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NIR-reflective Ni-doped ZnFe2O4 black pigments with the general formula of Zn(1-x)NixFe2O4 have been synthesized by a 
conventional solid-state reaction of ZnO, Fe2O3 and NiO. The effect of Ni doping was studied by adding various amounts of 
NiO, with x ranging from 0 to 1. Proportional amounts of ZnO, Fe2O3 and NiO were homogeneously mixed together by means 
of wet milling, followed by filtration and drying. Then, the mixtures were calcined at 1000 and 1100 °C for 3 h. XRD analysis 
of the undoped pigments revealed the presence of pure ZnFe2O4 in all synthesis conditions. The addition of NiO dopant into 
the ZnFe2O4 caused a gradual shift of the diffraction peaks toward higher angles due to the substitution of Zn2+ by the smaller 
Ni2+ to form the Zn(1-x)NixFe2O4. Upon the increase of NiO doping content and calcination temperature, the color hue of the 
pigments changed from light brown to brownish black, and a gradual reduction of the NIR reflectance was observed. For 
the black pigments which were synthesized at 1100 °C, the band-gap energy changed from 2.05 eV for ZnFe2O4 (x = 0) to 
1.65 eV for NiFe2O4 (x = 1). At the optimum synthesis condition, resulting in black color hue and high NIR reflectance, the 
Zn0.5Ni0.5Fe2O4 pigment synthesized at 1100 °C had high NIR reflectance of 55.3 %. 

INTRODUCTION

 Solar radiation, which comprises of approximately 
5 % ultraviolet (UV), 43 % visible and 52 % near-in-
frared (NIR), can be largely absorbed by buildings and 
concrete constructions. An increase of the heat produced 
in the building envelop can transfer further into the 
building, resulting in large energy consumption of coo-
ling systems, especially in summer. Therefore, NIR-re- 
flective coatings for the building envelop have been 
proposed as an efficient and sustainable alternative to 
reduce this heat production. It has been reported that the 
use of NIR-reflective materials can significantly improve 
building comfort and reduce the energy consumption of 
air-conditioning units [1-3]. In particular, if the exte- 
rior surface of roofs and walls is covered by NIR-re-
flective coatings, the heat accumulated in the building is 
significantly reduced. 
 Generally, white pigments such as TiO2 and SiO2 
are well known for their high solar reflectivity. However, 
white pigments are not commonly used for exterior 
coating of building envelops due to aesthetic reasons and 
the ease of being contaminated in urban environments. 
For this reason, non-white pigments with high NIR re-
flectance are more attractive. This topic has gained more 
attention over the past decades. So far, various types 
of NIR-reflective pigments exhibiting blue [4-6], green 
[7-9], yellow [10-14] and brown [10-12, 15-16] color 
hues were synthesized by several methods, including 
co-precipitation, hydrothermal, sol-gel, solid-state reac-

tion, etc. Recently, special interest has been paid to the 
preparation of NIR-reflective dark pigments for roof 
coating. For instance, Liu et al. synthesized Mg-doped 
ZnFe2O4 pigments with a color hue ranging from brick 
red to brownish black. The pigments exhibited NIR 
reflectance ranging from 51 to 58 % depending on the Mg 
doping content [16]. Sanada et al. synthesized Co- and 
Al-doped CoFe2O4 pigments of various colors ranging 
from greenish black, brownish black and black [17]. 
The reflectance of these pigments is in a range of 18.0 to 
51.4 % in the visible-NIR regions, with the reflectance of 
the most blackish pigment being 18.0 %. Oka and Masui 
synthesized high NIR-reflective Ca2Mn1-xTixO4 black 
pigments with reflectance ranging from 50.1 to 72.5 in the 
NIR region [18]. At the optimum composition x = 0.15, 
the Ca2Mn0.85Ti0.15O4 pigment exhibited NIR reflectance 
of 66.2 %. Bao et al. investigated the effect of doping 
ferric ion (Fe3+) for Al3+ ion of the Co0.5Mg0.5Al2O4 blue 
pigment [19]. A series of Co0.5Mg0.5Al2-xFexO4 pigments 
with color hue ranging from blue to blackish blue to 
black and NIR reflectance in a range of 45.7-54.2 % were 
obtained. Pigments with darker color hue and decreased 
NIR reflectance were obtained by doping with the Fe3+. 
 In the present study, Ni-doped ZnFe2O4 reflective 
black pigment (Zn(1-x)NixFe2O4, x = 0, 0.1, 0.3, 0.5, 0.75 
and 1.0) was synthesized. Effects of calcination tem-
perature and Ni doping content on the properties of 
the pigments were investigated. An optimum synthesis 
condition that yields pigments having dark color hue 
and high NIR-reflectance was suggested. The solid-state 
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synthesis was selected owing to its process simplicity 
and feasibility for large-scale production. In addition, the 
main process and required equipment are common in the 
ceramic industry. 

EXPERIMENTAL

Synthesis of Ni-doped
ZnFe2O4 pigments

 Undoped ZnFe2O4 was obtained by calcination of 
raw materials comprising stoichiomtric amounts of ZnO 
(Cernic International Co., Ltd.) and Fe2O3 (NIC Interchem 
Co.Ltd.). Various amounts of NiO (Sigma Aldrich) 
dopant were added into the starting raw materials in the 
range of x = 0 to 1 to study the effect of Ni doping. The 
mixture was mixed by wet ball milling in acetone, and 
then subjected to calcination at temperatures of 1000 and 
1100 °C for 3 h. The obtained pigments were grounded 
in a mortar, washed 3 times with de-ionized water and 
dried at 105 °C for at least 5 h. After grinding into fine 
powder by ball milling, the pigments were sieved through 
a 325-mesh screen.

Characterization

 A Rigaku TTRAX III X-ray diffractometer was 
employed for crystalline phase identification. A Cary 
5000 UV-Vis-NIR spectrophotometer, equipped with 
an integrating sphere, was employed for acquiring di-
ffuse reflectance spectra. The NIR reflectance (R) was 
derived from the reflectance in a wavelength range of 
700 - 2500 nm following the ASTM E903-96 standard. 
The R was determined via the relation

,                 (1)

where r (λ) is the reflectance (W∙m-2), and i (λ) is the solar 
irradiance (W∙m-2∙ nm-1) obtained from the ASTM E903-96 
standard.
 The optical band-gap energy (Eg) was determined 
according to the Kubelka-Munk function which is given 
by [20]

,                     (2)

where F(R) is the Kubelka-Munk function, α is the ab-
sorption coefficient and R is the reflectance. The rela-
tionship between the absorption coefficient and the band 
gap is

α h v = A(hv ‒ Eg)n,                        (3)

where α is the absorption coefficient, h is Plank’s con-
stant, v is the light frequency and A is a proportional con-
stant. The power n is taken as ½ for a direct transition 

and 2 for an indirect transition. The Eg was determined 
by extrapolating of linear region on a plot of (F(R)hυ)2 
vs. hυ to (F(R)hυ)2 = 0.
 The color hue was determined by the CIE L*a*b* 
colorimetric method using a spectrophotometer (Konica 
Minolta, CM-2600d). The L* axis represents the light-
ness. The (+) a* axis represents the red, while the (‒) 
a* represents the green. The (+) b* axis represents the 
yellow, while the (‒) b* axis represents the blue. Particle 
morphology was observed with a Hitachi SU5000 field-
emission scanning electron microscope (FE-SEM). 
An average particle size was determined from SEM ima-
ges using image processing software (ImageJ).

RESULTS AND DISCUSSION

 Figure 1 shows XRD patterns of the raw material 
and the products after calcination at 1000 and 1100 °C. 
It is evident that the XRD patterns of both pigments are 
practically identical. They are well defined and consist 
of strong reflection peaks at diffraction angles (2θ) of 
29.9, 35.3, 36.9, 42.8, 53.1, 56.6, 62.2, 70.5, 73.5, 74.5 
and 78.4 degrees which are attributed to (220), (311), 
(222), (400), (422), (511), (440), (620), (533), (622) and 
(444) planes, respectively. The diffraction patterns are 
in good agreement with the standard pattern of a spinel 
ZnFe2O4 (ICDD no. 00-022-1012). The well-defined 
XRD patterns without any other phases of the ZnO and 
Fe2O3 raw material indicate a completed solid-state re-
action. Calcination at higher temperature (1100 °C) re-
sulted in a sharper and more intense pattern, indicating 
an increase of crystallinity. 

 Figure 2 shows XRD patterns of Ni-doped pigments 
synthesized at 1000 and 1100 °C. In general, XRD 
patterns of the Ni-doped ZnFe2O4 are similar to the 
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Figure 1.  X-ray diffraction patterns of the raw material and the 
synthesized pigments.
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patterns of the undoped ZnFe2O4, indicating no change 
of the crystal structure. However, the XRD patterns 
of the Ni-doped ZnFe2O4 show a gradual shift of the 
reflection peaks toward higher 2θ angle. This peak shift 
can be explained by the substitution of a smaller Ni2+ 
for a larger Zn2+ (ionic radius of Ni2+ and Zn2+ = 0.55 
and 0.60 Å, respectively [21]). The extent of shifting 
increases with an increased amount of Ni doping. At 
x = 1, the XRD pattern can be well matched with the 
standard pattern of the NiFe2O4 (ICDD no. 01-081-8428), 
confirming complete substitution of Zn2+ by Ni2+. This 
observation is in good agreement with a shift of XRD 
peaks toward higher 2θ due to the substitution of smaller 
Mg2+ for Zn2+ in the Mg-doped ZnFe2O4 [16]. Note that 
the Ni-doped pigment synthesized at 1000°C compri- 
sed of minor phase of unreacted Fe2O3 raw material at 
x ≥ 0.5. However, it was disappeared at higher calcination 
temperature due to the completed solid-state reaction.

 Figure 3 shows UV-Vis-NIR diffuse reflectance 
spectra of the Zn(1-x)NixFe2O4 pigments. All pigments 
show low reflectance in a wavelength range of around 
300 to 650 nm, and characteristic absorption bands of 
ZnFe2O4 at around 700-800 and 1000-1400 nm, which 
are attributed to 6A1g→4T2g and 6A1g→4T1g for d-d elec-
tron transition of Fe3+ [22]. The reflectance increases at 
wavelengths higher than 1500 nm. NIR reflectance of 
the ZnFe2O4 pigments synthesized at 1000 and 1100 °C 
are 65.9 and 61.2 %, respectively. At 1000 °C, the 
addition of Ni has no significant effect on the diffuse 
reflectance spectrum. The NIR reflectance only slightly 
decreases from 65.9 % for the undoped ZnFe2O4 to 
62.2 % for the NiFe2O4 (x = 1). However, a significant 
decrease in the reflectance spectrum, particularly at wa-
velengths higher than 1500 nm, was observed for the 
pigments synthesized at 1100 °C. The NIR reflectance 
significantly decreases from 61.2 % for the undoped 
ZnFe2O4 to 52.0 % for the NiFe2O4. 
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Figure 2.  X-ray diffraction patterns of the Zn(1-x)NixFe2O4 pigments synthesized at: a) 1000 °C and b) 1100 °C.

b) 1100 °C

a) 1000 °C



Effect of Ni doping and synthesis temperature on the properties of NIR-reflective ZnFe2O4 black pigments

Ceramics – Silikáty  64 (2) 172-179 (2020) 175

 It has been realized that a change of total reflectance 
can be attributed to a change of absorption in a certain 
wavebands as a result of alteration of atomic and elec-
tronic structure of a host lattice by doping atoms. For 
instance, doping ZnFe2O4 with Co results in a reduc-
tion of the characteristics absorption bands centered at 
around 770 and 1200 nm upon the increased amount of 
the Co dopant. In contrast, the incorporation of Pr has no 
effect on characteristics absorption bands of the ZnFe2O4 
because larger Pr atom cannot substitute for the Co site 
[23]. Doping both tetrahedron and octahedron sites of 
the ferrite has been reported in Co0.5Mg0.5Al2-xFexO4 
pigment [19]. The pigments exhibit stronger absorption 
in the visible region and increasing NIR reflectance 

upon an increasing content of Fe3+, resulting in a change 
of color hue from blue for x = 0 to dark for x = 1, and a 
decrease of NIR reflectance from 54.2 to 45.7 %. In the 
present work, the effect of Ni doping on the reflectance is 
more significant for the pigments synthesized at 1100 °C. 
A decrease of reflectance is observed in a wavelength 
ranges of around 500-800 nm and >1400 nm. 
 Figure 4 shows the color hues of pigments with va- 
rious Ni doping content. L*a*b* color coordinates are 
summarized in Table 1. The color hue changes from light 
brown to brownish black with increasing Ni content 
and synthesis temperature. The values of lightness L* 
significantly decrease from > 47 for the undoped pig-
ments to around 28-29 for the pigments doped with Ni. 

1000 °C

1100 °C

x = 0 x = 0.1 x = 0.3 x = 0.5 x = 0.75 x = 1.0

Figure 4.  Color hues of the Zn(1-x)NixFe2O4 pigments.

Figure 3.  Diffuse reflectance spectra of the Zn(1-x)NixFe2O4 pigments synthesized at: a) 1000 °C and b) 1100 °C.
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Table 1.  Color coordinates, NIR reflectance and band-gap energy of Zn(1-x)NixFe2O4 pigments.

 x   1000 °C     1100 °C
 (mole) L* a* b* R (%) Eg (eV) L* a* b* R (%) Eg (eV)
 0 49.64 25.34 35.52 65.9 2.10 47.93 27.17 37.54 61.2 2.05
 0.1 39.52 21.41 20.55 62.7 1.90 31.75 18.43 12.18 61.5 1.85
 0.3 31.30 16.00 11.44 61.9 1.80 28.43 10.66   4.41 58.1 1.70
 0.5 29.92 11.11   6.00 62.5 1.70 27.67   7.82   2.42 55.3 1.65
   0.75 28.35   9.38   3.62 60.3 1.70 28.04   4.96   0.27 55.6 1.65
 1.0 28.92   7.29   2.03 62.2 1.70 28.70   3.31  -0.59 52.0 1.65
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It has been generally accepted that the lightness L* is 
≤ 30 for blackish pigment. Therefore, black pigments 
can be synthesized at 1000 °C with a Ni doping content 
≥ 0.5 and at 1100 °C with a Ni doping content ≥ 0.3. 
In addition, low values of a* and b* are observed for 
the pigments synthesized at 1100 °C, indicating that the 
pigments are more blackish. Based on these results, the 
optimum composition was x = 0.5, and the optimum 

synthesis temperature was 1100 °C. The Zn0.5Ni0.5Fe2O4 
pigment possesses a NIR reflectance of 55.3 % and an 
L* value of 27.67, indicating high darkness and NIR 
reflectance.
 The optical band-gap energy (Eg) of the Zn(1-x)Nix 

Fe2O4 pigments was derived from the diffuse reflectan-
ce spectra using the Kubelka-Munk method. Figure 5 
shows a Tauc plot of (F(R)hυ)2 vs. Eg for the pigments 

Figure 5.  Kubelka-Munk transformed reflectance spectra of the Zn(1-x)NixFe2O4 pigments synthesized at 1100 °C.
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synthesized at 1100 °C. The plots show linear regression 
when the exponent n is taken as 2, indicating indirect 
allowed transitions. Values of Eg for all synthesized pig-
ments are summarized in Table 1. The Eg of ZnFe2O4 
pigments synthesized at 1000 and 1100 °C are 2.10 and 
2.05 eV, respectively, which is consistent with values 
reported in the literature [16, 24]. For the pigments syn-
thesized at 1000 °C, the Eg gradually decreases from 
2.10 eV to 1.70 eV (at x = 1) which corresponds to the 
band gap of NiFe2O4 [25]. A similar trend was observed 
for the pigments synthesized at 1100 °C. The band gap 
shift could be attributed to the replacement of Ni2+ for 
Zn2+ in ZnFe2O4 structure as described in the XRD ana-
lysis. A decrease of Eg upon an increased content of 
a dopant was observed in Mg-doped ZnFe2O4 [26] and 
Co-doped ZnFe2O4 [27-28]. It has been described that 
the value of Eg can be affected by various factors, such 
as crystallite size, structural parameter, and the presence 
of impurities [28-29]. In the present work, the Ni doping 
had no effect on the crystallite size of the pigments as 
summarized in Table 2. The decrease of Eg might be 
ascribed to the presence of additional sub-band-gap 

energy levels induced by the abundant surface and inter-
face defects in the agglomerated nanoparticles [28, 30].
 Figure 6 shows SEM images of the Zn(1-x)NixFe2O4 
pigments. The average particle size determined from the 
SEM images using image processing software (ImageJ) 
is summarized in Table 2. In general, the particle 
morphology of the undoped and Ni-doped pigments is 
very similar. The undoped pigment synthesized at 1000 
°C has an average particle size of 0.50 ± 0.11 µm, and 
the particles grew to 0.83 ± 0.10 µm after calcination at 
1100 °C. Note that no significant change of the average 
particle size was observed upon the increase of NiO 
doping content.

CONCLUSIONS

 Highly NIR-reflective Zn(1-x)NixFe2O4 black pig-
ments were synthesized by a conventional solid-state 
reaction of ZnO, Fe2O3 and NiO at 1000 and 1100 C. 
The undoped ZnFe2O4 pigment had light brown color 
hue and exhibited NIR reflectances of 65.9 and 61.2 % 
at synthesis temperatures of 1000 and 1100 °C, re-
spectively. The substitution of Zn2+ with Ni2+ resulted in 
a gradual decrease of the NIR reflectances to 62.2 and 
52.0 % for the NiFe2O4 (x = 1.0) synthesized at 1000 and 
1100 °C, respectively. It also resulted in a decrease in 
band-gap energy from ~ 2.1 eV for ZnFe2O4 to ~ 1.7 eV 
for NiFe2O4, and a color change from light brown to 
dark brown and brownish black upon the increase of 
Ni doping content. At the optimum synthesis condition, 
i.e. 1100 °C and x = 0.5, the Zn0.5Ni0.5Fe2O4 pigment had 
black color hue with L* = 27.67, a* = 7.82 and b* = 2.42, 
and a high NIR reflectance of 55.3 %. 

Table 2.  An average particle size of the Zn(1-x)NixFe2O4 pig-
ments.

 x                                            Particle size (µm)
 (mole) 1000 °C 1100 °C
 0 0.50 ± 0.11 0.83 ± 0.10
 0.1 0.45 ± 0.08 0.71 ± 0.13
 0.3 0.56 ± 0.14 0.78 ± 0.16
 0.5 0.52 ± 0.10 0.71 ± 0.14
 0.75 0.60 ± 0.14 0.81 ± 0.23
 1.0 0.51 ± 0.10 0.79 ± 0.18

Figure 6.  SEM images of the Zn(1-x)NixFe2O4 pigments at x = 0, 0.5 and 1.0.

d) x = 0; 1100 °C

a) x = 0; 1000 °C

f) x = 1.0; 1100 °C

c) x = 1.0; 1000 °C

e) x = 0.5; 1100 °C

b) x = 0.5; 1000 °C
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