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Abstract

High colour rendering bismuth vanadate (BiVO4) pigments were successfully synthesized by self-propagating
combustion method at low temperature (200 °C). Interestingly, the addition of citric acid as a fuel was benefi-
cial to the formation of well-dispersed olive-like BiVO4 particles with the size around 730 nm. Furthermore, the
as-prepared pigments also exhibited high purity m-BiVO4 phase and brilliant yellow hue (b* = 78.12), which
is better than that of previously reported in literature and commercially available BiVO4 yellow pigments. Im-
portantly, the pigments were applied in various substrates (PMMA, glass and ceramics), and showed excellent
colour rendering, dispersion properties, thermal and chemical stability, indicating its potential application in
the high-grade plastic, glass and ceramic-ware decoration.
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I. Introduction

Owing to their high covering power, excellent
weather resistance and thermal stability, inorganic pig-
ments consisting of complex metal oxides have been
widely utilized in plastics, glass, ceramic tiles, paints,
rubber, vehicles and inks [1,2]. Specially yellow as a
caution colour is employed to be served as the back-
ground colour of traffic and road markings due to its
brilliant hues and high level of visibility [3,4]. Unfortu-
nately, most conventional yellow pigments contain toxic
heavy metals (Pb, Cd, Cr and Sb), such as cadmium
yellow (CdS), chrome yellow (PbCrO4, BaCrO4) and
Naples yellow (Sb2Pb3O8), which severely limits their
application because they are hazardous to environment
and health [5]. Thus, it is necessary to develop environ-
mentally friendly and less toxic inorganic yellow pig-
ments [6].

Bismuth vanadate (BiVO4), as a chromate- and lead-
free inorganic yellow pigment, has been widely applied
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in plastics, coatings, food, traffic signs and inks due to
its brilliant yellow hue and gloss, excellent weather re-
sistance and environmental benignity [7]. Among three
crystalline structures of BiVO4, monoclinic scheelite-
type BiVO4 (m-BiVO4) presents vivid yellow colour,
which also has been recognized as a promising pho-
tocatalyst under visible light with a narrow band gap
of 2.4–2.5 eV [8]. Hence, m-BiVO4 has become one of
the most popular and common yellow pigments on the
market, which increasingly attracts much attention of
researchers [9]. At present, several methods have been
used to synthesize BiVO4 pigment, such as solid-state
reaction [10,11], hydrothermal method [12,13], chemi-
cal bath deposition method (CBD) [14], sol-gel method
[15], non-hydrolytic sol-gel method (NHSG) [16], etc.
Sameera et al. [11] prepared BiVO4 yellow pigment by
a solid-state reaction of Bi2O3 and V2O5 calcined at
800 °C for 6 h, which showed the reddish-yellow hue,
as L* = 65.79, a* = 14.29, b* = 52.57. Zhang et al. [12]
also synthesized the m-BiVO4 pigment via a hydrother-
mal method heated at 200 °C for 1.5 h, which exhibited
a greenish-yellow hue, as L* = 91.64, a* = −2.45, b*
= 63.07. In our previous work [16], we prepared BiVO4
pigment via a facile NHSG process in alcohol/dibasic
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esters system at 400 °C, which exhibited brilliant yellow
hue, as L* = 74.83, a* = −0.34, b* = 71.18. Neverthe-
less, the high synthesis temperature, complicated proce-
dure, low purity, easy agglomeration and impure colour
severely restricted the large scale industry application of
BiVO4 yellow pigments.

Particularly, the self-propagating combustion (SPC)
method has been widely used to synthesize homoge-
neous and fine crystalline composite oxides, because it
requires only simple equipment, low process tempera-
ture and short time consumption. This method was also
applied to synthesize some inorganic pigments, such
as nanosized CaAl12O19 green pigment, CoAl2O4 and
Zn0.9Co0.1Al2O4 blue pigments [17–19]. To date, there
are little studies about the synthesis of BiVO4 yellow
pigment via SPC method. Therefore, a template-free
SPC method was proposed to synthesize well-dispersed
olive-like m-BiVO4 pigment with high colour inten-
sity at low temperature. The phase composition, mor-
phology and colouristic properties of BiVO4 pigment
were studied, and the corresponding synthesis mecha-
nism was also proposed. Moreover, the colour stabil-
ity of the synthesized BiVO4 pigment for application in
polymethyl methacrylate (PMMA) plastic, glass and ce-
ramic tiles was also investigated.

II. Experimental

Bismuth nitrate pentahydrate (Bi(NO3)3 · 5 H2O,
99%, Shanghai Aladdin Co. Ltd, China) and ammo-
nium metavanadate (NH4VO3, 99%, Shanghai Aladdin
Co. Ltd, China) were used as starting materials without
further purification. Citric acid (C6H8O7 ·H2O, 99.5%,
Shanghai Aladdin Co. Ltd, China) was used as a fuel.
The high colour rendering BiVO4 yellow pigments were
synthesized using SPC method. In the first step two
solutions were prepared. The solution A by dissolv-
ing Bi(NO3)3 · 5 H2O and C6H8O7 ·H2O in 30 ml of
1 M HNO3 solution and the solution B by dissolving

NH4VO3 also in 1 M HNO3 solution. Then the V5+ con-
taining solution B was added into the solution A, while
adjusting molar ratios n(citric acid) : n(Bi3+) : n(V5+) =
1 : 1 : 1, and magnetically stirred for 15 min. NH3 ·H2O
as pH regulator was employed to adjust pH value of
mixture solution to 7. After stirring for about 30 min, the
BiVO4 precursor solution was heated to 90 °C to evap-
orate the water, followed by combustion at 200 °C. As
a consequence, nanosized BiVO4 yellow pigments were
successfully obtained.

The crystalline phases of the pigments were char-
acterized by X-ray diffraction (XRD, Bruker D8 Ad-
vance) and Raman spectrometer (inVia, Renishaw, UK).
The morphology and size of the samples were observed
by scanning electron microscope (SEM, JSM-6700F)
and high-resolution transmission electron microscopy
(HRTEM, JEM-2010). UV-Vis diffuse reflectance spec-
tra were measured on a UV-Vis spectrophotometer
(Lambda 850) in the wavelength range of 380–900 nm.
The colour properties of pigments were measured with
a colorimeter (WSD-3C, L*, lightness, 0 for black and
100 for white; a*, red (+)/green (−) axis; b*, yellow
(+)/blue (−) axis).

III. Results and discussion

Figure 1a presents XRD patterns of the BiVO4 pig-
ments prepared with and without citric acid as a fuel.
It can be seen that all of the diffractions in each XRD
pattern could be well indexed to monoclinic scheelite
BiVO4 (JCPDS 14-0688) with characteristic diffraction
peaks at 19.02, 28.90, 30.46, 34.42, 35.11, 40.16, 42.43,
46.64, 47.23 and 53.26°, which are assigned to (011),
(121), (040), (200), (002), (1̄12), (051), (240), (042)
and (161) planes, respectively. It indicates that the ad-
dition of the fuel citric acid does not change the mono-
clinic structure of BiVO4. It is worth noting that the rel-
ative diffraction intensities ratios between 040 and 121
peaks (I040/I121) reduce gradually with the addition of

Figure 1. XRD patterns (a) and Raman spectra (b) of the BiVO4 pigments prepared by SPC method with and without the
addition of citric acid
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Figure 2. SEM images of the BiVO4 pigments prepared by SPC method: without (a,b) and with (c,d) the addition of citric acid

Figure 3. TEM images (a,b), HRTEM image (c) and SAED
pattern (d) of the BiVO4 pigments prepared by SPC method

citric acid, indicating the limitation of the preferential
orientation along the (040) facets [20]. Therefore, it re-
veals that citric acid as the fuel can influence the pref-
erential growth of BiVO4 crystal, which plays a role of
structure-directing agent [21]. It is well known that the
Raman band position is specific to particular chemical
group, and it is extra sensitive in the short range, which
has been used to distinguish similar allotropes of BiVO4
[22]. Figure 1b presents the Raman spectra of BiVO4
pigment with and without the addition of citric acid. The
typical vibrational bands of m-BiVO4 appeared at 815,
369, 331, 201 and 119 cm−1. The band at 815 cm−1 was

assigned to the ν1 symmetric stretching mode of VO4,
and those peaks at 369 and 331 cm−1 were attributed
to the ν1 bending modes of VO4 units [23]. The bands
at 201 and 127 cm−1 represented the external mode of
BiVO4 [6]. Combined with XRD results, it is proved
that m-BiVO4 pigment with high purity can be easily
obtained through our synthetic route.

The surface morphologies of the BiVO4 pigments
prepared with and without citric acid were investigated
by SEM, as shown in Fig. 2. It can be seen that the
morphology of the prepared BiVO4 pigments highly
depends on whether citric acid is added. Figures 2a,b
present that the sample prepared without adding citric
acid has irregular shape with the average size of 2.4µm.
This could be attributed to the fact that the Bi3+ and
VO –

3 in solution can react with each other directly to
form BiVO4 in the absence of citric acid, resulting in the
random stacking of crystals and formation of irregular
particles. However, well-dispersed and uniform olive-
like BiVO4 particles with the size around 730 nm com-
posed of nanoparticles can be obtained after introducing
citric acid as a fuel in SPC process, as shown in Figs.
2c,d. Therefore, it can be speculated that the fuel cit-
ric acid also acts as structural directing agent during the
formation of BiVO4, which has a great influence on the
growth of BiVO4 crystals.

Figure 3 illustrates TEM images of the BiVO4 pig-
ment synthesized by SPC method. It can be observed
that the pigment exhibits olive-like BiVO4 nanostruc-
ture, which is composed of small nanocrystals. HRTEM
image shows the interplanar spacing of 3.12 Å, corre-
sponding well to the (1̄30) plane of m-BiVO4 (Fig.
3c). The corresponding selected-area electron diffrac-
tion (SAED) pattern can be indexed as the (002), (1̄30)
and (1̄32) reflections of m-BiVO4 (JCPDS 14-0688).

337



X. Zhang et al. / Processing and Application of Ceramics 16 [4] (2022) 335–340

Figure 4. Schematic illustration of the formation mechanism of BiVO4 olive-like pigment prepared by SPC method

The schematic illustration of the formation mech-
anism of olive-like BiVO4 pigment prepared by SPC
method is shown in Fig. 4. Firstly, citric acid as a kind
of chelating agent can react with metal ions to form
metal-chelate complexes, followed by the formation of
a polymer chain net, which contributes to the unifor-
mity of metal ions. Then, the polymer chains entrapped
with cations and solvents break down to short chains af-
ter increase of temperature [24]. Subsequently, the short
polymer chains twist and tangle together to form olive-
like aggregated polymer particles, which further trans-
form to the olive-like BiVO4 yellow pigment consisting

of nanoparticles after the combustion process. This is
in accordance with the observations in Figs. 2 and 3.
Moreover, the well-dispersed olive-like BiVO4 pigment
is beneficial to their potential applications in different
substrates, such as ceramic, glass and plastic.

For a more intuitive comparison of the effects of cit-
ric acid on the chromaticity of pigment, the colour co-
ordinates of BiVO4 pigments prepared with and without
citric acid were shown in Fig. 5a. The CIE-L*a*b* coor-
dination values of the samples were presented in Table
1. More positive b* values relate to more deep yellow-
ish hues, and higher Cab values correspond to more in-

Figure 5. Chromatic coordinates of BiVO4 pigments (a), reflectance curves (insert image is the plots of (F(R)hν)2 vs hν) (b),
digital photographs of BiVO4 pigments (c) and photographs of BiVO4 based PMMA composite/glass/ceramics (d)
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Table 1. Comparison of synthesis temperature, colour parameters, morphology and crystallite size of BiVO4 pigments
obtained by several methods

Synthesis methods
Temperature Colour coordinates Ea Morphology

Particle
Ref.

[°C] L* a* b* Cab hab [eV] size [µm]
Solid-state method 800 65.79 14.29 52.57 54.47 74.78 2.29 spherical 16 [11]

Hydrothermal-method 200 91.64 −2.45 63.07 63.12 87.78 - nanosheets 0.01–0.04 [12]
CBD method <100 68.08 16.52 42.32 45.43 68.68 - - 13 [14]

sol-gel method 500 77.18 −0.53 71.19 71.19 90.44 2.45 spherical 0.4 [15]
NHSG method 400 spherical 0.74 [16]

Commercial BiVO4 - 94.4 −16.7 76.9 78.7 77.8 2.51 - [7,24]
Commercial CdS - 90.4 −6.0 95.10 95.29 93.61 - - [25]

Commercial PbCrO4 - 87.9 3.8 98.40 98.47 87.79 - - [25]
SPC method# 200 78.41 4.25 78.12 78.24 86.89 2.46 olive-like 0.73 This work
SPC method## 200 58.94 17.13 60.56 62.94 74.21 2.15 irregular 2.4 This work

# SPC method with citric acid
## SPC method without citric acid
Cab = (a∗2 + b∗2)1/2, purity of hue (0–100) and hab = arctan(b∗/a∗), hue angle (0–360°, pure yellow = 90°)

tense chromatic. The results indicate that the pigment
prepared by SPC method with addition of the citric
acid as a fuel exhibits an ideal colouristic attributes,
and its CIE coordination is L* = 78.41, a* = 4.25, b*
= 78.12. The synthesis temperature, colour parameters,
morphology and crystallite size comparisons for the pre-
pared samples, commercially available and previously
reported BiVO4 yellow pigments were listed in Table 1
[11,12,15,25]. It is worth noting that the colour prop-
erty of the prepared BiVO4 is comparable to that of the
well-known commercial inorganic pigments (i.e. CdS,
PbCrO4) [26]. Moreover, the synthesis temperature of
the pigment prepared via the facile SPC route can be
lowered to 200 °C, which is favourable to obtain well-
dispersed olive-like BiVO4 particles without the assis-
tance of template. Figure 5b depicts the UV-Vis diffuse
reflectance spectra of the prepared BiVO4 pigments. It
can be seen that the pigments show strong optical ab-
sorption behaviour at wavelengths shorter than 500 nm,
covering the blue light region (435–480 nm). As a result,
the pigments present yellow colour, due to complemen-
tary colour to yellow. The reflectance of the pigment
prepared with adding citric acid is stronger than the con-
trol sample, suggesting higher yellow hue (b*). This re-
sult is consistent with data obtained in CIE-L*a*b* sys-
tem and the digital photographs of the BiVO4 pigments
(Fig. 5c). The bandgap of the BiVO4 pigments prepared
with and without citric acid was estimated from DRS,
demonstrating a value of 2.46 and 2.45 eV, respectively,
which is close to 2.4 eV for the BiVO4 materials re-
ported in the literature [7]. To study the potential of
the pigments as colourants for various applications, the
colour characteristics on various substrates were fur-
ther investigated, e.g. ceramics, glass, and polymethyl
methacrylate (PMMA), as shown in Fig. 5d. The sam-
ples exhibit a brilliant yellow hue, suggesting that the
BiVO4 pigment has good thermal and chemical stabil-
ity in various substrates, suggesting that the prepared
BiVO4 pigments present great application potential in
the decoration of various ceramics, glass and plastic ma-
terials.

IV. Conclusions

In conclusion, nanosized monoclinic BiVO4 pig-
ments with uniform olive-like morphology were fabri-
cated by a template-free SPC process at low temperature
(200 °C). The fuel citric acid played a key role in the for-
mation of olive-like BiVO4 particles. The as-prepared
BiVO4 pigments exhibit high purity and an excellent
tinting strength, as L* = 78.41, a* = 4.25, b* = 78.12
(Cab = 78.24, hab = 86.89). Furthermore, the prepared
pigments were introduced into glass and ceramics, in
which the prepared samples present smooth surface and
brilliant yellow hue. This demonstrates that the low-cost
and high-grade BiVO4 pigments are ideal alternatives
for traditional and toxic yellow inorganic pigments for
the application in various fields (e.g. PMMA, glass and
ceramics).
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