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Abstract. Crystalline chromium-doped Y0.50Gd0.50BO3 with vaterite structure was synthesized by the calcination of gel
from the reaction of yttrium borate, gadolinium borate, boric acid and propylene oxide at 900C for 4 h. Orthoborates
containing 10 and 20 mol% chromium-doped samples were successfully obtained and characterized by various techniques. Photoluminescent studies were performed for the doped samples. The optical bandgap of chromium-doped
samples falls in the visible region making the material more viable for photocatalytic activities. The sample was used as a
photocatalyst for photodegradation of methylene blue dye. Y0.50Gd0.50BO3 and chromium-doped samples showed good
magnetic properties, as they are antiferromagnetic in nature. To the best of our knowledge, the vaterite form of chromiumdoped Y0.50Gd0.50BO3 has been synthesized for the first time.
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Introduction

During the last few years, considerable amount of work has
been carried out on yttrium and lanthanide orthoborate
because of their strong absorption in the vacuum ultraviolet
range and an exceptional optical threshold, which make
these materials suitable for numerous applications [1,2].
The different polymorphisms and stability of orthoborates
were first investigated by Levin et al [3]. Depending upon
temperature and ionic radius of Ln3?/O2–, orthoborates can
be correlated to three crystalline forms of CaCO3, such as
aragonite, vaterite and calcite [4]. The compound having
large ionic radius, such as LaBO3, NdBO3 and CeBO3,
exhibits aragonite structure and crystallize in orthorhombic
system with Pnam space group [4]. The ions with small
ionic radii (Sm-Lu) such as orthoborates show vaterite
structure, which is consistent with a hexagonal symmetry.
The disordered hexagonal P63/mmc space group with D3d
point symmetry and an ordered hexagonal P63/mcm space
group with D3 and D3d point symmetries for the rare-earth
ions were investigated by Newnham et al [5]. Bradley et al
[6] confirmed D3 point symmetry for rare-earth ion, but
with P6c2 space group. Third series of borates (InBO3,
LuBO3, ScBO3 and CrBO3) exhibit calcite structure with
rhombohedral symmetry having R-3c space group [7–9].
The vaterite-type YBO3 could be used as a host crystal for
rare-earth-doped phosphor, because of its high thermal and

chemical stability, transparency in UV–visible regions, etc.
[10]. From the family of vaterite borate, YBO3 doped with
Eu3?, Tb3?, Yb3?, Er3?, Ce3?, Yb3?, etc. have numerous
applications towards plasma display panel, quantum cutting
and up-conversion phosphor [10–13]. In a recent study,
Kumar and others [14] discussed the application of a photoluminescent material (Eu?3-doped YBO3) showing
orange-red emission for the design of luminescent security
ink for printing of non-replicable security codes, which are
difficult to counterfeit as counterfeiting has become a major
problem worldwide. Out of these, (Y,Gd)BO3 could be used
as a best candidate for these applications due to its energy
transfer process in vacuum ultraviolet phosphor [15].
(Y,Gd)BO3 is considered as a good matrix for luminescent
ions, such as Eu3?, Tb3?, Ce3? and Nd3?, especially if the
phosphor are used under vacuum ultraviolet excitation
[16–19]. Transition metal-doped (Y,Gd)BO3 systems are
hardly studied in the literature. Chromium having small
ionic radii can afford maximum six coordination number
and it is difficult to go beyond, but depending upon the
temperature, calcite form could be changed into vaterite
form. The calcite differs from vaterite form only in terms of
coordination number of central metal crystallizing in
rhombohedral symmetry with R-3c space group [4,20,21].
In this study, synthesis of Y0.50Gd0.50BO3 and
Y0.50Gd0.50–xCrxBO3 (x = 10, 20 and 30 mol%) by modified
epoxide route has been described. Luminescent,
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photocatalytic and magnetic properties of the above materials have been studied in detail and result discussed.

2.
2.1

Experimental
Materials

GdCl36H2O (99.9%, Alfa Aesar), YCl36H2O (99.9%,
Sigma Aldrich), CrCl36H2O (99%, CDH), propylene oxide
(99%, Alfa Aesar), boric acid and ethanol were used
without further purification.

2.2

Synthesis

A quantity of 0.185 g (0.50 mmol) of GdCl36H2O and
0.151 g (0.50 mmol) of YCl36H2O were dissolved in 5 ml
of absolute ethanol and mixed with 0.061 g of H3BO3
(1 mmol) under constant stirring at room temperature. To
this solution, 0.69 ml (10 mmol) of propylene oxide was
added drop-wise with constant stirring. The colourless gel
was formed within few minutes after ultrasonication. The
gel so obtained was calcined at 9008C for 4 h, where
Y0.50Gd0.50BO3 was obtained.
A quantity of 0.2664 g (0.10 mmol), 0.5328 g (0.20 mmol)
and 0.7992 g (0.30 mmol) of CrCl36H2O were dissolved
separately in 5 ml of ethanol under constant stirring at room
temperature with 0.1482 g (0.40 mmol), 0.1115 g (0.30
mmol) and 0.07434 g (0.20 mmol) of GdCl36H2O, 0.151 g
(0.50 mmol) of YCl36H2O and 0.061 g (1 mmol) of H3BO3.
To this solution, 0.69 ml (10 mmol) of propylene oxide was
added drop-wise with stirring, where colourless gel was
obtained after ultrasonication. The obtained gels were calcined at 9008C for 4 h, where chromium (10, 20 and 30
mol%) doped Y0.50Gd0.50BO3 were obtained.

2.3

Characterization

Powder X-ray diffraction (PXRD) patterns were recorded
using a high-resolution Bruker D-8 Advance X-ray
diffractometer. The structure refinements of PXRD data
were carried out by Le Bail method using TOPAS3 software. High-resolution transmission electron microscope
(HR-TEM) images were recorded using JEOL 2100F.
Fourier transform infrared (FTIR) spectra were recorded
using Perkin Elmer 2000 Fourier-transform infrared spectrometer using KBr disks. Raman spectra were collected
using a Renishaw in Via microscope system equipped with
an Ar? laser (k = 514.5 nm). Diffuse reflectance spectra of
the samples were collected on a Perkin-Elmer Lambda-35
UV-visible spectrophotometer with an integrating sphere
attached, using BaSO4 as the reference converted to
absorbance by using KM Function. The conventional
excitation and emission spectral measurements of the
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sample were carried out using Horiba Jobin Yvon Fluorolog-modular spectrofluorometer at room temperature,
employing a continuous-wave xenon lamp source. Low
temperature magnetic measurements were recorded using
MPMS (magnetic properties measurement system) excel
manufacturing quantum design, USA, in the temperature
range from 1.8 to 320 K under applied field range of –1 to
?1 Tesla.

2.4

Photocatalytic studies

Photodegradation studies of methylene blue in presence of
10 and 20 mol% chromium-doped Y0.50Gd0.50BO3 have
been carried out under UV–visible radiation, employing a
mercury vapor lamp with 125 W capacities. Solid sample
(50 mg) was added to 50 ml of 10 lM aqueous solution of
methylene blue dye. The suspension was first stirred under
dark for 20 min after that UV–visible radiation was switched on and shined on the suspension. Periodically, 5–6 ml
of solution was taken out from the reaction mixture, centrifuged the solution and the absorbance was recorded using
UV–visible spectrometer.

3.

Results and discussion

PXRD pattern of calcined Y0.50Gd0.50BO3 is presented in
figure 1a, which shows crystalline characteristic. The
intensity profile matched well with vaterite form of
hexagonal YBO3 (JCPDS File No. 83-1205) [4,5].
Successful Le Bail refinement of this PXRD pattern in
P63/m space group yielded lattice parameters, a = 3.8135
(15) and c = 8.8671 (23) Å with no unaccounted reflections
(supplementary figure S1a), which confirms its monophasic
nature. Bright spots indexed in selected area electron
diffraction pattern were corresponded to (100), (101) and
(110) hkl planes of Y0.50Gd0.50BO3 (figure 1b) [22]. Lattice
fringes with distance of 0.1612 and 0.2590 nm corresponded to (202) and (102) hkl planes, which confirmed its
microscopic purity (figure 1c). Agglomerated morphology
was observed in TEM images (figure 1d).
The PXRD patterns of Cr3?-doped Y0.50Gd0.50BO3 are
shown in figure 2. The diffraction peaks pertaining to only
vaterite hexagonal arrangement were present up to 20 mol%
of Cr3?-doped sample. Chromium oxide as impurity was
noticed for 30 mol% chromium-doped sample (supplementary figure S2).
The ionic radius of Gd3? ion (0.938 Å) is higher than
Cr3? ion (0.615 Å) in six coordination; hence, there is a
slight decrease in the lattice constant of Cr3?-doped samples, resulting in the shrinkage of the cell volume. Successful Le Bail refinement of Cr3?-doped samples also
confirmed the monophasic nature (supplementary
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Figure 1. (a, b) PXRD and selected area electron diffraction patterns, (c) HR-TEM and (d) TEM images of
Y0.50Gd0.50BO3.

Figure 2. (a) PXRD patterns of (i) Y0.50Gd0.50BO3, (ii) Y0.50Gd0.40Cr0.10BO3 and (iii) Y0.50Gd0.30Cr0.20BO3. (b) Expended portion of
these patterns in the range of 15–40.

251

Page 4 of 11

Bull. Mater. Sci. (2021)44:251

figure S1b and c). Figure 3a shows variation of lattice
parameters a and c with respect to Cr3? content.
Lattice parameters (a (Å) and c (Å)) for Cr3?-doped
Y0.50Gd0.50BO3 are given in table 1.
The crystalline size of the samples was calculated by
Scherrer’s formula:
d ¼ kk=b cos h;
where ‘k’ is the wavelength of X-ray, h the Bragg angle and
k the constant depending on the grain shape. With
increasing the dopant concentration, the X-ray diffraction
(XRD) pattern showed a slight shift towards higher angle
side. This shift is due to the shorter ionic radii of Cr3?
compare to the Gd3?. Furthermore, due to the increase in
the concentration of small-sized dopant, the crystallite size
increased slightly, this increase can be observed clearly
from the sharpness of major peak at their full-width at halfmaximum. The average crystallite size of Y0.50Gd0.50BO3
was 41 nm and it increased to 48 and 56 nm for 10 and 20
mol% Cr3?-doped samples (figure 3b). FESEM images of
undoped and chromium-doped samples are presented in
figure 4.
Agglomerated morphology was observed for undoped
and doped samples. From energy-dispersive X-ray spectroscopy analysis of Y0.50Gd0.50BO3, 10.77, 9.72, 20.51 and
62.88% of Y, Gd, B and O were found to be present in the
sample. This was close to the expected ratio of

Figure 3.

0.50:0.50:1:3 (supplementary figure S3). While for the
doped samples, the presence of 10 and 20 mol% of chromium with respect to gadolinium was confirmed.

3.1

FTIR and Raman spectral studies

Y0.50Gd0.50BO3 has vaterite-type structure consisting of
triangular BO33– units. The typical vibrations of these units
bonded to Cr3? could be identified with the help of FTIR
and Raman spectroscopic studies. The stretching frequency
of Cr3?-doped samples are given in figure 5.
Bands appearing between 860 and 1075 cm–1, in the
FTIR spectrum of vaterite borate, were attributed to B3O99–
units present as part of crystal structure. The bands at 854
and 910 cm–1 appeared as stretching modes of B3O99– units.
The terminal B–O stretching mode belonging to B3O99–
appeared at 1062 cm–1, the bands at 704 cm–1 correspond to
out-of-plane and in-plane bending B–O mode of B3O99–
vibrations. The band at 566 cm–1 corresponds to the M–O
vibration mode, with increase in the concentration of Cr3?.
The M–O bond was shifted towards lower wavenumber
[4,9,23].
Raman spectra are given in figure 6. From the spectra, it
is apparent that due to Cr3? doping, the frequencies are
shifted to lower wavenumber.

(a) Lattice parameter values and (b) crystallite size of Y0.50Gd0.50–xCrxBO3 (x = 0.00, 0.10 and 0.20).
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Table 1. Lattice parameter values a (Å) and c (Å) for
Cr3?-doped Y0.50Gd0.50BO3.
Lattice parameter
Compound
Y0.50Gd0.50–xCrxBO3 (x mol%)
x=0
x = 10
x = 20

a (Å)

c (Å)

3.8135 (15)
3.8021 (22)
3.7988 (20)

8.8671 (23)
8.8567 (18)
8.8460 (14)

The Raman frequencies along with their characteristic
vibrations are listed in table 2.
All the Raman peaks shifted towards lower value for
Cr3?-doped samples, confirming their incorporation
[24,25].

Figure 4.

3.2

251

UV–visible and photoluminescence studies

UV–visible reflectance spectra of Cr3?-doped Y0.50Gd0.50BO3 is given in figure 7a. The band between 200 and 300
nm corresponds to the charge transfer band (ligand to metal
charge transfer). The bands at 464, 620, 705 nm correspond
to d–d transition of 4A2 (F) ? 4T1 (F), 4A2 (F) ? 4T2
(F) and 4A2 (F) ? 2E (G). The band centred at 371 nm is
due to Cr6?–O2– ligand to metal charge transfer spectra
[26,27]. (Y,Gd)BO3 is semiconductors possess wide band
gap and therefore bears a low electron–hole recombination
rate. These holes help in oxidizing the organic molecules,
but the wide bandgap has disadvantages too and limits its
use [28], which is very well balanced on doping with Cr.
The optical bandgap was dependent on degree of structural order–disorder in the lattice. The order–disorder in the
lattice was attributed to the existence of oxygen vacancy,
impurities or local distributions and leads to the inducement

FESEM images of (a) Y0.50Gd0.50BO3, (b) Y0.50Gd0.40Cr0.10BO3 and (c) Y0.50Gd0.30Cr0.20BO3.
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Table 2. Raman frequencies for the Y0.50Gd0.50–xCrxBO3 (x =
0.00, 0.10 and 0.20).
Raman frequencies (cm–1)

Characteristic of vibration

Band between 180 and 250
Band between 424 and 501
Band at 605

Vibration mode of B3O99–
The presence of B3O99– ring
B–O–B bending mode of BO4
unit
B3O99– borate ring deformation
mode
Stretching vibration of Td BO4
group

Band at 819
Band at 997 and 1021

Figure 5. FTIR spectra of (a–c) Y0.50Gd0.50–xCrxBO3 (x = 0.00,
0.10 and 0.20).

crystallite size, lattice strain and variation in the surface
morphology of the prepared compound (figure 7b) [30,31].
The photoluminescence spectrum of Cr3?-doped samples is
shown in figure 7c. Due to good stability of YBO3, it is
generally preferred as host for luminescence materials. The
luminescence band at 715 nm corresponds to red emission
band of chromium. Intensity of red emission band was
increased with Cr3? addition [32]. Due to luminescence
band corresponding to red emission, the material can be
used for the detection of latent fingerprints [33].

3.3

Figure 6. Raman spectra of Y0.50Gd0.50–xCrxBO3 (x = 0.00, 0.10
and 0.20).

of additional electronic level in forbidden band. The optical
bandgaps of pure and Cr3?-doped samples were calculated
by the following Tauc equation.
2
ahm ¼ hmEg ;
where a is the absorption factor, h the plank constant, m is
the frequency and Eg the optical bandgap. In this study, the
optical bandgap value for the pure Y0.50Gd0.50BO3 was
found to be 3.50 eV [29]. Further on increasing the dopant
concentration, the optical bandgap values were found to be
2.84 and 2.50 eV, which could be due to the influence of

Magnetic studies

Magnetization vs. magnetic field for chromium-doped
sample is plotted in figure 8. The magnetization values were
found to be 4 9 10–2 and 9.2 9 10–2 emu g–1 for 10 and 20
mol% chromium-doped samples at 300 K.
The S shape of the magnetization loop with minor hysteresis suggests the presence of antiferromagnetic ordering
in the sample at room temperature. Low temperature magnetic susceptibility was investigated. Paramagnetic nature
was observed in magnetic susceptibility vs. temperature plot
(figure 9a). Magnetic susceptibility decreases exponentially
with increase in the temperature. The temperature variation
of magnetic susceptibility was found to follow Curie–Weiss
law, giving the effective magnetic moment of leff = 7.48
and 1.11 BM at 300 and 5 K, respectively, with an estimated Weiss constant (h) of –90.51 K. This suggested the
existence of antiferromagnetic interaction between the
gadolinium ions in the lattice [34,35]. At a high field of
1000 Oe the vM–1fully obeys the conventional Curie–Weiss
law, as the maximum points are falling on a straight line.
This behaviour is another characteristic of Griffith phase,
and is due to the polarization of spins outside the clusters
[36].
For 10 and 20 mol% chromium-doped samples in the
zero-field cooled (ZFC) curve, the magnetic susceptibility
increased with decrease in temperature from 320 K and
exhibited a small cusp at around Neel temperature of 12.24
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Figure 7. (a) UV–visible reflectance spectra, (b) bandgap plot and (c) photoluminescence spectra of Y0.50Gd0.50–
xCrxBO3 (x = 0.10 and 0.20).

Figure 8. Magnetization vs. magnetic field at 300 K for 10 and
20 mol% chromium-doped samples.

and 16.32 K, indicating the presence of antiferromagnetic
ordering in the samples (figure 9b). Similar magnetic
behaviour has been reported in the literature for CrBO3
[20,37,38]. The samples obey the Curie–Weiss law between
2 and 340 K. By using 1/vM vs. T fitting, Weiss constant (h)
was found to be –10.07 and –10.27 K (figure 9c). The
negative sign indicates the dominance of magnetic interaction leading to antiferromagnetic material [9]. The magnetic moment of chromium-doped sample with respect to
temperature has been plotted in figure 9d. Effective magnetic moment for the chromium ion was found to be 3.58
and 3.73 BM at room temperature, which were satisfied
with the spin-only magnetic moment values for chromium
(III) ion (d3 system) [38]. Most of the rare-earth borates
such as vaterite and aragonite structure and transition metal
borate having calcite structure show majorly antiferromagnetic interaction with weak ferromagnetic behaviour
[35,38].
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Figure 9. (a) Variation of magnetic susceptibility with temperature under field of 1000 Oe for Y0.50Gd0.50BO3, inset shows the
inverse magnetic susceptibility with respect to temperature. (b) Variation of magnetic susceptibility with temperature under field
of 1000 Oe, (c) magnetic susceptibility with respect to temperature and (d) magnetic moment with respect to temperature for
Y0.50Gd0.50–xCrxBO3 (x = 0.10 and 0.20).

3.4

Surface area

Surface area was determined by Brunauer–Emmett–Teller
method in N2 atmosphere (figure 10). The Brunauer–
Emmett–Teller surface areas of 10 and 20 mmol% doped
samples were found to be 5.773 and 66.84 m2 g–1,
respectively.

3.5

Photocatalytic studies

Vaterite borate finds extensive use as a catalyst for degradation of dyes. Low bandgap of chromium-doped sample
and high surface area can be used for photodegradation of
various carcinogenic organic dyes. The catalytic role of
Cr3?-doped samples for the photodegradation of methylene
blue dye solution was examined. Temporal changes in
absorbance maxima at kmax = 661 nm (for methylene blue
dye) in the presence of Cr3?-doped samples after shining

with UV–visible radiation are given in figure 11a and b.
From the reduction in intensity of absorbance maxima in the
presence of these samples, their catalytic role was confirmed. The concentration profile with respect to time is
given in figure 11c. It indicated that absorbance value
decreased with respect to time in the presence of catalyst
and very small change was observed in the absence of
catalyst, which shows the efficiency of our catalyst towards
photodegradation of methylene blue dye. Nearly 80 and
95% of dye was found to degrade in 120 min of exposure,
employing Cr3?-doped samples (figure 11d).
The photodegradation mechanism of dye is shown in
figure 12. The excitation of electron from the valance band
to conduction band, and generation of electron–hole (e––h?)
pairs is predicted due to the narrow bandgap [39].
Catalyst þ hm ! e þ hþ
The holes (h?) generated in the valance band will react
with H2O and hydroxyl anion (OH–) acting as electron
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Figure 10. Brunauer–Emmett–Teller adsorption–desorption isotherms of Y0.50Gd0.50–xCrxBO3 (x = 0.10 and 0.20). 10 and 20 mmol%
doped samples.

Figure 11. (a and b) Absorbance plots under UV–visible irradiation, (c) C/C0 plot, (d) % Dye degradation plot of
methylene blue in the presence of Y0.50Gd0.50–xCrxBO3 (x = 0.10 and 0.20).
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Figure 12. Mechanism of photocatalytic degradation of methylene blue in the presence of chromium-doped samples.

donor to form hydroxide radical (OH•). In the conduction
band, electrons will react with electron acceptor species,
i.e., oxygen molecule (O2) and lead to the formation of
reactive oxygen anion radical (O2•–).
Later, reactive hydroperoxyl radical (HO2•) is formed. At
the end, OH•, O2•–, HO2• radicals will attack the dye
molecule leading to the intermediate with the formation of
final product. Photodegradation of dye through radical
mechanism has already been reported in the literature
[40,41].



MB þ ðOH Þ; O
2 ; HO2 ! intermediate
! CO2 þ H2 O

4.

Conclusions

A quantity of 50 mol% gadolinium-substituted yttrium
borate has been successfully synthesized by epoxide gel
approach. Similar approach has been used for the synthesis
of Y0.50Gd0.50–xCrxBO3 (x = 0.10–0.30). From the optical
and photoluminescence studies of doped samples, their use
as potential phosphorescence materials have been concluded. Red emission band was observed in the photoluminescence spectra. Antiferromagnetic behaviour of
Y0.50Gd0.50BO3 was observed in magnetization vs. magnetic
field plot from 300 to 5 K, which was further supported by
Curie–Weiss law. Antiferromagnetic behaviour has also
been observed for chromium-doped samples. Photocatalytic
degradation of methylene blue has been observed under
UV–visible irradiation in the presence of Cr3?-doped
sample. Approximately 80 and 95% of methylene blue dye
was degraded within 120 min.
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