weak absorbance in the yellow-red wavelengths at 580-780 nm when
the pigment addition is less than 8 wt%. In brief, the addition amount
of MnTiO3 pigment has a great influence on the color properties of color
glaze, and the glaze shows a dark black when the pigment addition is
8 wt%. This color evolution behavior is related to the tinting mecha-
nism of MnTiO; pigment.



Q. Wang et al.

Materials Chemistry and Physics xxx (xxxx) 127310

a) Survey o1s b) Mn 2p Mn" 2p,
- e
E ] 8
g =
- i
_g‘ P . ‘E Satellite
= = —
=
Ti3p —— —— mmmp Mn’ 7MnT=1.50]
1200 4000 80D 600 400 200 6560 655 650 5 640
Binding Energy (eV) Binding Energy (eV)
c)Ti2p Tig 2p,, d)O 1s Ti-0
] 53.54
. 4E.42
F‘\ —
= s
L G
T o
1':; P |
a; ‘E i
g : -
=1 Satellite =
— —
Adsorbed O Mn-0
478 470 465 460 455 536 534 532 530 525
Binding Energy (eV) Binding Energy (eV)

Fig. 6. Survey spectrum (a) and high-resolution XPS spectra of (b) Mn 2p, (c) Ti 2p and (d) O 1s core levels for MnTiO5 pigment calcinated at 1100 °C.

1.50
1.5 T
—
2 1.44
|, ]
o
£ 14 | 1.39
&
=
£
h!: 13_
p=
1.2 T T T T T
1000 1100 1200

Temperature (°C)

Fig. 7. Mn2*/Mn?3* ratios on the surface of the MnTiO5 pigments calcinated at
different temperatures.

Table 3
Chromatic values of MnTiO3 pigment after water, acid and alkali tests.
Acid/Alkali MnTiO;
L* a* b* AE weight loss (%)
In air 25.33 3.63 0.88 - -
H,0 25.12 4.02 0.97 0.45 1.2
HNO; 25.41 3.48 0.37 0.54 1.2
HCl 25.79 3.52 0.32 0.73 1.8
H,SO4 2491 3.70 0.81 0.43 1.0
NaOH 25.04 3.50 0.27 0.69 0.2

Fig. 10 presents the XRD patterns of color glaze samples with differ-
ent MnTiO; pigment additions. It is observed that all samples are
amorphous, which the characteristic diffuse peak centered at 20 ~ 29°.
Meanwhile, diffraction peaks corresponding to other crystalline phases
were also observed. For instance, a weak peak corresponding to the
quartz (PDF-#46-1045) was detected in the control group. In contrast,
the ZrSiO, phase (PDF-#06-0266) was detected in the MnTiO5-
containing samples. Combined with the chemical composite of the base
transparent glaze (Table 1), it can be inferred that the zirconium and
silicon species of ZrSiO, are sourced from base transparent glaze, and
the addition of MnTiO; pigment promotes ZrSiO, phase formation. It is
important that no diffraction peak of MnTiO; is detected in the
MnTiOs-containing samples, suggesting that MnTiO5; pigment has been
melted into the base transparent glaze. It was therefore concluded that
the tinting mechanism of MnTiO; pigment is “ion tinting”, which
means the color source of MnTiO3-containing glaze derived from Mn
cations melted in the glass phase, instead of MnTiO; crystals [37]. Con-
sequently, the color of MnTiO3-containing glaze is determined by the
Mn cation concentration in the glass phase. Similarly, 8 wt% MnTiO3-
containing glaze showing deep black hue is attributed to the high
Mn2+ content in the glass phase.

Based on the tinting mechanism of MnTiO3 pigment, it is conceiv-
able that the color of glaze should be darker and darker with the
amount of pigment added to base glaze increases, whereas this is not
the case. In order to clarify the reasons, the microstructures of glaze
samples with different MnTiO5; pigment added was investigated. Fig. 11
presents the SEM images of the color glaze samples with 0 wt%, 4 wt%,
8 wt% and 12 wt% MnTiO; pigment, respectively. Obviously, the
MnTiO; addition has a great effect on the microstructure of glaze. The
size of the constituent particles gradually increases with the increase of
the MnTiO; addition. It has been reported in the literature that tita-
nium-containing oxide would be highly soluble in glaze melts at high
temperature and may participate in forming the glaze network in the
form of [TiO,] tetrahedral coordination. However, partial Ti** will get
off from the network and transform into a stable structure of [TiOg] oc-
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Fig. 8. Digital images of color glaze samples with different MnTiO; pigment additions. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 4
Comparison of the L*-values and additive amounts for the black glaze using
different black pigments.

Pigment additive amount (wt.%) L*value  Ref.
C@ZrSiO, 10 29.58 [23]
C@ZrSiO, 30 33.47 [1]
Coy/3Mny, sFe,,5Cry g0y - 28.3 [2]
Fe—Cr-Mn spinel 5 27.7 [3]
Cr-Ni—Cu metallic oxide 5 17.6 [3]
(Fe,Cry.)205 5 14.19 [25]
MnTiO3 8 11.44 This work
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Fig. 9. UV-vis absorption spectra of color glaze samples with different MnTiO5
pigment additions. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 10. XRD patterns of color glaze samples with different MnTiO5 pigment ad-
ditions. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

tahedral coordination at low temperature. The freed Ti*+ will bond
with other network modifier (Ca2*, Mg2+*, Zn2* etc.) to induce phase
separation phenomenon. Therefore, the introducing of TiO, can pro-
mote the phase-separation and then the size of separated nanoparticle
increases [38,39].

As can be seen in Fig. 11(a and b), the based glaze (i.e., control
group sample) and 4 wt% MnTiO3-containing glaze are composed of a
large number of nanoparticles with a size of about 10-30 nm. The size
of these nanoparticles is much smaller than the visible light wave-
length, so they do not interfere with the propagation of light [40,41].
As a result, the control group sample and the 4 wt% MnTiO3-containing
glaze are transparent. In contrast, the glaze appearance changes from a
transparency to a weak opacification, when adding 8 wt% MnTiO,, as
shown in Fig. 11(c). Meanwhile, a worm-like phase-separated structure
with a size of about 100 nm was formed in the 8 wt% MnTiOs-
containing glaze. It should be noted that the phase-separated structure
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Fig. 11. SEM images of the color glaze samples with 0 wt% (a), 4 wt% (b), 8 wt% (c) and 12 wt% (d) MnTiO3 pigment, respectively. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)

can produce structural color [42]. Moreover, the Rayleigh scattering
(d <100 nm) could be formed when the size of the phase-separated
structure is less than 100 nm, which gave rise to the blue opalescence
[43,44]. Consequently, this sample lost its transparency and had a blue
hue, as evidenced by the negative b*-value (-3.70) [37]. Combined
with the tinting effect of high concentration of Mn ions, the 8 wt%
MnTiOs-containing glaze shows black hue. For the 12 wt% MnTiO3-
containing glaze sample, a discrete droplet liquid-liquid phase-
separated structures with a size of about 200 nm were appeared. It
means that the Mie scattering (d > 100 nm) could be formed, which
gave rise to the milk white [44]. Therefore, this sample shows opaque
brown hue. Analogously, it is precisely because of the milk white pro-
duced by the Mie scattering that the color of the glaze gradually light-
ens when the addition of MnTiO; pigment exceeds 8 wt%. To sum up,
MnTiO; black pigment can give transparent glaze an excellent deep
black, but the addition needs to be strictly controlled.

MnTiO; black pigment can also be used as raw materials for coat-
ing that absorb solar energy, in addition to being used as a colorant
for ceramic glaze. Fig. 12(a) exhibits the photograph of the MnTiO;
pigmented coating. The coating has a better surface quality, such as
the flatness, indicating that the MnTiO5; pigment has good compatibil-
ity with acrylic paints. And then, MnTiO; pigment was used as the so-
lar absorbing material, and its solar energy utilization performance
was evaluated by measuring the temperature change of the MnTiO;
pigmented coating. The temperature curves of the MnTiO; pigmented
coating, the control group and the coatings prepared using commer-
cial black pigments were presented in Fig. 12(b). It is obvious that the
temperature of MnTiO; pigmented coating is the highest after illumi-
nation by an infrared lamp (simulated solar source) compared to the
other coating samples. The results show that the MnTiO3; pigment has
an outstanding solar energy utilization performance, and showing its
promising application in solar absorber [45].

4. Conclusion

To summarize, this article synthesized an overlooked black pigment,
MnTiOs, via a solid-state route. Meanwhile, color properties and tinting
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Fig. 12. (a) A photograph of the coating prepared using MnTiO5 pigment, (b)
Temperature curves of coatings prepared using different pigments illuminated
by an infrared lamp.

performance of MnTiO3 pigment were investigated. The main conclu-
sions are as follow:

(1) The MnTiO3; pigment showed a pure and deep black hue, whose
chromatic parameters are L* = 25.85, a* = 3.86 and
b* = 0.91, respectively. Compared with other kinds of black
pigments, MnTiO3 pigment has many advantages such as simple
chemical composition, facile preparation craft, low cost, and so
on.

(2) There are two valence states for Mn cations on the surface of
the MnTiO; pigment, divalent (+2) and trivalent (+3).
Simultaneously, the Mn/Ti ratio exhibits a non-stoichiometric
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ratio. The color mechanism of MnTiO; black pigment is
attributed to its super-strong light absorption intensity in the
full visible light region, and the light absorption mechanism was
ascribed to the 6A;;—4A;, and ®A;;—*T,, crystal field transition
of octahedral Mn2* site.

(3) MnTiO; pigment shows an excellent tinting performance. The
L*value of the 8 wt% MnTiOs-containing glaze sample is only
11.44, which is the minimum L *-value reported in the literature.
For ceramic glaze, the tinting mechanism of MnTiO3 pigment is
“ion tinting”, thereby the color performance of the MnTiOs-
containing glaze is positively correlated with the addition of
MnTiO; pigment. However, excessive MnTiO3 pigment can lead
to deterioration of the color performance of glaze, due to
overmuch Ti could lead to the formation of a phase-separated
structure in the glaze.

(4) MnTiO; pigment can be used as raw materials for coating.
Moreover, the MnTiO; pigmented coating shows an outstanding
solar energy utilization performance.
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