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Abstract 

Inorganic pigments of type YFex(M)1-xO3, where M = In or Ga and x = 1 or 0.95, were 

synthesized by mechanical activation in liquid medium (H2O + C2H6O) and successive two-

step heating in the range 900 – 1300 °C. TG-DTA analysisof a mixture of starting oxides 

Fe2O3 and Y2O3 was performed in order to compare the thermal behavior of reagents before 

and after mechanical activation.YFeO3 was prepared as a standard and applied into the 

ceramic glaze and acrylic copolymer matrix (mass and diluted tone). Samples were 

characterized by XRD analysis, particle size distribution (PSD) and color measurements. The 

effect of substitution of 5 mol% Fe
3+

 for In
3+

 or Ga
3+

 on the changes of pigment properties 

was examined.  

 

1. Introduction 

YFeO3 belongs to the group of rare-earth orthoferrites with general formula 

RFeO3(R represents a trivalent rare-earth ion) and perovskite-type structure. They attract 

attention primarily thanks to their magnetic and optic properties, which were described for the 

first time by Forestier and Guit-Guillaind in 1950 [1]. These materials are also characterized 

by excellent catalytic activity depending on factors as surface area, pore structure, oxygen 

nonstoichiometry, reducibility and also for their high activity, structural stability and 

resistance to the catalyst poisons especiallyin the automotive industry [2-5]. Pure YFeO3 is a 

p-type indirect semiconductor with a band gap of 2.58 eV, which is slightly wider than the 

band gap of Fe2O3. Therefore it is a suitable candidate for water-splitting under visible light 

[6,7]. 

YFeO3 crystallizes in a distorted perovskite structure with an orthorhombic unit cell. The 

distortion from the ideal perovskite is caused by the position of the R
3+

 ions while the position 

of Fe
3+

 ions remains octahedral.  YFeO3 can also crystallize in a metastable hexagonal 

(YAlO3-type) structure depending on synthesis conditions. Research has revealed that this 

perovskite is thermodynamically unstable and impurity phases Fe3O4 or Y3Fe5O12 (Yttrium 

Iron Garnet – YIG) are often created during high-temperature synthesis. That makes the 

preparation of single-phased perovskite YFeO3 a complex task [4,8-14]. Numbers of reports 

are available on YFeO3 synthesis like sol–gel, microwave-assisted, self-propagating 

combustion synthesis, solid state reaction, alkoxide method, sonochemical synthesis, pulsed 

laser deposition, combustion or hydrothermal techniques, precipitation method, thermal 

decomposition, solvothermal treatment, Pechini method etc. followed by high-temperature 

calcination [4,7,10, 15 - 18]. YFeO3has possiblepractical applications incatalysts, gas-

sensitive sensors(registered as a photo-catalyst for CO oxidation, explored for photocatalytic 

oxidation of organic dyes and the selective catalytic reduction of NOx to N2 by propene), 

optical switches, magneto-optical current sensors, cathodes in solid oxide fuel cells, 
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environmental monitoring films, data storage devices, detectors of humidity and alcohols and 

material for magnetic resonance imaging (MRI) in biomedicine [4,6,7,9,11, 15, 19 - 21]. 

One of the few studies that explore the possibility of using YFeO3 as an inorganic pigment is 

a study of YMnxFe1-xO3 prepared by a modified citrate method [22]. The color of the prepared 

samples is changing from blue-green to dark blue. Moreover, the chromatic properties NIR 

reflectance and thermal stability were investigated and the phase composition was examined 

by XRD analysis. 

The aim of our research was to verify the possibility of YFexM1-xO3 (M = In or Ga; x = 1 or 

0.95) preparation and to investigate changes of pigment properties depending on composition 

and calcination temperature. Samples were prepared by mechanical activation in a liquid 

medium and pigment properties such as particle size distribution, phase composition and color 

properties were studied.  

 

2. Experimental 

The pigments YFexM1-xO3, where M = In of Ga and x = 1 or 0.95, were prepared by 

mechanical activation in liquid medium (volume ratio H2O:C2H6O = 1:1). Reagents Y2O3 

(99.99% purity, Alfa Aesar, Germany), Fe2O3 (99% purity, Precheza a.s., Czech Republic); 

Ga2O3 (99.99% purity, Alfa Aesar, Germany) or In2O3 (99.5% purity, Alfa Aesar, 

Germany)were weighed in proportions and homogenized in a mortar. The prepared mixtures 

were milled in a planetary mill (Pulverisette 5, Fritsch, Germany) for 5 hours. The mass ratio 

of pigment and agate milling balls was 1:8.2 and as a liquid medium mixture of deionized 

water and ethanol in the volume ratio 1:1 was used. Powders were subsequently dried and re-

homogenized.The reaction mixtures were fired inan electric furnace at 700 °C witha soaking 

time of 6 hours in the first step and in the second step in the range 900 – 1300 °C (also for 6 

hours). The pigments were applied in an organic matrix (urethane-acrylate copolymer 

Parketol, Balacom, Czech Republic) in mass and diluted tone. The mass tone denotes color 

obtained when the pigmented medium is applied as a layer on a white substrate. In the diluted 

tone pigmented medium consist of a mixture of the pigment and TiO2 in the weight ration 1:1. 

Pigments were appliedin a ceramic glaze (G028 91, Glazura, Czech Republic) as well. The 

mixture of pigment in amounts of 10 wt. % and glaze was glazed at 900 °C for 15 min. The 

applications of pigments in the organic matrix and ceramic glaze were evaluated by 

measuring the spectral reflectance in the visible region of light (400 - 700 nm) using a 

ColorQuest XE (HunterLab, USA). Illuminant D65 (standardized light simulating daylight), 

measuring geometry d/8° and 10° complementary observer (sample is illuminated by diffuse 

light coming from integrating sphere and the detection angle is 8° and 10° off the normal)  

were used as the measuring conditions. The color properties were described in the most used 

color system - the CIE L*a*b* [23]. The valuesa* (the red-green axis) and b* (the yellow-

blue axis) indicate the hue. The value L* represents the lightness or darkness of the color. L* 

is ranging from 0 (black) to 100 (white). From previous values it is possible to calculate 

theCvalue (chroma), hue angle H° and color difference ΔE* according to the formulas:  

 

C = (a*
2
 + b*

2
)

1/2
 ,    (1) 

H° = arc tg (b*/a*) ,    (2) 

ΔE* = [(ΔL*)
2
+(Δa*)

2
+(Δb*)

2
]

1/2
 .  (3) 

 

The C value represents saturation of the color and the hue angle H° expresses the color using 

an angular position in the cylindrical color space (H° = 350-35° = red, H° = 35-70° = orange, 

H° = 70-105° = yellow, H° = 105-195° = green, H° = 195-285° = blue and H° = 285-350° = 

violet). ΔE* is the color difference between standard and sample. The difference is 
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perceptible when ΔE* is in the range from 1.5 to 3 and if it is greater than 3 the change of the 

color is significant. 

The particle size distribution (PSD) was measured using a Mastersizer 2000/MU (Malvern 

Instruments, Ltd. GB) which operates on the principle of diffraction of light on particles 

dispersed in a liquid medium (mixture of 800 ml of deionised water and 4.8 ml of 

Na4P2O7solution, with a concentration a 3 g.l
-1

). As the source of light a He-Ne laser 

(wavelength 633 nm) and a blue light diode laser (466 nm) were used. The samples were 

ultrasonically homogenized for 90 s in a solution of Na4P2O7 (0.15 g.l
–3

) and added to the 

dispersing liquid in an amount at which the laser obscuration caused by the pigment particles 

reaches the level 12.5 %.The software evaluates the PSD based on the Fraunhofer 

approximation. 

The crystal structure was verified using a diffractometer Empyrean (PANalytical, 

Netherlands) with vertical goniometer (step size 0.0001°) and 2Θ geometry (10 – 100°). 

Copper anode is used as a source of X-ray radiation and a photon counting detector for 

theregistration of X-ray photons.  

Thermal analysis was carried out for reaction mixtures before and after mechanical activation. 

The aim was to determine the effect of treatment in the planetary mill on the chemical 

reactions in the system. Simultaneous TG-DTA measurements were performed by 449C 

Jupiter (Netzsch, Germany) in the temperature range 30 – 1300 °C with heating rate 10 

°C.min
-1

 in air atmosphere. 

 

3. Results and discussion 

A record of simultaneous TG-DTA measurements of a YFeO3±δsample before mechanical 

activation (sample weight = 307.3 mg) is illustrated in Figure 1a. Three endothermic peaks 

and one exothermic peak are seen on the DTA curve. The endothermic peak with the 

minimum at 410 °C is attributed to decomposition of Y2(CO3)3 which is formed by reaction of 

Y2O3 and CO2 when the oxide is kept in an air atmosphere [24]. It is accompanied by a weight 

loss on the TG curve of 0.7%. The following two endothermic peaks are related to the phase 

transition α-Fe2O3 to β-Fe2O3 (peak with a minimum at 680 °C) and further to γ- Fe2O3 at 

783 °C [25]. The exothermic peak with maximum at 1047 °C is attributed to the gradual 

formation of a crystalline phase YFeO3 [26]. 

Figure 1b shows the results of thermal analysis of the sample after mechanical activation 

(sample weight = 306.1 mg). This mixture is stable up to temperature of 850 °C. The first and 

second exothermic peak with maxima at 904 and 982 ° C are associated with the gradual 

formation of the perovskite structure. At the same time,the TG curve decreases due to the loss 

of oxygen in the systemand decomposition of Y2(CO3)3(weight loss of about 2%). In the 

temperature range 1000 – 1100 °CY3FeO12is formed. Its amount is very small and the 

formation is not accompanied by significant changes in the DTA curve. The endothermic 

peak with a minimum at 1250 °C is attributed to partial melting and sintering of the sample. 

Thermal analysis confirmed that perovskite phase is formed in the temperature range 900-

1000 °C and that the method of preparation has a major influence on the reactions in the 

system during the first stage of the heat treatment. 
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Fig. 1: TG-DTA analysis of mixtures of starting oxides before (a - left) and after (b - right) 

mechanical activation.  

 

The phase composition of all samples was verified by X-ray diffraction analysis. At 900 °C 

the system of standard YFeO3±δ still contains non-reacted starting oxides Y2O3 (PDF No. 00-

041-1105) [27], although the Fe2O3 (PDF No. 01-079-1741) and desired product YFeO3 (PDF 

No. 01-086-0170) is created as well. At 1000 °C the sample is still not fully reacted, but the 

amount of YFeO3 increases. Both expected products are created during calcination at 1100 

°C: YFeO3 (PDF No. 01-086-0170) and thermally more stable Y3Fe5O12 (PDF No. 00-043-

0507). However, the sample still contains a small amount of Y2O3. The system is completely 

reacted at 1200 °C and even after firing temperature increase to 1300 °C (Fig. 2a) there are no 

more changes in the composition of this sample. 

The phase composition of the sample doped by Ga
3+

 ions is similar to the previous standard. 

The system is fully reacted at 1200 °C when YFeO3 (PDF No. 01-086-0170) and Y3Fe5O12 

(PDF No. 00-043-0507) are created. The structure does not change even when the temperature 

rises to 1300 °C. In comparison with the standard sample thepigment YFe0.95Ga0.05O3±δ 

contains a larger amount of Y3Fe5O12 (Fig. 2b). 

In the case of YFe0.95In0.05O3±δthe course of reactions is slightly different. At 900 °C the 

sample contains apart from of Y2O3 and Fe2O3the product YFeO3 and the semi-product Fe2O3 

(PDF No. 99-100-8126). Increasing the firing temperature causes a successive consumption of 

the starting oxides and the semi-product for the formation of YFeO3 and Y3Fe5O12, but Y2O3 

remains in the system even after firing at 1300 °C. In addition, from a shift of the diffraction 

peaks it is evident that In
3+

 ions are replacing Y
3+

 in YFeO3instead of Fe
3+

. In
3+

 is also build 

into Y3Fe5O12 to form a compound structurally equivalent to Y3In0.42Fe4.58O12 (PDF No. 01-

071-0099).The improper substitution is caused probably due to the bigger ionic radius of In
3+

 

(0.80 Å) than the Fe
3+

 (0.64 Å). For In
3+

 ions it is thus easier to substitute Y
3+

 with ionic 

radius 1.07 Å instead. 
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Fig. 2: Diffractograms of pigments YFeO3±δ (a - left) and YFe0.95Ga0.05O3±δ (b - right) fired at 

1300 °C (● – YFeO3; ▲ – Y3Fe5O12).  

 

The color properties of the standard pigment YFeO3±δ are shown in Table I. In mass tone the 

value of the red axis a* decreases with rising temperature. The highest content of red color 

has sample fired at 900 °C because of non-reacted Fe2O3. The yellow coordinate b* increases 

up to 1100 °C where it reaches to maximum 24.40. This sample is also the lightest due to 

highest lightness value (L* =43.19).At higher temperatures the pigment loses not only the 

yellow color but also brightness and chroma. The color of this application changes from red to 

brownish yellow and dark brown. The values of color coordinates in diluted tone have a 

similar sequence. The a* axis value decreases with rising temperature and opposite the b* 

value increases to the 1100 °C. Application of the sample prepared at 1300 °C is considerably 

lighter and its hue is without significant contribution of any color which may be caused by the 

larger particle size. The color is shifting from pink to light yellow with rising temperature. 

 

Tab. I: Color properties of pigment YFeO3±δ applied to the organic matrix in mass and diluted 

tone. 
 mass tone diluted tone 

T [°C] L* a* b* C H° L* a* b* C H° 

900 38.51 20.00 12.37 23.52 31.74 54.06 17.47 7.85 19.15 24.20 

1000 41.66 17.11 18.10 24.91 46.61 59.79 12.56 10.81 16.57 40.72 

1100 43.19 17.08 24.40 29.78 55.01 66.10 10.28 14.21 17.54 54.12 
1200 38.64 17.25 19.63 26.13 48.69 66.01 9.20 7.33 11.76 38.55 

1300 34.52 12.53 10.32 16.23 39.48 71.45 5.77 4.30 7.20 36.69 

 

Table II demonstrates the influence of calcination temperature on color properties of the 

YFe0.95In0.05O3±δ pigment.By doping with In
3+

 ionsa highlighting of both red and yellow color 

was achieved. The biggest difference between standard YFeO3±δand the 

YFe0.95In0.05O3±δsample is manifested for the fired at 1300 °C(ΔE* = 20.0). On the other hand, 

the smallest difference was measured for the pigment fired at 1000 °C. ∆E* (1.83) is in this 

case in the region of almost imperceptible difference. With increasing temperature the color is 

changing from red to yellowish brown and dark brown. After application in diluted tone 

higher values of a* and b* were measured, opposite to the standard YFeO3. Their hue is 

slightly more saturated and the chroma value(C) decreases with increasing temperature very 

slightly. ∆E* values are in the range 3.5 - 12 which indicate a significant color difference. The 

hue of these pigments varies from pink to pale yellowish brown. 

 

Tab. II: Color properties of pigment YFe0.95In0.05O3±δ applied to the organic matrix in mass 

and diluted tone. 
 mass tone diluted tone 

T 

[°C] 
L* a* b* C H° ΔE* L* a* b* C H° ΔE* 

900 39.37 22.47 13.28 26.10 30.58 2.77 53.64 20.17 10.13 22.57 26.67 3.56 
1000 41.80 18.70 17.21 25.41 42.62 1.83 60.04 14.62 13.56 19.94 42.85 3.45 

1100 47.32 18.28 28.76 34.08 57.56 6.12 69.29 11.18 19.18 22.20 59.76 5.97 

1200 46.61 20.56 28.68 35.29 54.36 12.51 69.03 12.58 17.82 21.81 54.78 11.43 
1300 43.47 22.23 25.40 33.75 48.81 20.04 69.81 12.44 14.02 18.74 48.42 11.90 

 

The values of color coordinates of pigments doped by 5 mol% Ga
3+

 are shown in Table III. 

The results are very similar to the samples doped by In
3+

 ions. After application in mass tone 

pigments with higher values of the yellow and red coordinates were obtained. The a* axis 
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alternately increases and decreases with increasing temperature but b* rises up to 1200 °C. 

This sample has also the highest chroma (C = 36.1). Differences ∆E* (standard YFeO3±δ; 

sample YFe0.95Ga0.05O3±δ) are more pronounced at higher temperatures and the largest was 

measured again for the application of the pigment calcined at 1300 °C. Samples in diluted 

tone exhibit a similar trend. The content of red color also decreases with increasing 

temperature, and yellow hue dominates in these samples. The pigment doped by Ga
3+

and fired 

at 1300 °C is brighter, has a lower content of red and yellow and also is less saturated than the 

In
3+

 doped one. Shades are changing from pink to light brown. 

 

Tab. III: Color properties of pigment YFe0.95Ga0.05O3±δ applied to the organic matrix in mass 

and diluted tone. 
 mass tone diluted tone 

T 
[°C] 

L* a* b* C H° ΔE* L* a* b* C H° ΔE* 

900 39.40 23.24 13.47 26.86 30.10 3.54 54.63 20.82 9.76 22.99 25.12 3.90 

1000 41.61 19.21 17.01 25.66 41.52 2.37 58.52 14.67 11.61 18.71 38.36 2.59 
1100 47.04 16.65 27.44 32.10 58.75 4.92 67.34 10.18 19.30 21.82 62.19 5.24 

1200 47.64 20.46 29.74 36.10 55.47 13.91 70.45 11.48 17.58 21.00 56.85 11.40 

1300 42.30 19.72 22.58 29.98 48.87 16.20 72.00 10.40 12.42 16.20 50.06 9.36 

 

The pigments were also applied in a ceramic glaze of type G02891 (transparent ceramic glaze, 

Glazura, Torrecid Group, Czech Republic). Values L*, C, H° and ∆E* are shown in table IV. 

The results for all samples are rather similar. Their color is reddish brown and does not 

depend on the composition or calcination temperature. The values of color coordinates are 

lower than for application in mass tone which corresponds to lower chroma values C. The hue 

angles of all pigments are in the red region and the color difference ∆E* does not exceed the 

level of 3.44. These samples are probably not stable in the aggressive environment of the 

molten glaze, and thus differences between the individual pigments are becoming minimal. 

 

Tab. IV: Color properties of pigments YFeO3±δ; YFe0.95In0.05O3±δ and YFe0.95Ga0.05O3±δ 

applied to a ceramic glaze of type G 02891. 
 YFeO3±δ YFe0.95In0.05O3±δ YFe0.95Ga0.05O3±δ 

T[°C] L* C H° L* C H° ΔE* L* C H° ΔE* 

900 36.97 10.31 33.37 36.53 11.75 24.65 2.25 34.92 12.91 28.61 3.44 

1000 36.72 9.13 30.55 36.47 9.94 28.21 0.94 35.74 10.59 26.40 1.90 

1100 37.66 11.82 33.19 37.21 11.71 30.59 0.71 37.31 11.39 32.67 0.56 
1200 37.77 13.06 30.67 38.25 14.38 34.29 1.65 38.15 14.23 33.59 1.41 

1300 37.08 14.28 32.62 36.25 16.14 35.14 2.14 37.53 14.64 33.86 0.66 

 

Another important parameter in the evaluation of pigment properties is the particle size 

distribution (PSD). The most important value is the median size d50, but for the general 

description of the system it is common to cite also d10 and d90. PSD results are listed in Table 

V. With increasing temperature the d50value rises for all pigments. The median size of 

standard YFeO3 ranges from 1.7 to 6 μm. The sample fired at 1300 °C was partially sintered 

as is evident from the d90 value (36 μm). Doped pigments have maxima d50 3.4 μm 

(YFe0.95In0.05O3±δ) and 3.8μm(YFe0.95Ga0.05O3±δ). The difference between both samples is 

apparent especially for the highest temperature of firing where the d90value of Ga
3+

 pigments 

is twice that of In
3+

 doped ones. 

 

Tab. V: Particle size distribution (PSD) of prepared pigment powders. 
 YFeO3±δ YFe0.95In0.05O3±δ YFe0.95Ga0.05O3±δ 



7 
 

T[°C] d10 d50 d90 d10 d50 d90 d10 d50 d90 

900 0.6 1.8 5.2 0.4 1.3 5.2 0.4 1.3 4.1 

1000 0.7 2.7 6.7 0.5 1.7 5.0 0.5 1.6 4.4 
1100 1.0 3.5 8.3 0.6 2.7 7.2 0.5 2.4 5.8 

1200 1.6 4.6 19.0 0.7 3.0 7.0 0.6 2.7 6.9 

1300 1.8 5.9 36.0 1.1 3.4 8.4 1.1 3.8 16.3 

 

4. Conclusions 

Pigments of type YFeO3±δ doped with 5 mol% of Ga
3+

 or In
3+

 ions were synthetized by 

mechanical activation in liquid medium and applied in an organic matrix and a ceramic glaze. 

Using TG-DTA analysis it was found that the perovskite phase is formed in the temperature 

range 900 – 982 °C and that there are differences between the classical ceramic method of 

synthesis and mechanical activation. X-ray diffraction analysis confirmed the formation of 

YFeO3 and Y3Fe5O12. The standard pigment and the pigment doped with Ga
3+

 ions were fully 

reacted at temperature 1200 °C. Doping with In
3+

 ions was proved to be less suitable because 

they have bigger ionic radius than Fe
3+

 ions and that caused bad incorporation of ions to the 

perovskite structure. TheColor of the samples is changing from red to dark yellowish brown 

in the case of a mass tone, from pink to light brown in a diluted tone. Doping with Ga
3+

 or 

In
3+

 ions causedan increase of content of red and yellow tint of the samples. Theceramic glaze 

is reddish brown and the calcination temperature or the composition has no significant effect 

on the resulting hue. The median particle size is ranging from 1 to 6 μm which is size suitable 

for application of these pigments in various kinds of binders. 
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