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etic and optical properties of
disordered double perovskite Gd2CoCrO6

nanoparticles†

M. J. Hosen,ab M. A. Basith *b and I. M. Syedacd

We have synthesized disordered double perovskite Gd2CoCrO6 (GCCO) nanoparticles with an average

particle size of 71 ± 3 nm by adopting a citrate sol–gel method to investigate their structural, magnetic,

and optical properties. Rietveld refinement of the X-ray diffraction pattern showed that GCCO is

crystallized in a monoclinic structure with space group P21/n, which is further confirmed by Raman

spectroscopic analysis. The absence of perfect long-range ordering between Co and Cr ions is

confirmed by the mixed valence states of Co and Cr. A Néel transition was observed at a higher

temperature of TN = 105 K compared to that of an analogous double perovskite Gd2FeCrO6 due to

a greater degree of magnetocrystalline anisotropy of Co than Fe. Magnetization reversal (MR) behavior

with a compensation temperature of Tcomp = 30 K was also observed. The hysteresis loop obtained at 5

K exhibited the presence of both ferromagnetic (FM) and antiferromagnetic (AFM) domains. Super-

exchange and Dzyaloshinskii–Moriya (DM) interactions between various cations via oxygen ligands are

responsible for the observed FM or AFM ordering in the system. Furthermore, UV-visible and

photoluminescence spectroscopy demonstrated the semiconducting nature of GCCO with a direct

optical bandgap of 2.25 eV. The Mulliken electronegativity approach revealed the potential applicability

of GCCO nanoparticles in photocatalytic H2 and O2 evolution from water. Due to a favorable bandgap

and potentiality as a photocatalyst, GCCO can be a promising new member of double perovskite

materials for photocatalytic and related solar energy applications.
1 Introduction

Perovskite oxides have attracted notable research interest in the
last few decades because of their fascinating structure and
physical properties like ferroelectric, ferromagnetic, multi-
ferroic, photocatalytic, etc1–5. It is noticeable that among
different types of perovskites, GdCoO3 and GdCrO3 possess
interesting properties along with potential applications.6–11 For
instance, GdCoO3 exhibits a giant magnetocaloric effect near
the Néel transition TN = 3.1 K with a signicant refrigerant
capacity of 278 J kg−1 for a 0–70 kOe eld change which belongs
to the half-lled 4f orbital of Gd3+ ions.6 It also shows impres-
sive optoelectronic properties like a suitable bandgap of
∼1.83 eV, excellent absorbance in the visible region of the solar
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spectrum, and noticeable photocatalytic efficiency in a decrease
of the recombination rate of the electron–hole pairs.7,8 On the
other hand, GdCrO3 shows temperature-dependent magneti-
zation reversal (TMR), spin reorientation (SR), and spin ipping
(SF) as a result of competitive magnetic interactions between Gd
and Cr-sublattices that makes it a strong candidate for potential
applications.9 Furthermore, GdCrO3 exhibits antiferromagnetic
(AFM) ordering at a comparatively higher temperature of 167 K
than that of GdCoO3 because of the Cr3+–Cr3+ interaction fol-
lowed by weak ferromagnetic (FM) ordering of Cr3+–Gd3+

interaction and magnetization reversal below 95 K due to
interaction between Gd3+ and Cr3+ ions.10 Notably, GdCrO3 also
shows excellent absorbance in UV-visible regions with an
optical bandgap of 3.15 eV.11 Such diversied magnetic and
optical properties of parent single perovskites GdCoO3 and
GdCrO3 motivated us to synthesize nanoparticles of their
double perovskite Gd2CoCrO6.

It is worth mentioning that a number of previous investiga-
tions demonstrated double perovskites of general formula
A2BB'O6 (A = rare earth elements, B and B′ = transition metal
elements) exhibit better exibility and show a wide variety of
properties compared to single perovskites due to two transition
metal elements at B sites.2,12,13 These perovskite materials show
superconductivity, magnetic ordering from ferromagnetic to
RSC Adv., 2023, 13, 17545–17555 | 17545
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Fig. 1 Schematically the synthesis steps of Gd2CoCrO6 double
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antiferromagnetic, multiferroic, and catalytic properties.14–16 As
a result, they can be exploited in different elds of applications
such as spintronic devices, information storage devices, pho-
tocatalytic systems, photovoltaic devices, photochemical energy
storage devices, etc17–22.

Notably, due to various cationic ordering and compositions
at B and B′ sites along with octahedral distortion in B/B′O6

octahedral rare-earth-based double perovskites exhibit complex
magnetic behavior like coexisting ferromagnetic and antiferro-
magnetic states, high curie temperature/Néel transition,
magnetic reversibility, spin reorientation, etc16,22–24. For
instance, Gd2CoMnO6 shows ferromagnetic transition at
a higher temperature TC = 112 K, whereas its parent materials
GdMnO3 and GdCoO3 exhibit ferromagnetic and antiferro-
magnetic behavior with very low transition temperatures 20 K
and 3.2 K, respectively.6,23,25 Another investigation on Pr2FeCrO6

exhibits a magnetically ordered state below the transition
temperature of 240 K due to 180° super-exchange interactions
between Fe3+(t32ge

2
g)–O–Cr

3+(t32ge
0
g).16 A separate investigation on

Gd2FeCrO6 shows complex behavior of both FM and AFM states
at 5 K due to octahedral distortion on Fe/CrO6 octahedral.22

Recent investigation on Y2FeCrO6 double perovskite shows
magnetization reversal with higher compensation temperature
Tcomp = 192 K, and spin reorientation behavior with transition
temperature TSR = 30 K followed by DM interaction and single-
ion anisotropy.24

Furthermore, double perovskites exhibit great catalytic effi-
ciency due to favorable bandgap and strong absorbance in the
visible regions of the solar spectrum.26,27 For instance, La2-
CuNiO6 shows much higher catalytic activity for methane
combustion compared to its parent material LaNiO3 and the
mixture of LaNiO3 and LaCuO3 due to different structures and
surface morphologies.26 Another investigation on La2FeTiO6

and LaFeO3 reveals that La2FeTiO6 shows the higher photo-
catalytic activity of p-chlorophenol degradation compared to
LaFeO3 under visible light irradiation, which is also responsible
for different structures and surface morphologies.27 These
fascinating magnetic and optical properties of double perov-
skites compared to single perovskites also motivated us to
investigate the Gd2CoCrO6 double perovskite.

However, it is difficult to synthesize the ordered structure of
Gd2CoCrO6 double perovskite owing to antisite disorder which
arises due to the almost identical ionic radii of Co2+ and Cr3+

ions 0.65 Å and 0.62 Å, respectively.28,29 The comparable ionic
radii of these two ions disrupt the ideal repeating order of Co
and Cr ions.28,30 It is well known that the physical properties of
A2BB'O6 double perovskites are closely connected to the uc-
tuation of antisite disorder.28 Because of difficulties to control
the order–disorder effect during synthesis, the family of
A2CoCrO6 has not been investigated yet.

Therefore, in the present investigation, Gd2CoCrO6 nano-
particles were synthesized via the citrate sol–gel method, and
their structural, morphological, magnetic, and optical proper-
ties were investigated extensively. Finally, the potential of pho-
tocatalytic water splitting of GCCO was discussed in terms of
bandgap and band edge potential.
17546 | RSC Adv., 2023, 13, 17545–17555
2 Experimental details
2.1 Sample preparation

The Gd2CoCrO6 double perovskite was synthesized by adopting
a citrate sol–gel method due to the simplicity, higher phase
purity, and higher production efficiency of the sol–gel
method.22,31 Fig. 1 depicts schematically the synthesis steps of
Gd2CoCrO6 double perovskite. At rst, stoichiometric amounts
of analytical grade Gd(NO3)3$6H2O (Sigma-Aldrich, 99.9%),
Cr(NO3)3$9H2O (Sigma-Aldrich, 99%), and Co(NO3)2$6H2O
(Merck, 99%) were dissolved separately in 50 mL of deionized
(DI) water. Then, the solutions were mixed in a beaker and
vigorously stirred for 25 minutes at 50 °C for better mixing. To
avoid the formation of multiple phases of binary oxide, citric
acid (CA), a chelating agent that binds metal ions together, was
used. Aqueous ammonia was used to maintain the pH value of
the solution at approximately 7. Drop by drop, Ethylene glycol
(EG) was added to the solution following the molar ratio of
{Gd3+, Co2+ + Cr3+} : {CA} : {EG} = 1 : 1 : 4 to create a polymeric
metal-cation network.22,32 The mixture was then heated at 80 °C
for 4 hours to produce the gel precursor. The resulting gel was
burned at a high temperature until auto-combustion was initi-
ated. The resultant uffy powder was then ground in an agate
mortar and nally calcinated at 800 °C for 6 hours in air.22,33
2.2 Characterization details

In this investigation, the X-ray diffraction (XRD) was carried out
by using a PW3040 X'pert PRO Philips XRD diffractometer
ranging from 20° to 80° with a Cu X-ray source of wavelength, l:
Ka = 1.5405 Å. The FullProf soware package was used to
analyze the Rietveld prole using the powder XRD data. Raman
spectroscopy was carried out by MonoVista CRS+ Raman
microscope systems (S & I) to further verify the crystal structure
of GCCO nanomaterials. Fourier transform infrared spectros-
copy (FTIR) was conducted via a Shimadzu (IRSpirit) FTIR
spectrometer to observe the presence of the functional group in
the as-synthesized GCCO nanomaterials. Thermogravimetric
analysis (TGA) was performed using a thermogravimetric
analyzer (Hitachi TG/DTA7200) with a simultaneous thermal
analysis (TGA + DTA) module and an Al2O3 pan in a nitrogen
atmosphere at a heating rate of 10 °C min−1 ranging from 30 °C
perovskite using the sol–gel method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to 900 °C to investigate the thermal stability of GCCO nano-
particles. Both eld emission electron microscope (FESEM)
(JEOL JSM 7600F) and transmission electron microscope (TEM)
(Talos F200X) were carried out to scrutinize the surface
morphology of as-prepared GCCO nanomaterials. X-ray photo-
electron spectroscopy (XPS) was performed by a K-alpha XPS
(Thermo Fisher Scientic) with an Al Ka (1486.6 eV) X-ray source
to see the valence state of all elements present in the GCCO.
Magnetic properties were investigated using a quantum design
physical properties measurement system (PPMS) DynaCool.
Finally, to see the optical properties of GCCO nanomaterial, the
optical absorption spectrum was investigated by using an
ultraviolet-visible (UV-visible) spectrophotometer (UV-2600,
Shimadzu) and steady-state photoluminescence (PL) spectrum
was investigated using a Spectro Fluorophotometer (RF-6000,
Shimadzu).
Fig. 2 Rietveld refined powder XRD pattern of Gd2CoCrO6 nano-
particles at the room temperature.
3 Results and discussion
3.1 Crystallographic structure analysis

Prior to conducting experimental analysis, the tolerance factor
and global instability index (GII) were calculated to predict the
crystal structure of GCCO double perovskite by using the
Structure Prediction Diagnostic Soware (SPuDS) to get
a notion about its crystal structure.34 The tolerance factor (t) for
GCCO double perovskite can be written as,22,35

t ¼ rGd þ rOffiffiffi
2

p �rCo þ rCr

2
þ rO

�
where rGd, rCo, rCr, and rO represent the ionic radius of Gd, Co,
Cr, and O ions, respectively. For double perovskites, generally,
the value of the tolerance factor t z 1 is related to perfect cubic
structure. If t > 1.05, the crystal could have a hexagonal struc-
ture, and if it is less than 0.97, the structure will be either
monoclinic or orthorhombic.22,35 Noticeably, at room tempera-
ture (RT), the tolerance factor t of GCCO double perovskite was
computed to be 0.94, which suggests that the crystal structure of
GCCO is either monoclinic or orthorhombic.

The overall structural stability of a particular phase of double
perovskites can be predicted by calculating their global insta-
bility indices (GII), which are the difference between the formal
valence of cations and anions and the calculated bond-valence
sum (BVS). The global instability index (GII) is dened as the
root mean square value of the bond discrepancy factor.34,36

GII ¼
("XN

i¼1

d2
i

#,
N

)1
2

where di is the bond discrepancy factor computed from the
bond valence sum and N is the number of atoms in the asym-
metric unit. GII = 0 means perfectly stable structure.36 For
relaxed (unstrained) structures, the GII values are typically less
than 0.1 v. u. (valence unit) and larger than 0.2 v. u. for
a structure with lattice-induced strains, which is unstable in
nature.34 Particularly, according to several investigations, under
ambient pressure stable double perovskite structures can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
formed that have GII values smaller than 0.02 v. u.37,38 Since the
GII value of GCCO was computed to be 0.004 v. u., which is less
than 0.02 v. u., an unstrained stable crystal structure of GCCO is
feasible to form without applying high pressure during
synthesis.

Fig. 2 demonstrates the Rietveld rened powder XRD pattern
of as-synthesized GCCO nanoparticles at room temperature
(RT). The crystalline size of GCCO double perovskite was found
to be 36 nm using the Scherrer formula.39 No undesired peak in
the XRD pattern conrms the high phase purity of the as-
synthesized GCCO nanoparticles. As was mentioned earlier,
the tolerance factor was calculated to be 0.94, which means that
the crystal structure would be either monoclinic or ortho-
rhombic. Hence, Rietveld renement was performed by
considering both monoclinic and orthorhombic structures, and
it was found that the monoclinic structure of the P21/n space
group tted more accurately compared to the orthorhombic
structure of the Pbnm space group. Cation ordering can be
veried by checking the superstructure peak around the
diffraction angle 20°.40,41 The presence of a superstructure peak
at an angle of 20.6° is almost negligible, which demonstrates
the absence of proper long-range ordering between Co and Cr
ions. Mixed valence states of Co and Cr elements conrmed by
the XPS analysis, which will be discussed further also revealed
the absence of perfect long-range ordering between Co and Cr
cations. The lattice parameters of the GCCO double perovskite
from Rietveld renement were observed to be a = 5.266 Å, b =

5.455 Å, c = 7.525 Å, a = g = 90° and b = 90.083° with unit cell
volume 216.17 Å3, which were consistent with similar double
perovskites.16,22,42 Exploiting these parameters, the GCCO unit
cell with Co/CrO6 octahedra was demonstrated by the structure
visualization soware VESTA.43 Visualized unit cell of GCCO is
shown in Fig. 3(a).

In Fig. 3(a), the deviation of Co and Cr ions from the center of
the octahedron indicates the octahedral distortion.44 For further
insight, the magnied view of three Co/CrO6 octahedral is
RSC Adv., 2023, 13, 17545–17555 | 17547
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Fig. 3 GCCO unit cell (a) and magnified view of Co/CrO6 octahedral
(b, c, and d).

Fig. 4 Raman spectrum of GCCO nanoparticles observed at RT. Inset
of the figure shows magnified view of Bg mode.
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View Article Online
presented in Fig. 3(b–d). The distortion can be estimated by
calculating tilt angle F, which is equal to F = (180 − q)/2, where
q is Co/Cr–O–Cr/Co bond angle.16 Unequal bond distances
further verify the octahedral distortion in the GCCO unit cell.
The mean value of the tilt angle F was calculated to be 16.94°.
Table 1 represents the Rietveld rened structural parameters of
GCCO double perovskite.

3.2 Raman spectrum analysis

Raman spectroscopy was performed at room temperature (RT)
to further verify the as-synthesized GCCO crystal structure.
Vibrational modes that arise in the Raman spectroscopy are
mainly due to the vibration of Co/CrO6 octahedral and Co/Cr–O
bonds. Fig. 4 shows the Raman spectrum of as-synthesized
GCCO nanoparticles.

Since GCCO possesses a monoclinic structure with space
group P21/n, hence it is expected to the presence of two vibra-
tional modes Ag and Bg in the Raman spectrum of GCCO.45,46

The presence of Ag and Bg modes can be seen clearly in the
Raman spectrum of GCCO at Raman shis of 487 cm−1 and
653 cm−1 respectively. Here, Ag mode arises due to the anti-
symmetric stretching vibration of Co/CrO6 octahedra, and Bg

mode arises due to the symmetric stretching vibration of Co/
CrO6 octahedra.45 The presence of these two modes further
conrms the monoclinic structure with space group P21/n.
There is also the presence of two intense peaks, M1 and M2, at
Table 1 Atoms, Wyckoff positions, atomic coordinates, bond lengths,
refinement of XRD pattern

Atom Wyckoff position X Y Z Bond dis

Gd 4e 0.511 0.554 0.251 Co–O1 =

Co 2c 0 0.500 0 Co–O2 =

Cr 2d 0.500 0 0 Co–O3 =
O1 4e 0.213 0.223 −0.088 Cr–O1 =

O2 4e 0.258 0.755 0.053 Cr–O2 =

O3 4e 0.416 −0.043 0.278 Cr–O3 =

17548 | RSC Adv., 2023, 13, 17545–17555
Raman shis of 1361 cm−1 and 1604 cm−1. The Raman peak at
1361 cm−1 arises due to the overtone of two Bg modes, and the
Raman peak at 1604 cm−1 arises due to the linear combination
of 2Ag and Bg modes.41 The average bond distance can also be
calculated using the stretching mode through the following
formula,47,48

v (cm−1) = 21349 exp(−1.9176R (Å))

where n is the mode of vibration and R is the average Co/Cr–O
bond distance. The average bond distance is calculated to be
1.98 Å corresponding to anti-symmetric stretching vibration,
which is consistent with the average bond distance obtained
from Rietveld renement.
3.3 FTIR spectrum analysis

FTIR spectroscopy was performed at room temperature to
identify the infrared (IR) active modes and the presence of
different functional groups in the as-synthesized GCCO nano-
particles, as demonstrated in the ESI Fig. S1.† It is expected that
there will be six normal modes of vibration (V1–V6) of the Co/
CrO6 octahedral complex in the GCCO unit cell. Among these V3

and V4 are IR active, V1, V2, and V5 are Raman active, and V6 is
inactive.22,42,49
bond angles, tilt angles, and reliability factors obtained from Rietveld

tance (Å) Bond angle (°) Tilt angle (°) Reliability factors

2.25 Co–O1–Cr = 129.45 25.28 Rexp = 5.73
2.01
1.50 Co–O2–Cr = 152.03 13.99 Rwp = 6.00
1.94
1.89 Co–O3–Cr = 156.87 11.56 c2 = 1.10
2.33

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) FESEM image of Gd2CoCrO6 nanoparticles. Inset of figure (a)
shows particle size distribution histogram. (b) Energy dispersive
spectrum with inset showing the percentage of all required elements.
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The broad transmission mode around 516 cm−1 arises
basically due to the bending vibration of Co/Cr–O bonds in Co/
CrO6 octahedral in the GCCO unit cell and is denoted by V3.22

The transmission mode at 571 cm−1 is denoted by V4 and arises
basically due to the stretching vibration of Co/Cr–O bonds.42

The transmission band at 918 cm−1 is assigned to the NO3
− ions

trapped in the GCCO nanoparticles, which arises due to the use
of nitrate salt as precursor materials.22,49 C–O bonds arise at the
range of 1384–1681 cm−1 and 2355 cm−1 due to the chemi-
sorption of atmospheric CO2 by the GCCO nanomaterials.22,42

Finally, O–H bonds arise in the range of 3663–3868 cm−1

because of the absorption of the water at the surface of GCCO
nanoparticles.42

3.4 TGA and DTA analysis

Thermogravimetric analysis (TGA) was performed to see the
thermal stability of GCCO double perovskite. The TGA curve
demonstrated in the ESI Fig. S2† shows that the weight loss of
GCCO powders is less than ∼1% up to temperatures of 900 °C,
which indicates the great thermal stability of GCCO nano-
particles over a wide range of temperatures. The weight loss at
a lower temperature is most probably due to the removal of
absorbed water and gases from the surface of GCCO nano-
particles. The weight loss at higher temperatures might be due
to the loss of Co and Cr ions in the lattice because of the loss of
lattice oxygen.22,50 Thermal stability up to 900 °C indicates that
the calcination at a temperature of 800 °C was reasonable.

In the Differential Thermal Analysis (DTA) curve illustrated
in the ESI Fig. S2,† initially enthalpy increases due to the
increase of operating temperature. No intense peak was
observed corresponding to a signicant phase transition. The
weak endothermic peak at the temperature of 720 °C was
observed, which was due to the dissociation of C–O bonds
present in the GCCO nanoparticles.51 The presence of C–O
bonds was also conrmed by the FTIR analysis in the previous
section.

3.5 FESEM imaging

The surface morphology of as-synthesized GCCO double
perovskite was investigated initially by conducting eld emis-
sion scanning electron microscopy (FESEM). Fig. 5(a) shows the
surface morphology of as-synthesized GCCO nanoparticles ob-
tained from FESEM measurement. The surface of the GCCO
nanomaterials calcined at 800 °C is not homogeneously
distributed and the particles are agglomerated to some extent.
This agglomeration occurs due to the relatively higher surface-
to-volume ratio and higher surface energy of nanoparticles.
Aer that, agglomeration occurs to lower its surface energy.52,53

Again, the precursors, chelating agent, pH of the solution, and
solvent affect the particles to agglomerate to some extent.54,55

Finally, the agglomeration can take place due to the larger
enthalpy changes due to bond formation than entropy, which is
responsible for negative Gibbs free energy. Agglomeration tends
to eliminate this negative free energy (DG) to be thermody-
namically stable.56,57 Inset of Fig. 5(a) shows the particle size
distribution of GCCO nanoparticles obtained from a FESEM
© 2023 The Author(s). Published by the Royal Society of Chemistry
image, which shows that the majority of the particles are in the
range of 40 to 140 nm with an average particle size of 71± 3 nm,
which is well in agreement with the similar material Gd2FeCrO6

double perovskite.22 The energy dispersive spectrum (EDS)
illustrated in the Fig. 5(b) shows the presence of all required
elements.

The mass and atomic percentage of all required elements
found from EDS spectroscopy and calculated theoretically are
demonstrated in the inset of Fig. 5(b). It is seen that the
experimentally obtained values are analogous to the theoreti-
cally calculated values, which further demonstrated the
successful synthesis of GCCO nanomaterials.
3.6 TEM imaging

In the morphological investigation, transmission electron
microscopy (TEM) shows a better insight into particle
morphology. Fig. 6(a) exhibits the bright eld TEM image of the
GCCO nanoparticles. The particle sizes obtained from TEM are
in the range of 40–120 nm, which is well in agreement with the
particle sizes obtained from FESEM analysis. Fig. 6(b) demon-
strates the high-resolution TEM image with an interplanar
spacing of 0.31 nm. The Rietveld analysis demonstrated that the
interplanar spacing of 0.31 nm is associated with the (−1 1 2)
RSC Adv., 2023, 13, 17545–17555 | 17549
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Fig. 6 (a) Bright field TEM image of GCCO nanoparticles, (b) high
resolution TEM image. Inset of figure (b) shows SAED pattern of as-
synthesized GCCO nanomaterials.

Fig. 7 (a–d) High resolution XPS spectra of Gd-4d, Co-2p, Cr-2p and
O-1s of Gd2CoCrO6 nanoparticles, respectively.
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lattice plane. The ring shape pattern of selected area electron
diffraction (SAED) in the inset of Fig. 6(b) demonstrates the
polycrystallinity of GCCO double perovskite with the presence
of (−1 2 4), (0 1 4), (1 1 3), (0 2 1), and (1 1 1) lattice planes.7
3.7 X-ray photoelectron spectroscopy (XPS) analysis

The oxidation states and chemical binding energies of indi-
vidual atoms of as-prepared GCCO double perovskite were
scrutinized by performing X-ray photoelectron spectroscopy
(XPS). The high-resolution XPS spectra of Gd-4d, Co-2p, Cr-2p,
and O-1s core levels of the as-prepared sample are shown in
Fig. 7(a–d), respectively. The XPS spectrum of Gd (Fig. 7(a))
exhibits two characteristic doublet peaks due to spin–orbit
splitting at 4d5/2 and 4d3/2, which are associated with the
binding energies of 141.63 eV and 146.02 eV, respectively. The
binding energies of Gd-4d5/2 and Gd-4d3/2 indicate the presence
of the Gd3+ ion in the GCCO double perovskite.5,58 In the XPS
17550 | RSC Adv., 2023, 13, 17545–17555
spectrum of Co content (Fig. 7(b)), the spin–orbit splitting of the
Co-2p orbital is composed of two major peaks at 780.28 eV and
795.78 eV, related to the Co-2p3/2 and Co-2p1/2 states, respec-
tively, with a satellite peak at the binding energy of 803.49 eV
due to interaction between the photo-ejected electron and the
valence electron. The deconvolution peaks of Co-2p3/2 at
binding energies of 780.22 eV and 784.49 eV represent the Co3+

and Co2+ states, respectively, and the deconvolution peak of Co-
2p1/2 at 795.78 eV represents the Co3+ state.59,60 Similarly, the
XPS spectrum of the Cr element also exhibits spin–orbit split-
ting at 575.88 eV and 585.85 eV, which correspond to the 2p3/2
and 2p1/2 states, respectively. Further deconvolution of state
2p3/2 at 575.54 eV and 576.98 eV reveals the presence of mixed
states Cr2+ and Cr3+, respectively, and deconvolution of state
2p1/2 at 585.68 eV and 586.88 eV represents the mixed state of
Cr3+ and Cr6+ states.61,62 The presence of Cr6+ is well consistent
with the previous investigation.62

Fig. 7(d) shows the core level XPS spectrum of O 1s1/2, the
peak at 528.92 eV corresponds to the characteristic peak of O2−

ions of the lattice oxygen, while the wide peak at 530.74 eV
denotes the ionization of oxygen ions associated with the
subsurface of GCCO nanomaterials. This suggests that the
subsurface is formed of oxygen ions with a lower electron
concentration than the O2− ions. These oxide ions can be
ascribed as excess oxygen or O− species.16 The presences of
mixed states of Co and Cr elements indicate the absence of
perfect long-range ordering between Co and Cr elements in the
GCCO double perovskite.
3.8 Magnetic characterization

The temperature-dependent direct-current (dc) magnetization
measurements of Gd2CoCrO6 nanoparticles were performed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) ZFC and FC magnetization curves at an applied field of 100 Oe. Inset of (a) shows enlarged view of ZFC curve. (b) Curie–Weiss plot of
FC magnetization curve. (c) M–H loops obtained at 5 K, 50 K, 100 K, 200 K and 300 K. Inset shows magnified view of M–H loop obtained at 50 K.
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under an applied magnetic eld of 100 Oe using both ZFC and
FC modes as shown in Fig. 8(a). The FC magnetization curve
increases as temperature decreases without any sharp transi-
tion, indicating the absence of proper long-range ordering
among Co3+ and Cr3+ ions which is consistent with XRD anal-
ysis.16,22 Notably, the ZFC curve displays a cusp-like feature at
105 K (shown by the red arrow in the inset of Fig. 8(a)), which
suggests a Néel transition at TN = 105 K. In a similar type of
double perovskite Gd2FeCrO6, we observed previously a Néel
transition at a temperature around ∼15 K.22 Interestingly, the
replacement of Fe by Co enhanced Néel transition temperature
signicantly probably due to the higher degree of magneto-
crystalline anisotropy of Co owing to strong spin–orbit coupling
and stronger exchange interactions among the 3d electrons
compared to Fe.63

Magnetization reversal (MR) behavior was also observed in
the ZFC curve of Fig. 8(a) with a compensation temperature of
Tcomp = 30 K. In a recent investigation,33 we observed such
a magnetization reversal in an analogous double perovskite
Y2FeCrO6. We also found that the temperature range/region of
this negative magnetization is decreasing with increasing eld
and eventually vanishes for a higher applied magnetic eld.
Notably, a small negative eld, trapped in the superconducting
magnet can mimic a negative magnetization under the ZFC
condition and that might be misleading. Therefore, in our
investigation, the magnitude of the remanence in the magnet
was reduced to 1–2 gauss by setting the eld to zero from an
initial eld above 1 Tesla in the oscillator mode of the magne-
tometer. This also attenuated the ux creep effects. The rema-
nence was further reduced to <0.05 gauss by using the ultra-low
eld option in the magnet to compensate for the trapped ux
from the magnet. Therefore, we think that in our investigation,
the observed negative magnetization is not an artifact due to the
trapped eld in the superconducting magnet.

For the existence of negative magnetization in the GCCO, we
think that at around TN = 105 K, canted-antiferromagnetic
ordering arises in the jCo + Crj sublattice according to the
antisymmetric Dzyaloshinskii–Moriya (DM) interaction, while
Gd-sublattice remains its paramagnetic state.9 Below 105 K
magnetization gradually decreases due to the polarization of
© 2023 The Author(s). Published by the Royal Society of Chemistry
paramagnetic Gd ions along anti-parallel to the canted anti-
ferromagnetic state of jCo + Crj sublattice and becomes zero at
Tcomp = 30 K. At T < Tcomp, polarized Gd3+ moment dominant
over the canted antiferromagnetic state of jCo + Crj sublattice
and magnetization become negative.33,64

Fig. 8(b) displayed the inverse susceptibility c−1 vs. temper-
ature curve obtained at 100 Oe using the FC technique. There
are three regions in the inverse susceptibility curve. Beyond 130
K is region I, where antiferromagnetic-like inverse susceptibility
shows a negative intercept, region II from 85 to 130 K indicates
the presence of additional magnetic interaction between Co and
Cr ions and shows ferromagnetic-like inverse susceptibility with
a positive intercept, and region III from 0 to 85 K, which shows
paramagnetic like inverse susceptibility with zero intercept.65

We have also calculated the paramagnetic moment of GCCO
nanoparticles by CurieWeiss tting in the linear region 130–400
K. According to Curie Weiss law,66

c ¼ C

T � qw

where C = NAm
2
eff/3kB stands for the Curie constant, qw denotes

the paramagnetic Curie–Weiss temperature, kB is the Boltz-
mann constant, meff denotes the effective paramagnetic
moment, and NA is Avogadro's number. The Curie–Weiss
temperature qw is found to be −10 K, which suggests an anti-
ferromagnetic ordering of GCCO double perovskite. The effec-
tive paramagnetic moment meff of the sample was calculated
from experimental data using the following expression,67

m
exp
eff ðmBÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBC=NAm

2
B

q
¼

ffiffiffiffiffiffiffi
8C

p

where C is the inverse of the slope in emu K per mole. The
calculated effective paramagnetic moment meff was found to be
11.15 mB. Theoretically, the magnetic moment of Co and Cr ions

can be expressed as mthe
eff ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðsþ 1Þp

mB, considering their
orbital angular momentum quenched by interatomic forces,66

where g is the gyromagnetic ratio. The calculated meff values of
Co2+, Co3+, Cr2+, Cr3+, and Cr6+ are 3.88, 4.90, 4.90, 3.88, and
0 mB, respectively. Moreover, meff (Gd3+) is given by

mthe
eff ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jð j þ 1Þp

mB, where gyromagnetic ratio g = 2 and total
RSC Adv., 2023, 13, 17545–17555 | 17551
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angular momentum J= 7/2 for the Gd3+ ion. Then, themagnetic
moment of Gd3+ is 7.9 mB. Thus, the theoretical paramagnetic
moment of Gd2CoCrO6 is,
mthe
eff ðGd2CoCrO6Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2
h
mthe
eff

�
Gd3þ�i2 þ 0:5

h
mthe
eff

�
Co3þ�i2 þ 0:5

h
mthe
eff

�
Co2þ�i2 þ 0:5

h
mthe
eff

�
Cr3þ

�i2 þ 0:5
h
mthe
eff

�
Cr2þ

�i2�s
¼ 12:8 mB
The experimentally obtained paramagnetic moment experi-
enced a little deviation from the theoretical one, which is
consistent with a similar investigation of Gd2NiMnO6 (ref. 41)
that might be due to the lattice distortion present in the GCCO
double perovskite. Further, theoretically obtained effective
paramagnetic moment also suggest the presence of mixed
states of Co2+, Co3+, Cr2+, and Cr3+ states in the GCCO double
perovskite.

Additionally, the eld-dependent magnetization of GCCO
double perovskite was carried out at temperatures 300 K, 200 K,
100 K, 50 K, and 5 K under an external magnetic eld of up to±7
T. The magnetization vs. magnetic eld (M–H) curves are dis-
played in Fig. 8(c). The linear M–H curves obtained at 300 K, 200
K, and 100 K indicate the paramagnetic nature of GCCO
nanoparticles at these temperatures. An enlarged image of the
magnetic hysteresis loop obtained at 50 K is shown in the inset
of Fig. 8(c), which is also linear with applied eld along with
some remanent and coercivity and indicates the presence of
both AFM and FM states. The hysteresis loop obtained at 5 K is
nearly saturated with amaximummagnetization of 110 emu g−1

at an applied eld of 7 T. From this hysteresis loop, the rema-
nent magnetization (Mr) and coercive eld (Hc) are determined
to be ∼3.37 emu g−1 and ∼0.14 T, respectively. Noticeably, the
narrow hysteresis loop was not saturated even at a higher
applied eld of 7 T, which also indicates the presence of both
FM and AFM states at a lower temperature (<50 K). This
phenomenon of multiple magnetic domain states may be
explained in the following ways. From structural analysis, we
have seen that Co3+ and Cr3+ are not perfectly ordered at B sites
(B and B′). Further, the XPS studies reveal the presence of mixed
states of Co and Cr elements. Thereby, in the absence of long-
Fig. 9 (a) Absorbance (Abs.) spectrum and corresponding band fittings
nanomaterials.

17552 | RSC Adv., 2023, 13, 17545–17555
range ordering between Co3+ and Cr3+ sites, there may exist
several congurations of B–B′ ions in GCCO: Co2+(e2g)–
Co2+(e2g), Co2+(e2g)–Co

3+(e1g), Co3+(e1g)–Co
3+(e1g), Cr2+(e1g)–
Cr2+(e1g), Cr2+(e1g)–Cr
3+(e0g), Cr3+(e0g)–Cr

3+(e0g), Co2+(e2g)–
Cr2+(e1g), Co2+(e2g)–Cr

3+(e0g), Co3+(e1g)–Cr
2+(e1g), and Co3+(e1g)–

Cr3+(e0g). Among them, only Co2+(e2g)–Cr
3+(e0g) pair is responsible

for the FM state according to the Goodenough–Kanamori rule,68

and others are responsible for the AFM state.16,22 This rule states
that the FM state is produced by a 180° super-exchange inter-
action between an empty Cr3+-d(e0g) orbital and a half-led Co2+-
d(e2g) orbital. However, due to lattice distortion, this magnetic
interaction changes into an AFM when the d(e2g)–O–d(e

0
g) angle

is less than 180°.69 Particularly for the systems like GCCO, the
super-exchange interaction differs from FM to AFM for a span of
125° to 150° bond angles.69 As previously shown in XRD anal-
ysis, octahedral distortion causes the Co–O–Cr bond in GCCO
double perovskite to bend to 146°. This distortion is also
attributed to the formation of the AFM interaction alongside the
FM state.

3.9 Optical properties

To analyze the optical properties of as-synthesized GCCO
nanomaterials, UV-visible absorbance spectroscopy was per-
formed. Fig. 9(a) shows the absorbance spectrum with corre-
sponding band ttings of as-synthesized GCCO nanoparticles.
Band ttings were carried out using Gaussian functions by
employing the tting program integrated into Origin 10.0. In
the absorbance spectrum three absorption bands A1, A2, and A3

at 300 nm, 430 nm, and 720 nm, respectively, suggest the multi-
band electronic structure of GCCO double perovskite.22,42 The
absorption bands (A1 and A2) around 300 nm and 430 nm,
respectively, are due to the p–d charge-transfer (CT) transition
[O(2p) / Co/Cr(3d)] in the centers of the Co/CrO6 octahedral
structure of GCCO nanomaterials.42,70 The low energy
, (b) bandgap estimated by Tauc plot and (c) PL spectrum of GCCO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparative analysis of structural, magnetic and optical properties of as-synthesized Gd2CoCrO6 and previously investigated rare-
earth chromite

Materials Lattice parameters (Å) Space group Structure B site order TN (K) Bandgap (eV) Ref

Gd2CoCrO6 a = 5.27 P21/n Monoclinic Disorder 105 2.25 Present work
b = 5.46
c = 7.53

Gd2FeCrO6 a = 5.36 P21/n Monoclinic Disorder 15 2.0 22
b = 5.59
c = 7.68

Er2FeCrO6 a = 5.25 Pbnm Hexagonal Disorder 11.7/5.7 — 76
b = 5.55
c = 7.57

Y2FeCrO6 a = 5.55 Pbnm Orthorhombic Disorder 327 1.90 24,33
b = 7.57
c = 5.26

La2FeCrO6 — — — Order 45 1.6 77

Fig. 10 Schematic representation of estimated band edge position of
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absorption band (A3) close to 720 nm is ascribed by the d–
d electronic transition in the Co3+ ions.71 Moreover, the three
absorption bands in Fig. 9(a) show a wide solar harvesting
potential of GCCO, which may increase the photocatalytic effi-
ciency of GCCO nanomaterial.72,73 The direct optical bandgap
was estimated by a Tauc plot using the Tauc relation,

ahn = A(hn − Eg)
1
2

where, a-absorption coefficient, A-proportionality constant, hn-
the energy of the incident photon and Eg is direct bandgap
energy. The direct optical bandgap found by extrapolating the
linear portion of the Tauc plot shown in Fig. 9(b) is 2.25 eV. In
addition, steady-state PL spectroscopy was performed with an
excitation wavelength of 270 nm to further verify the direct
bandgap of as-synthesized GCCO nanomaterials. In the PL
spectroscopy, the PL peak was found at the wavelength 542 nm
as shown in Fig. 9(c), which corresponds to the optical bandgap
of 2.28 eV that closely matched with the direct bandgap found
from UV-visible spectroscopy. Further, this result demonstrates
the semiconducting nature of GCCO nanomaterial and, more
critically, demonstrates its capacity to effectively absorb visible
light from the solar spectrum. Notably, our present investigated
GCCO nanomaterials show a slightly higher optical bandgap
compared to previously investigated GFCO nanoparticles,
which is due to the higher electron concentration in the Co
atom compared to the Fe atom associated with the higher
number of electrons in Co than Fe, that is known as Burstein–
Moss effect.74,75

Finally, we have made a comparative analysis of structural,
magnetic, and optical properties of as-synthesized Gd2CoCrO6

and previously investigated rare-earth and transition metal-
based double perovskite materials. The summary of the
comparative analysis is presented in Table 2. It is seen from
Table 2 that GCCO possesses a higher Néel transition temper-
ature compared to other rare-earth chromite except for
Y2FeCrO6 double perovskite.24 The optical bandgap of this class
of double perovskite materials is close to 2.0 eV, which might
have potential optoelectronic applications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.10 Potentiality as a photocatalyst

The applicability of GCCO nanoparticles as a photocatalyst was
assessed by calculating the valence band maximum (VBM) and
conduction band minimum (CBM) by the Mulliken electro-
negativity approach.78,79 According to the approach,

ECBM ¼ c� Ec � 1

2
Eg (1)

EVBM = ECBM + Eg (2)

where c is Mulliken electronegativity, which depends on atomic
ionization energy and electron affinity, Ec is free electron
energy, which is 4.5 eV on the standard hydrogen scale and
nally, Eg is direct bandgap found from the Tauc plot. The
calculated value of c for GCCO is 5.57 eV and the values of VBM
and CBM are computed to be +2.2 eV and −0.055 eV. The VBM
GCCO nanoparticles.

RSC Adv., 2023, 13, 17545–17555 | 17553
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and CBM band edge position of GCCO has been demonstrated
in Fig. 10 with respect to the H+/H2 potential (0 eV) and O2/H2O
potential (1.23 eV) in the normal hydrogen scale.

According to the literature, if the conduction bandminimum
of a semiconductor is lower than the reduction potential of
hydrogen, then it can produce photocatalytic hydrogen by
splitting water, and if the valence bandmaximum is higher than
the oxidation potential of oxygen, then it can produce O2 from
water.22,80,81 As illustrated in Fig. 10, the conduction band
minimum of GCCO is lower than the reduction potential of H2,

and the valence band maximum is higher than the oxidation
energy of oxygen. Therefore, according to a theoretical
perspective, GCCO nanoparticles are potential candidates for
photocatalytic H2 and O2 evolution through the splitting of
water.22,81
4 Conclusions

Powder X-ray diffraction, Raman spectroscopy, X-ray photo-
electron spectroscopy, and electron microscopy imaging
ensured the successful synthesis of double perovskite Gd2-
CoCrO6 nanoparticles with an average particle size of 71 ±

3 nm. A further decrease of temperature from Néel transition at
TN = 105 K demonstrated a magnetization reversal behavior
with a compensation temperature of Tcomp = 30 K. Low-
temperature hysteresis loops demonstrated the presence of
both FM and AFM domains in the GCCO double perovskite.
Strong anisotropy along with different kinds of exchange
interactions like super-exchange and Dzyaloshinskii–Moriya
interactions between various cations via oxygen ions are
responsible for the presence of multiple magnetic states in this
perovskite system. Finally, the favorable optical bandgap (∼2.25
eV) unveiled the promising potential of GCCO nanoparticles in
photocatalytic H2 and O2 evolution from water. The fascinating
structural, magnetic, and optical properties revealed that GCCO
double perovskite might be a potential new member of rare
earth and transition metal-based perovskite material for appli-
cations in spintronics, optoelectronics, and photocatalysis.
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