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a b s t r a c t

The purpose of this work is to prepare magnetic polycarbonate nanocomposite fibers from nonmagnetic 
polycarbonate material by electrospinning method. This was achieved by the incorporation of oleic acid 
capped magnesium zinc ferrite (Mg0.5Zn0.5Fe2O4) nanoparticles during the spinning process. The presence 
of uniformly distributed surface capped Mg0.5Zn0.5Fe2O4 nanoparticles in the polymer nanofibers was de
tected by TEM investigation. The nanocomposite fibers retained and exhibited the excellent surface mor
phology as that of the plane polycarbonate fibers prepared under the same solution and spinning 
parameters. FT-IR and XRD studies revealed that, there did not happen any degradation to the poly
carbonate material even with a high nanofiller load or under a high applied potential during electrospin
ning. UV-Visible spectral study shows that the polycarbonate nanocomposite fibers attained attractive 
visible light absorption power. The increased polymer entanglement by the proper interaction with the 
ferrite nanoparticles attributes to the increase in the glass transition temperature of the nanocomposite 
fibers. The VSM analysis was carried out to find the magnetic parameters like saturation magnetization, 
coercivity and retentivity of the composite fibers. Mossbauer spectral analysis was done to know the isomer 
shift, quadrupole splitting and the average hyperfine field. PC-Mg0.5Zn0.5Fe2O4 composite nanofibers exhibit 
quadrupole splitting values between 0.35 and 0.57 mm/s

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

A large number of natural and synthetic polymers were suc
cessfully utilized to prepare a handful of useful nanocomposite 
materials. Polymer nanocomposite materials molded in nanofiber 
form have made sufficient attention [1–3]. High aspect ratio is one of 
the major attractions of a polymer nanocomposite material made as 
uniform thin fibers [4–6]. The aforesaid property has been 

successfully utilized to generate a vast number of nanocomposite 
fibers in material science-based utilities. Many polymer nano
composite fibers were reported by incorporating inorganic com
pound nanoparticles, metal nanoparticles, or magnetic 
nanoparticles. Looking deep into the arena of the applications of 
nanocomposite fibers, it spans from minute device materials to 
complex bio-medical applications. The boundless candidature extent 
to the preparation of tissue scaffolding materials, wound healing 
applications, solar cells, sensor materials, nano-generators, capaci
tors and so on [7–10]. Different methods were adopted to prepare 
polymer nanocomposite fibers based on the applications concerned. 
Electrospinning is considered as the most convenient and effective 
technique for the mass production of long and continuous fibers 
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[11,12]. Spinning in an electric field has a tremendous influence on 
shaping up the surface morphology, pore size, and other fiber 
properties [13–16]. In electrospinning, the electric potential applied 
at the needle tip helps the polymer jet to overcome the surface 
tension forces. The splaying and splitting of the polymer jet into a 
number of mini-jets finally turned into dry fibers.

Polycarbonate (PC) stands out as one of the most useful en
gineering materials with multifaceted applications [17,18]. Moreover, 
the key factors for its great attraction are excellent stiffness, rigidity, 
transparency, thermal stability, attractive optical and electrical 
properties [19–22]. It is a suitable thermoplastic material for 
molding superior utilities with favorable size, shape and properties. 
PC is also a favorable matrix material for a number of nanoparticles. 
There were a lot of studies regarding the properties and applications 
of PC composites with different morphologies. However, there is few 
number of research works regarding the preparation and properties 
of PC nanocomposites embedded with magnetic nanoparticles 
[23–25]. Magnetic nanomaterials like spinel ferrites were reported 
as excellent fillers to make polymer nanocomposite materials 
[26–28]. The applications of spinel ferrites include photocatalysis, to 
make microwave components, magnetic fluids, gas sensors, mag
netic data storage, drug delivery and MRI technology. These ferrites 
exhibit excellent properties due to their large surface area, good 
thermal stability, high chemical stability, outstanding magnetism 
and good electrical qualities [29].

Magnesium-zinc ferrites (MgxZn1−xFe2O3) are important spinel 
ferrites with low toxicity and deemed to have excellent magnetic, 
electrical and microwave properties [30–33]. These spinel ferrite na
noparticles were reported to have efficient toxic metal ion absorption 
capacity from an aqueous medium. After absorption, the ferrites can 
be easily removed from water by applying a magnetic field [34]. 
Among various magnesium zinc ferrite nanoparticles, Mg0.5Zn0.5Fe2O4 

is reported to possess attractive magnetic properties [33]. These are 
reported to be low-cost bio-compatible magnetic spinel ferrites with 
high permeability, electrical conductivity and permittivity. Magnesium 
zinc ferrites due to their noticeable induction heating properties are 
acting as mediators in hyperthermia treatment [29]. The alkaline 
nature of magnesium ion in the ferrite can promote the active site and 
improve the catalytic properties of magnesium zinc ferrites [35]. 
Magnesium zinc ferrite nanoparticles were also reported to have 
gamma ray blocking power. Ionizing radiation like gamma radiation is 
a serious threat to networking, wireless and electronic industries. 
Magnesium zinc ferrites incorporated polymers were reported to have 
EMI shielding properties [36]. The unusual super para-magnetism 
possessed by such materials is mainly endorsed due to the inverse to 
mixed spinel redistribution. The physical and other properties like 
magnetism and dielectric properties of the metal-doped ferrites 
mainly depend on the method of synthesis [31]. The magnetic nano
particles usually show a tendency to agglomerate among themselves 
due to the presence of a large surface area available for segregation. A 
large-scale agglomeration is a barrier for the homogeneous distribu
tion of nanoparticles in the polymer matrix. There could not expect 
any significant change in the properties of the nanocomposite material 
without a proper distribution of nanoparticles in the polymer matrix. 
Capping-assisted fabrication of nanomaterials with suitable surfac
tants is a highly effective and proven method to prevent unwanted 
agglomeration [37–40]. Oleic acid is one of such effective surface 
passivating agents. Another added advantage of oleic acid as a capping 
agent is its capacity to provide a biocompatible surface [41–44].

The present work explains the preparation by electrospinning 
and further characterization of polycarbonate nanocomposite fibers 
dispersed with oleic acid capped Mg0.5Zn0.5Fe2O4 nanoparticles. The 
polymer matrix and filler were in nano dimension in the PC com
posite fibers. Polycarbonate nanocomposite fibers embedded with 
Mg0.5Zn0.5Fe2O4 nanoparticles were not at all reported elsewhere 
previously.

2. Materials and methods

2.1. Materials

Poly (Bisphenol A carbonate) (PC) pellets with an average mo
lecular weight of 45,000 g/mol was purchased from Sigma-Aldrich 
USA. Ferric nitrate nonahydrate (Fe(NO3)3.9 H2O), zinc nitrate hex
ahydrate (Zn(NO3)2.6 H2O), magnesium nitrate hexahydrate (Mg 
(NO3)2.6 H2O), conc. ammonia, oleic acid (OA) and citric acid 
(C6H8O7) were purchased from Merck chemicals, India. The solvents 
dichloromethane (DCM) and N, N dimethyl formamide (DMF) were 
also procured from Merck chemicals, India.

2.2. Synthesis of OA capped Mg0.5Zn0.5Fe2O4 nanoparticles

0.8 M (Fe(NO3)3.9 H2O) was dissolved in distilled water by con
tinuous stirring. To this, added 0.4 M oleic acid and stirred for 
10 min. Then, slowly added 0.4 M (Zn(NO3)2.6 H2O) and 0.4 M (Mg 
(NO3)2.6 H2O) in distilled water to the above solution. 1.2 M citric 
acid solution in distilled water was then added slowly. The pH was 
maintained at 7, by the addition of ammonia solution dropwise. 
After attaining the required pH, heated the solution at 100 oC by 
continuous stirring. The gel-like material formed was kept at 190 oC 
for 1 h in an oven. The light brown colored powder obtained was 
then calcinated at 500 oC for half an hour.

2.3. Synthesis of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers

Six different solutions of 14 w/v% PC in 1:1 DCM-DMF solvent 
mixtures were prepared by proper dissolution. To five of these so
lutions 1, 2, 4, 8 and 16 w/w% of OA capped Mg0.5Zn0.5Fe2O4 nano
particles were added separately. Sonicated half an hour and stirred 
for further 24 h. The plane PC solution and the five nanoparticles 
dispersed solutions were then electro-spun under an applied voltage 
of 20 kV, flow rate of 0.5 mL/h and a needle tip-collection plate 
distance of 15 cm. The fibers obtained were collected and char
acterized by various techniques. The electrospinning machine and 
the PC nanocomposite fiber mat obtained after electrospinning are 
shown in Fig. 1.

2.4. Material characterization

TESCAU VEGA 3 SBH scanning electron microscope (SEM) and 
JEOL JEM 2100 Transmission electron microscope (TEM) were used 
for morphological investigation. Energy dispersive X-ray spectro
scopy (EDX) images were taken by OXFORD XMX N instrument. The 
X-ray diffraction (XRD) studies of PC-ferrite composite samples were 
done by Bruker AXS D8 advance X-ray diffractometer using Cu Kα 
radiation with diffraction angles 10–80 degrees with a step size of 
0.02 degree. The Fourier transform infrared (FTIR) spectra of the 
composite fibers were taken using a Perkin Elmer spectrometer in 
the transmission mode over the range 350–4000 cm-1. The absorp
tion properties were carried out with the help of Agilent 
Technologies Carry 5000 UV–Vis spectrophotometer in the range of 
200–800 nm. Photoluminescence (PL) investigations were done with 
the help of a Flourolog 3 TCSPC instrument with 450 W xenon arc 
lamp. Perkin Elmer STA 6000 instrument was used for thermo
gravimetric analysis (TGA) of the samples. The differential scanning 
calorimetry (DSC) measurements were done using TA instrument 
DSC Q20, Germany with a temperature range from room tempera
ture to 250 oC with a constant heating rate of 10 K/min. Room 
temperature magnetization measurements were done with the help 
of Lakeshore vibrating sample magnetometer (VSM) 7410 in the 
range ±1,5000 Oe. Mossbauer spectra of the samples were recorded 
in transmission geometry using a constant acceleration drive with 
Co57/Rh radioactive source.
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3. Results and discussion

3.1. Scanning electron microscopy (SEM) analysis

The preparation of polymer nanocomposite fibres by electro
spinning requires careful control of various parameters to ensure 
suitable surface morphology. Incorporation of nanoparticles into the 
polymer matrix may cause the formation of beaded or non-uniform 
fibers or even electro-spraying during the electrospinning process. 
SEM analysis examined of the nanocomposite fibers was done to 
ascertain the formation of nanofibers with defect-free surface mor
phology. The SEM images of plane PC fibres and that of the PC- 
Mg0.5Zn0.5Fe2O4 nanocomposite fibres are shown in Fig. 2.

SEM images show the formation of uniform and beadless fibers 
with ultrafine surface morphology. The applied solution and spin
ning parameters were found to be highly favorable for the pre
paration PC nanocomposite fibers embedded with the magnetic 
nanoparticles. In the case of a 14 w/v% of PC in 1:1 DCM-DMF mix
ture, electrospinning produced beadless uniform fibers with an 
average diameter of 90 nm under an applied voltage of 20 kV, the 
flow rate of 0.5 mL/h and needle tip-collector distance of 15 cm 
(Fig. 2(a)). PC nanocomposite fibers incorporated with different 
amounts of Mg0.5Zn0.5Fe2O4 nanoparticles, prepared under the same 
parameters, also sustained almost the same surface morphology. PC 
nanocomposite fibers obtained by the electrospinning of a PC solu
tion with 1 w/w% of nanofiller have an average diameter of 109 nm. 
The average diameter becomes 112 nm even after the dispersion of 
double the amount (2 w/w%) of ferrite nanoparticles. With a 4 w/w% 
nanofiller concentration in the polymer matrix, nanofibers of an 
average diameter of 125 nm were obtained. The average diameter 
becomes 154 nm with the addition of 8 w/w% ferrite nanoparticles in 
the PC solution. By the incorporation of 16 w/w% of Mg0.5Zn0.5Fe2O4 

nanoparticles, the average diameter increased to 166 nm. Surface 
capping of the magnetic nanoparticles was effective to reduce na
noparticle segregation and resulted in homogeneous dispersion 
throughout the polymer matrix. Uniform distribution of nano
particles without agglomeration is the major requirement for the 
formation of useful nanocomposite material. The histograms pre
pared from the SEM micrographs of the corresponding nano
composite fibers using Image J software are shown in Fig. 3.

Almost uniform surface morphology of PC nanocomposite fibers 
can be confirmed from the respective histograms. A slight increase in 
the average diameter with nanofiller load was also confirmed from 
the histograms. The viscosities of the PC solutions with 1, 2, 4, 8 and 
16 w/w percentages of Mg0.5Zn0.5Fe2O4 nanoparticles were 54.2, 

56.5, 65.2, 75.8 and 88.4 cP respectively. The increase in the solution 
viscosity with the increase of nanofiller load was the major reason 
for the increase in the average fiber diameter [3,45,46]. There was 
only a slight variation in the standard deviation value with an in
crease in the filler load. A prominent increase could be observed only 
in the case of PC nanocomposite fibers with 16 w/w% ferrite nano
particles. Effective and proper dispersion of nanoparticles into the 
polymer matrix is considered as the most important factor for the 
preparation of polymer nanocomposites with superior character
istics [47]. Electrospinning is found to be suitable for the formation 
of the dispersion of Mg0.5Zn0.5Fe2O4 nanoparticles into the PC na
nofiber mat.

3.2. Transmission electron microscopy (TEM) analysis

The homogeneous distribution of the magnetic nanoparticles in 
the PC matrix was identified vividly by TEM investigation. The TEM 
and HR-TEM images of Mg0.5Zn0.5Fe2O4 nanoparticles embedded PC 
fibers and the corresponding SAED pattern are provided in Fig. 4. The 
TEM and HR-TEM images of the plane PC fibers are provided for 
comparison. The Mg0.5Zn0.5Fe2O4 nanoparticles are distributed 
throughout the PC nanocomposite fibers without agglomeration. The 
dispersion of the nanoparticles without agglomeration reveals the 
stability of the nanoparticles [48]. The 16 nm sized and spherical OA 
capped Mg0.5Zn0.5Fe2O4 nanoparticles were distributed in a highly 
uniform manner. Preparation of Mg0.5Zn0.5Fe2O4 nanoparticles by 
the encapsulation strategy has helped to reduce agglomeration and 
facilitated its uniform distribution all over the fibers. The highly 
magnified TEM image of the nanocomposite fiber also reveals the 
existence of nanoparticles in a homogeneous manner. This implies 
the existence of a highly porous nanofiber surface [49]. Obviously, 
electrospinning of PC solution under a high applied voltage has not 
affected the dispersion of the nanoparticles. On the other hand, the 
magnetic and the Van der Waals interactions among the 
Mg0.5Zn0.5Fe2O4 nanoparticles were passive under the electrospin
ning conditions adopted [50]. The SAED pattern of PC fibers exhibits 
a bright concentric ring with an amorphous character. The reduced 
diffusion of the diffraction pattern of the composite fibers explains 
the nanocrystallinity of the trapped ferrite particles (Fig. 4(f)).

3.3. Energy dispersive X-ray spectroscopy (EDX) analysis

Detection of the presence of elements in a nanocomposite fiber is 
an indication of the formation of the particular composite material. 
So elemental investigation is another preeminent characterization 

Fig. 1. (a) Electrospinning machine (b) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fiber mat. 
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needed for composite material. The EDX pattern of PC-ferrite na
nocomposite fibers with different amounts of Mg0.5Zn0.5Fe2O4 na
noparticles are shown in Fig. 5.

By EDX analysis, the presence of elements was identified and 
also obtained the corresponding percentages. All the PC nano
composite fibers exhibited the presence of zinc, magnesium and 
iron, the major constituents of Mg0.5Zn0.5Fe2O4 nanoparticles. This 
was a clear indication of the proper polymer-nanofiller interaction 
during electrospinning. Herein, the percentages of elements in the 
composite fibers are shown in Table 1. The percentage of elements 
in the PC nanocomposite fibers increased gradually with the 

increase of the filler load. This shows that the added magnetic 
nanoparticles were dispersed in the nanofibers in a uniform and 
homogeneous manner.

3.4. X-ray diffraction (XRD) analysis

The diffraction properties of PC-ferrite nanocomposite fibers 
were corroborated with the help of XRD analysis. The XRD patterns 
of plane PC fibers and that of PC-Mg0.5Zn0.5Fe2O4 nanocomposite 
fibers are presented in Fig. 6. The diffraction pattern of plane PC fiber 
is a broad amorphous peak, that infers a semicrystalline nature in 

Fig. 2. SEM images of (a) PC fibers and PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers with (b) 1 w/w% (c) 2 w/w% (d) 4 w/w% (e) 8 w/w% and (f) 16 w/w% of ferrite nanoparticles. 
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the material [51]. The addition of OA capped Mg0.5Zn0.5Fe2O4 na
noparticles into the PC matrix (average size of 16 nm), aided a sig
nificant decline in the amorphous nature of the polymer. Five 
additional peaks were observed by the increase of ferrite content in 
the nanocomposite fibers. These new peaks can be interpreted as the 
characteristic diffraction peaks observed in ferrite nanoparticles. The 
intensity of these peaks increased with the increase of nanofiller 
content in the composite fibers. The peak at 34.79o observed in OA 
capped ferrite was also observed in 1, 2, 4, 8 and 16 w/w% of PC- 
ferrite nanocomposite fibers. The peaks at 29.52o and 62.10o ob
served in ferrite were also developed in 2, 4, 8 and 16 w/w% of na
nocomposite fibers. The peak at 56.36o observed in the ferrite 
nanoparticle also appeared in 8 and 16 w/w% PC-ferrite nano
composite fibers. PC-ferrite with a 16 w/w% Mg0.5Zn0.5Fe2O4 nano
particles also shows a peak at 42.52o. This reveals, characteristic 
diffraction from the surface of uniformly dispersed nanoparticles in 
the polymer nanocomposite fibers. It was reported that a SiO2 dis
persed PC nanocomposites exhibit the peak at 21.2o that shows 
perfect amorphous character. There were not much change in the 
amorphous character even by the addition of excess silica particles 
[52]. The average particle size of surface capped Mg0.5Zn0.5Fe2O4 

nanoparticles was found to be 16 nm. The lattice constant (a) of the 
capped Mg0.5Zn0.5Fe2O4 nanoparticles was calculated to be 8.424 Ao 

unit. The lattice parameter of zinc ferrite nanoparticle was reported 
a value of 8.443 Ao, which is slightly higher than the value obtained 
for magnesiumzinc ferrite nanoparticles [53]. The crystallinity in the 
case of PC- Mg0.5Zn0.5Fe2O4 nanocomposite fibers was increased 
with the increase of nanoparticles in the polymer matrix. Gaussian 
function method was used to calculate the semicrystalline nature of 
the composite fiber material. The percentage crystallinity was cal
culated using the equation

= +Ac Ac AwCrystallinity% ( )X100

Where Ac and Aw are areas of crystalline and amorphous peaks 
respectively [54]. Using this equation the crystallinity values of the 
composite fibers with 1, 2, 4, 8 and 16 w/w percentages of the 

nanoparticles were 33.12, 35.45, 39.88. 43 65 and 49.23 percentages 
respectively.

The diffraction angle and d spacings of the PC nanocomposite 
fibers with varying amounts of Mg0.5Zn0.5Fe2O4 nanoparticles are 
given in Table 2.

3.5. Fourier transform infrared (FT-IR) spectroscopy studies

The determination of different vibrational transitions in a plane 
polymer and that of a nanocomposite material is inevitable in 
composite chemistry. The mode of interaction that happened 
during the preparation route and the changes that occurred in the 
polymer, need to be identified. The incorporation of magnetic na
noparticles in the polymer solution and further spinning under a 
high applied voltage may cause degradation of the polymer mate
rial. FT-IR measurement was done to ascertain the presence of the 
characteristic peaks of PC in its composite also. The FT-IR peaks of 
plane PC fibers and that of the PC-Mg0.5Zn0.5Fe2O4 nanocomposite 
fibers are shown in Fig. 7. The FT-IR spectral lines vividly show the 
presence of characteristic frequencies of various groups in the 
plane PC fiber [55]. The peak observed at a frequency of 761 cm-1 

corresponds to –C-H aromatic ring out-of-plane bending vibration. 
A C-C-C in plane bend near 1014 cm-1 [56]. A characteristic –CH 
stretching vibrational peak was obtained at 1079 cm-1. The peculiar 
strong peak at 1171 cm-1 is the –C]O asymmetric stretching vi
bration and 1498 cm-1 represents the –C(CH3) stretching vibration. 
A C-O-H stretching peak was observed at 1195 cm-1. A symmetric 
carbonyl stretching vibration was observed at 1764 cm-1. The 
stretching vibration of methyl –CH group can be observed at 
2931 cm-1. In the case of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers 
the same peaks were observed at the same positions. Change in 
peak positions was not observed in general, except for the slight 
variation in the percentage transmittance of the vibrational peaks. 
There was a gradual decrease in the percentage transmittance of 
the carbonyl stretching peak at 1171 cm-1 with an increase in the 
amount of Mg0.5Zn0.5Fe2O4 nanoparticles. This decrease in the peak 

Fig. 3. Histograms of (a) PC fibers and PC nanocomposite fibers with (b) 1 w/w% (c) 2 w/w% (d) 4 w/w% (e) 8 w/w% and (f) 16 w/w% of Mg0.5Zn0.5Fe2O4 nanoparticles (standard 
deviation (SD) values are provided).
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intensity of -C-O asymmetric stretching vibration can be attributed 
to the increased polymer entanglement due to the increase in the 
nanofiller load.

The added nanoparticles possibly interacted with the carbonyl 
group of PC and consequently decreased the peak intensity. These 
observations pointed out that, the carbonyl bond breakage has not 
taken place during PC-Mg0.5Zn0.5Fe2O4 nanocomposite fiber forma
tion. The peaks corresponding to various degradation products of PC 
were also not observed. This clearly established that the PC nano
composite fibers were capable of carrying a high nanofiller load.

3.6. Ultraviolet-visible (UV-Visible) spectral studies

The optical quality of a composite material can be primarily 
obtained from its light absorption data. The absorption data of the 
PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers were measured with the 
help of UV–visible spectroscopy and are shown in Fig. 8.

Plane PC fibers exhibited strong absorption in the UV region at a 
wavelength of 277 nm. This is in accordance with the molecular 
structure of PC which exhibits strong absorption in the wavelength 
range of 200–300 nm [57]. The absorption properties of PC-ferrite 

Fig. 4. TEM images of (a) plane PC fibers (b) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers, HR-TEM images of (c) plane PC fiber (d) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fiber and SAED 
pattern of (e) plane PC fibers and (f) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers.
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nanocomposite fibers experienced an entirely different trend. With 
the addition of ferrite nanoparticles, the polymer nanocomposite 
fibers attained absorption not only in the UV region but in the entire 
visible region also. The visible region absorption of PC nanocompo
site fibers increased with the increase of filler content. The OA 
capped nanoparticles used for dispersion, possessed absorption both 
in the UV and in the entire visible region of the spectrum. The 
uniformly distributed surface capped ferrite nanoparticles, activated 
the capacity of PC to absorb light in the visible region. By the in
corporation of different percentages of ferrite nanoparticles, PC 
achieved excellent visible light absorption properties. PC- 
Mg0.5Zn0.5Fe2O4 nanocomposite fibers with 8 and 16 w/w% of ferrite 
nanoparticles show significantly high visible light absorption. 
Therefore, taking together, the characteristic optical property of a 
composite material depends mainly on the homogeneity of the na
noparticles in the polymer matrix. The observed absorption in the 
visible region and strong absorption in the UV region, appropriate PC 
nanocomposite fibers for photo-catalysis and UV shielding applica
tions [58].

Fig. 5. EDX pattern of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers with (a) 1 w/w% (b) 2 w/w% (c) 4 w/w% (d) 8 w/w% and (e) 16 w/w% ferrite nanoparticles. 

Table 1 
The elemental composition in PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers. 

Sample Zn % Mg % Fe %

PC-Mg0.5Zn0.5Fe2O4 

1 w/w%
0.20 0.15 0.42

PC-Mg0.5Zn0.5Fe2O4 

2 w/w%
0.25 0.22 0.44

PC-Mg0.5Zn0.5Fe2O4 

4 w/w%
0.27 0.39 0.69

PC-Mg0.5Zn0.5Fe2O4 

8 w/w%
0.34 0.48 0.98

PC-Mg0.5Zn0.5Fe2O4 

16 w/w%
0.47 0.59 1.17

Fig. 6. XRD pattern of (1) PC fiber and PC nanocomposite fibers with (2) 1 w/w% (3) 2 
w/w% (4) 4 w/w% (5) 8 w/w% and (6) 16 w/w% Mg0.5Zn0.5Fe2O4 nanoparticles.
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3.7. Photoluminescence (PL) spectral studies

The light emission properties of the PC-Mg0.5Zn0.5Fe2O4 nano
composite fibers were analyzed with the help of PL spectroscopy. All 
the samples were excited at a constant wavelength of 360 nm. The 
PL spectra of the plane PC fibers and that of the nanocomposite fi
bers are provided in Fig. 9. The plane PC fibers exhibit a sharp and 
intense emission in the visible region of the spectrum at a wave
length of 460 nm. This was due to the electronic excitations caused 
by the presence of a large number of phenyl groups in PC. The 

addition of Mg0.5Zn0.5Fe2O4 nanoparticles into the PC matrix caused 
a decrease in the emission intensity of the nanocomposite fibers. As 
the amount of nanomaterial in the polymer matrix increased, the 
emission intensity decreased to a great extent. The emission in
tensity of a 16 w/w% PC-ferrite nanocomposite was found to be very 
less compared to the plane PC fibers. The interaction between the 
magnetic nanoparticles and the PC matrix has generated a highly 
entangled polymer chain. This may probably be reduced the emis
sion intensity. The emission intensity is strongly related to the 
number of sites capable to undergo excitation [59].

3.8. Thermogravimetric (TG) analysis

The thermal stability and the maximum degradation temperature 
of the polymer nanocomposite material were investigated by TG 
measurements. The TGA and dTG curves of the PC-Mg0.5Zn0.5Fe2O4 

nanocomposite fibers are depicted in Fig. 10. It was observed that 1% 
degradation of the plane PC fibers occurred at 324 oC. However, it was 
up to 400 oC for various nanocomposite fibers. The initial degradation 
of the nanocomposite fibers was less in comparison to the plane PC 
fibers. Sharp and maximum degradation took place between 400 and 
500 oC for the plane PC fibers and all other PC-ferrite composite 

Table 2 
various XRD parameters of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers. 

Sl No Amount of Mg0.5Zn0.5Fe2O4 in PC (%) 2θ (degrees) d (Ao)

1 1 17.271 5.1302
2 2 17.566 5.0390
3 4 17.433 5.0831
4 8 17.279 5.1279
5 16 21.911 4.0452

Fig. 7. FT-IR spectra of (1) PC fibers and PC nanocomposite fibers with (2) 1 w/w% (3) 
2 w/w% (4) 4 w/w% (5) 8 w/w% and (6) 16 w/w% Mg0.5Zn0.5Fe2O4 nanoparticles.

Fig. 8. UV-Visible spectra of (a) PC and PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers (UV spectrum of OA capped Mg0.5Zn0.5Fe2O4 nanoparticles on the inset) and (b) magnified 
spectra.

Fig. 9. PL spectra of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers. 
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nanofibers. Around 70% reduction was observed at 500 oC for all the 
prepared nanocomposite fibers and plane PC fibers. The maximum 
decomposition temperature (Tmax) was identified from the dTG 
curves plotted (Fig. 9(b)). Maximum degradation temperature (Tmax) 
shows a gradual decrease with an increase of Mg0.5Zn0.5Fe2O4 nano
particles in the composite material. The addition of the nanoparticles 
caused a variation in the chain entanglement due to the distribution 
of nanoparticles all over the fibers. The temperature at 1% weight loss, 
weight loss at various temperatures and maximum decomposition 
temperature are summarised in Table 3.

3.9. Differential scanning calorimetry (DSC) measurement

The phase transformation from glassy stage to a rubbery stage is 
highly significant for amorphous and semi-crystalline polymers. 
Fig. 11 shows the variation in glass transition temperature (Tg) of the 
polymer nanocomposite fibers measured using DSC analysis. PC na
nocomposite fibers exhibited a significant change in the glass tran
sition temperature (Tg) from that of the plane fibers. Plane PC fibers 
show a Tg value of 138.67 oC. There was a gradual increase in the Tg 

values with the increase of Mg0.5Zn0.5Fe2O4 nanoparticles in the PC 
matrix. The Tg values were 143.11, 144.52, 145.67, 146.61 and 147.35 oC 
for the nanocomposite fibers with 1, 2, 4, 8 and 16 w/w% nanofiller 
load respectively. The uniform distribution of nanoparticles reduced 
the chain movement and consequently the Tg values.

3.10. Vibrating sample magnetometer (VSM) analysis

The room temperature M-H curves obtained from the VSM data 
were used to find various magnetic parameters of the nanocomposite 
material. The hysteresis curves obtained from VSM analysis of PC- 
Mg0.5Zn0.5Fe2O4 nanocomposite fibers with various concentrations of 
filler content are shown in Fig. 12. There was a gradual increase in the 

saturation magnetization (Ms) value of the composites with an in
crease in nanoparticle concentration. Saturation magnetization is di
rectly related to the number of domains that undergo magnetization 
[33]. With an increase in ferrite nanoparticles in the PC matrix, the 
number of domains that get magnetized increases. PC with 1w/w% 
Mg0.5Zn0.5Fe2O4 nanoparticles has a Ms value of 0.21 emu/g. This 
gradually increased to 2.49 emu/g for PC with 16 w/w% filler content.

There was a 100% increase in the saturation magnetization value 
by doubling the amount of the nanoparticles, which was up to 8 w/w 
% in the composite fibers. A 50% increase in Ms value was observed 
when the quantity of the nanoparticles doubled to 16 w/w%. 
Demagnetization of the composite by decreasing the external mag
netic field to zero has retained some amount of magnetization in the 
material. The residual magnetism or the retentivity observed at zero 
external magnetic fields increased with an increase of ferrite nano
particles in the PC nanocomposite fibers. There was 5.764 × 10-3 

emu/g retentivity for the composite fibers with 1 w/w% of 
Mg0.5Zn0.5Fe2O4 nanoparticles. It becomes 52.40 × 10-3 emu/g for the 
PC-Mg0.5Zn0.5Fe2O4 composite fibers with 16 w/w% of ferrite nano
particles. The external magnetic field, when the magnetic moment 
possessed by the material becomes zero or the coercivity, is de
creased by the increase of filler content in the PC nanocomposite 
fibers. There was only a slight variation in the coercivity value of 
nanocomposite fibers as a result of doubling the number of nano
fillers. Around 3% increase in coercivity was observed in each addi
tion of filler material. Definitely, this denotes a mixed magnetic 
property of ferrimagnetic phases with superparamagnetic character 
present in the composite material [32]. These characteristics were 
found to increase with an increase in the ferrite content within the 
fibers. The values of saturation magnetization, coercivity and re
tentivity of the PC-ferrite nanocomposite fibers are listed in Table 4.

The saturation magnetization and coercivity values of manganese 
ferrite in pyrrole were reported to be 15–55 emu/g and 9–191 Oe 

Fig. 10. (a) TGA and (b) DTG plots of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers. 

Table 3 
The thermal data from TGA and DTG plots of PC fiber and PC-Mg0.5Zn0.5Fe2O4 composite fibers. 

Sample 1% degradation (oC) Weight loss (%) Max degradation temp (oC)

400 °C 500 °C 1200 °C

PC fiber 324 5.63 70.80 85.34 462.86
PC-ferrite 1 w/w% 380 2.07 75.19 95.20 446.69
PC-ferrite 2 w/w% 391 1.31 72.41 85.88 441.71
PC-ferrite 4 w/w% 397 1.55 68.09 85.10 436.73
PC-ferrite 8 w/w% 361 2.25 69.08 81.32 431.14
PC-ferrite 16 w/w% 336 6.89 63.72 82.79 415.59
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respectively for various samples [60]. It was reported for polyani
line-nickel cadmium ferrite nanocomposite, the saturation magne
tization ranges from 2 to 23 emu/g and coercivity from 11 to 178 Oe 
[61]. The VSM analysis of polyethylene glycol doped nickel zinc 
ferrite nanoparticles exhibits saturation magnetization values ran
ging from 0.016 to 0.026 emu/g and coercivity values ranging from 
3.1 to 3.6 Oe [62]. The saturation magnetization value of Fe-doped 
polycarbonate composite increased with an increase of Fe content 
(0.301–0.488 emu/g) but the coercivity (360 Oe) remains the same 
[63]. The magnetic properties of polycarbonate embedded with 
nickel ferrite nanoparticles show that the saturation magnetization 
and coercivity were 1.6 emu/g and 190 Oe respectively [24].

The magnetic properties attained by the polymer nanocompo
sites, by the incorporation of magnetic nanoparticles into a non
magnetic polymer may turn out to be entirely different from the 
expected results [64]. The nano-dimensions of both the composite 
fibers and the reinforced Mg0.5Zn0.5Fe2O4 nanoparticles have influ
enced the magnetic properties of the PC nanocomposite fibers.

The nature of the M-H curves exhibits superparamagnetic be
havior but the magnified images show some ferrimagnetic or fer
romagnetic qualities. This leads to the conclusion that the total 
saturation magnetization obtained may be the result of various 

magnetic components. In order to rectify this anomaly, the magnetic 
components of the total magnetization were separated by Matlab 
curve fitting toolbox. Out of the different combinations experi
mented, the best fit was observed by the inclusion of paramagnetic, 
superparamagnetic and ferrimagnetic components (Fig. 13). The 
fitting was done by applying the equation

µ µ

= ± +

+

M
M H H

H
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H
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H
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2
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2
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The three terms of the equation represent ferrimagnetic, super
paramagnetic and paramagnetic phases of the total magnetism (M) 
respectively. MF

s represents the saturation magnetization of the fer
romagnetic phase, H corresponds to the applied field, Hcis the 
coercivity, S is the squareness ratio, Msp

s is the saturation magneti
zation of the superparamagnetic phase, µ is the magnetic moment 
per particle, k is the Boltzmann constant, T represents the Kelvin 
temperature and χ signifies the paramagnetic susceptibility [33]. The 
experimental saturation magnetization values were in good 

Fig. 11. DSC curves of (a) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers with (b) magnified image. 

Fig. 12. The room temperature hysteresis loops of (a) PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers and (b) the magnified image. 

T. Baby, T.H.C. Nguyen, T. Jose E et al. Journal of Alloys and Compounds 944 (2023) 169049

10



agreement with the values obtained by fitting. The total saturation 
magnetization and the resolved values are shown in Table 5.

It was observed that the PC composite nanofibers attained above 
25% superparamagnetic behavior by the combination with OA 
capped magnetic nanoparticles. The PC nanocomposite fibers re
inforced with Mg0.5Zn0.5Fe2O4 nanoparticles below the critical dia
meter exhibit superparamagnetic behavior and the others appear to 
be ferrimagnetic. The linear dependence of magnetization observed 
at a large applied magnetic field represents the paramagnetic phase 
of the nanocomposite fibers [32].

3.11. Mossbauer spectral studies

Mossbauer spectroscopy is a highly useful technique to find out 
the interaction between nuclear charge density and the ‘s′ electrons, 
electric quadrupole interactions and magnetic dipole interactions. 
Room temperature Mossbauer spectral analysis of the PC- 
Mg0.5Zn0.5Fe2O4 nanocomposite fiber sample was done under zero 
applied magnetic field. The obtained data were fitted using the 

software NORMOS/DIST and a nonlinear least square procedure with 
Levenberg-Marquardt method. The fitted Mossbauer spectra of PC- 
ferrite nanocomposite fibers along with the probability distribution 
of the hyperfine magnetic field are shown in Fig. 14. By Mossbauer 
spectral analysis, various parameters like isomer shift (IS), quadru
pole splitting (QS), the percentage area of sub-spectra, average hy
perfine field (< H >), and peak positions were determined. The 
acquired Mossbauer parameters are provided in Table 6.

The spectrum of all the composite samples shows a well-defined 
doublet at the center, superimposed with a feeble sextet. The 
Mossbauer spectra with a well-defined sextet represent the presence 
of large crystallites and a doublet corresponds to very small crys
tallites. The positive isomer shift value is the peculiarity of a spinel 
ferrite material with Fe3+ ions. This is in accordance with a report 
suggesting that the isomer shift value between 0.29 and 0.33 mm/s 
represents a material incorporated with nano sized ferric ions 
mostly in the octahedral sites [64]. The IS and QS values obtained for 
the composites establish the magnetism achieved, as a result of the 
incorporation of the ferrite nanoparticles in the PC matrix. The 

Table 4 
The saturation magnetization (Ms), coercivity (Hc) and retentivity (Mr) values of PC nanocomposite fibers. 

Sample Saturation Magnetization (Ms) (emu/g) Coercivity (Hc) (Oe) Retentivity (Mr) (emu/g) (x10-3)

PC-ferrite 1 w/w% 0.21 28.14 5.764
PC-ferrite 2 w/w% 0.41 24.67 8.567
PC-ferrite 4 w/w% 0.94 22.40 17.91
PC-ferrite 8 w/w% 1.81 22.56 18.36
PC-ferrite 16 w/w% 2.49 24.92 52.40

Fig. 13. Fitting of M-H curves and deconvolution of magnetic phases of PC- Mg0.5Zn0.5Fe2O4 nanofibers with (a) 1 w/w% (b) 2 w/w% (c) 4 w/w% (d) 8 w/w% and (e) 16 w/w% 
Mg0.5Zn0.5Fe2O4 nanoparticles.
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electric field gradient associated with the composite due to the 
presence of Fe3+ ions was the reason for the proposed QS values of 
the material. The quadrupole splitting between 0.16 and 0.80 mm/s 
is the specialty of a large crystallite material. Here, PC- 
Mg0.5Zn0.5Fe2O4 composite nanofibers exhibit QS values between 
0.35 and 0.57 mm/s. The formation of doublet in the samples is due 
to the distribution of ultrafine ferrite particles in the polymer fibers. 
There was only a slight variation in the isomer shift value of the PC 
composite fiber materials with various filler concentrations. This 
established a homogeneous distribution of OA capped 
Mg0.5Zn0.5Fe2O4 nanoparticles in the PC matrix. The small decrease 
in the isomer shift of the doublet with variation in the magnetic filler 
content in the polymer reflects the variation of ‘s′ electron interac
tion with the nucleus. The asymmetry of the compound as well as 
the asymmetry in the electronic arrangement of the ferrites would 
have influenced the quadrupole splitting [65].

There was a less significant increase in quadrupole splitting with 
an increase in the filler content. It was 0.35 mm/s for 1 w/w% ferrite 
and 0.57 mm/s for 16 w/w% of ferrite in the fibers. There was also a 
small but gradual increase in the area of distribution and the cor
responding decrease in the area of the doublets. Superparamagnetic 
and ferrimagnetic phases coexist in the composite fibers. The 
average hyperfine field (< H >) of the composites exhibits a gradual 
increase with an increase in the ferrite nanoparticles. The Mossbauer 
parameters obtained for the PC nanocomposite fibers show that the 
magnetic part of the material is in nanocrystalline form with SPM 
relaxation [64]. Polycarbonate nanocomposites incorporated with 
ferrite nanoparticles are reported to have exceptional electro
magnetic interference (EMI) shielding capability due to their mag
netic properties. Such materials because of their lightweight, flexible 
and soft nature can be used as an efficient EMI shielding mat [66].

4. Conclusion

The present work successfully prepared polycarbonate nano
composite fibers embedded with magnetic magnesium zinc ferrite 
nanoparticles by electrospinning methodology. Preparation of poly
carbonate nanocomposite fibers embedded with ferrite nanoparticles 
are not at all reported in any other previous works. Mg0.5Zn0.5Fe2O4 

nanoparticles were prepared by the sol-gel method using oleic acid as 

Table 5 
Total saturation magnetization and the resolved values of PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers obtained by fitting the VSM data. 

Percentage Mg0.5Zn0.5Fe2O4 nanoparticles in PC Ms Ms (SPM) Ms (FM) Ms (Para) Ms (SPM)% Ms (FM)% Ms (Para)%

1 0.21 0.06 0.12 0.03 28.57 57.14 14.29
2 0.41 0.11 0.20 0.10 26.82 48.79 24.39
4 0.94 0.25 0.50 0.19 26.59 53.19 20.21
8 1.81 0.58 0.86 0.37 32.04 47.51 20.44
16 2.49 0.62 1.40 0.47 24.89 56.22 18.87

Fig. 14. Mossbauer spectra with the corresponding probability distribution of hy
perfine magnetic field of PC nanocomposite fibers with (a) 1 w/w% (b) 2 w/w% (c) 4 w/ 
w% (d) 8 w/w% and (e) 16 w/w% Zn0.5Mg0.5Fe2O4 nanoparticles.

Table 6 
The values of IS, QS, percentage area of sub-spectrum, < H >  and position of the major peaks. 

Sample Sub-spectrum IS (mm/s) QS (mm/s) Area (%) < H (T) > Peak values of P (Bhf)

PC-ferrite 1 w/w% Doublet 
Distribution

0.35 
0.19

0.35 7.60 
92.40

17.59 2.95, 12.60, 21.46, 31.31, 38.44,47.52

PC-ferrite 2 w/w% Doublet 
Distribution

0.30 
0.18

0.36 7.16 
92.84

17.73 3.61, 14.89, 31.87, 42, 52.34

PC-ferrite 4 w/w% Doublet 
Distribution

0.27 
0.18

0.40 6.90 
93.10

21.67 2.58, 15, 28, 47.50

PC-ferrite 8 w/w% Doublet 
Distribution

0.20 
0.17

0.42 5.76 
94.24

23.39 2.85, 24.32, 41, 51.58

PC-ferrite 16 w/w% Doublet 
Distribution

0.19 
0.18

0.57 5.42 
94.58

25.10 2.85, 29, 50.70
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a capping agent. Surface-coated nanoparticles were useful for their 
homogeneous distribution in the polymer matrix. The TEM in
vestigation clearly established the successful incorporation of mag
netic ferrite nanoparticles in the PC matrix. The capping assisted 
fabrication was highly useful to reduce the agglomeration among 
nanoparticles. The uniform distribution of ferrite nanoparticles was 
also confirmed by characterization with XRD, EDX and FT-IR methods. 
The PC nanocomposite fibers with varying amounts of OA capped 
ferrite nanoparticles were found to show tunable morphological, 
structural, optical, thermal, and magnetic properties. PC with strong 
ultraviolet absorption property has acquired visible light absorption 
capability by the incorporation of OA capped ferrite nanoparticles. 
This absorption capability increased with an increase of filler content 
in the polymer matrix. There was a gradual decrease in the emission 
intensity of the fibers with an increase in the ferrite nanoparticles. 
The glass transition temperature of the nanocomposite fibers in
creased with an increase of ferrite nanoparticles in the PC matrix. 
VSM and Mossbauer studies of the materials expose the enhanced 
magnetic properties with the increase in the number of ferrite na
noparticles. There was a gradual increase in the saturation magneti
zation with an increase in the filler concentration. The increase in the 
coercivity and retentivity values of the composite with an increase in 
filler concentration was also interesting. Deconvolution of the VSM 
curves confirms the presence of different magnetic phases in the 
nanocomposite fibers. This also confirmed the presence of super
paramagnetic behavior of the PC composite material. This was further 
supported by the measurement of an average hyperfine field which 
also shows the same gradation. The isomer shift and the quadrupole 
shift values show electronic as well as quadrupole interactions in the 
composite material. From the VSM and Mossbauer data, it was found 
that the prepared PC-Mg0.5Zn0.5Fe2O4 nanocomposite fibers possess 
attractive superparamagnetic qualities with mixed ferri and para
magnetic components.
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Abstract 

Given the national goal of ‘Affordable 

Housing for All’ in India on the one hand 

and the utmost need for the revival of Indian 

which is one of the worst victims of the 

global pandemic COVID-19 on the other 

hand, extra thrust on housing development 

is a vital need in India. This is because of 

the vast forward and backward linkages of 

housing with over 300 other industries. 

Besides fulfilling the basic human need and 

enabling the fast attainment of the national 

goal ‘Affordable Housing for All’, housing 

investment accelerates the pace of national 

economic growth. In this era of many global 

pandemics, climate-change driven disasters 

worldwide there is a growing awakening 

globally for the adoption of Environmental, 

Social and Governance (ESG) factors in all 

industries. Key sectors like housing and real 

estate must be ESG compliant, their relative 

environmental (E) and social (S) impacts 

being high, and corporate governance (G) 

aspects given the huge public investments 

involved and allied implications. The paper 

notes that ESG is imperative in India to 

attain the national housing goal and that 

CMAs can play key role in ESG integration. 

Key Words: Housing, MGR, Linkage, ESG. 

1. Introduction 

Shelter (Housing) is one of the primary 

needs of human life. Its role is vital for a 

decent living, for nurturing the talents of 

those living in it, and to equip them to play 

constructive roles in the society in future. It 

is the duty of any progressive Government 

to provide at least the basic housing 

facilities for all the citizens so that they 

become more efficient and productive in 

fulfilling their societal roles. In India despite 

the earnest efforts of Govt. of India (GOI), 

there exists a huge level of housing shortage, 

which is primarily among the low income 

and other marginalized segments of the 

society whose unaffordability for their own 

houses is the crucial issue. In fact, it is 

widely recognized that housing can (i) kick-

start a recession-hit economy (ii) bring about 

faster national economic development due to 

its vast forward and backward linkages with 

nearly 300 allied industries (iii) enhance the 

living standards and productivity of citizens 

(Manoj P K, 2004)[12]. Actually, GOI has 

declared “Affordable Housing for All” as its 

official housing goal. GOI’s policy has been 

that of promoting housing. GOI still 

continues and its Budget for 2022-2023 

(Feb.2022) is no exception.  



Sustainability of any industry and even 

the whole planet depends on protecting the 

environment (E) and maintaining ecological 

balance, ensuring Social (S) equity in the 

distribution of the fruits of development, and 

corporate governance (G) practices, like, 

transparency in all dealings and transactions. 

This ‘ESG’ trinity has assumed great global 

significance today across the whole world is 

in view of the ever-growing environmental 

hazards like global warming affecting the 

whole planet, global epidemics like the 

ongoing COVID-19, mounting inequality in 

distribution of wealth, growing instances of 

corporate scams and frauds arising from the 

lack of proper transparency and disclosures. 

ESG criteria is growingly being used for 

evaluating stocks and investment decisions, 

especially in sectors like housing, real estate, 

tourism and hospitality etc. In this context, 

this paper analyses the vital significance of 

ESG in Indian housing sector, the key role 

that CMAs can play in ESG compliance, etc.   

2. Objectives and Methodology 

(i) To study the role of ESG integration with 

respect to housing sector in India given the 

goals and priorities of GOI as well as global 

practices; (ii) To suggest strategies for ESG 

adoption for the housing development sector 

in India; (iii) To apprise the role of CMAs in 

sustainable housing development in India. 

The paper is descriptive-analytical and also 

exploratory and it uses secondary data from 

authentic sources, like, RBI, NHB, GOI etc. 

3. Housing Focus for Economic Revival   

Govt. of India (GOI) has accorded top 

priority to housing in Atmanirbhar Bharat 

Abhiyaan (ABA) packages, the first on 12th 

May 2020, the second on 25th Oct. 2020 and 

the third on 12th Nov. 2020. Revival of 

Indian housing sector is clear from RBI’s 

Financial Stability Report (Jan. 2021) [24]. 

Govt. of India (GOI) too has predicted such 

a ‘V-shaped’ economic revival in its report 

Economic Survey 2021 (Jan. 2021) [2]. In a 

fast emerging economy like India, the role 

of housing sector to accelerate the pace of 

economic growth is crucial, particularly in 

this era of COVID-19 pandemic. GOI has 

rightly accorded high priority to this sector 

in its ABA packages. It is worth noting the 

obvious signs of revival in Indian housing 

market (RBI, 2021) [24]. Many industry 

reports too have noted clear positive changes 

in Indian housing and real estate market, 

like, Knight Frank India-FICCI-Naredco 

Survey Dec. 2020. As a result of the ABA 

packages, there have been clear indications 

of revival in Indian market as is evident 

from the most recent GOI’s Economic 

Survey 2022 (Jan. 2022) [3]. Considering 

GOI’s goals and priorities, impact of ABA 

(2020) and the developments till Feb. 2022 

(Union Budget, FY 2023), the key role of 

housing development to ensure the much 

desired V-shaped recovery of Indian 

economy and the need for ESG to make the 

recovery process sustainable is studied here.  



4. Need for Sustaining V-shaped Revival    

In fact, the start of a V-shaped recovery of 

Indian economy is visible in the pattern of 

India’s real-GDP growth which has started 

improving from its worst situation in June 

2020 (-23.922 percent) to a better (though 

negative) position in Sept. 2020 (-7.537 

percent) and is slowly entering into the 

positive territory again (Figure I).       

 
Source: CEIC Data (www.ceicdata.com).[1] 

Figure I: V-Shaped Economic Revival. 

More recently, as of 31 Dec. 2021 too, 

(i.e. Q3-end of FY 2022) there has been a 

‘V-shaped’ recovery in the launches and 

sales of housing units as per Economic 

Survey 2022 (Jan. 2022) [9]. (Figure II). 

 
Source: GOI, Economic Survey 2022 [3]  

Figure II: Launches and Sales in Housing 

Units –V-Shaped Revival Pattern 

In respect of the trend in House Prices 

during the ongoing pandemic, there has been   

 
Source: CEIC Data (www.ceicdata.com).[1] 

Figure III:V-Shaped Recovery-House Prices 

It may be noted that there has been a 

revival (V-Shaped) in respect of the growth 

rates in House Prices (March 2020 to June 

2021) (Figure III). The absolute values of 

House Prices, however, have been growing 

almost steadily over the Quarters, except for 

slight falls in Q4 of 2019 and 2020, and Q2 

of 2021. This shows the relative resilience of 

the housing sector in India and hence the 

relevance of depending on it for sustained 

economic (GDP) growth. (Figure IV).   

  
Source: GOI, Economic Survey 2022 [3]  

Figure IV: Steady growth in House Prices. 



5. Housing Sector and Economic Revival: 

As noted earlier housing sector in India is 

resilient to economic shocks substantially. It 

is noted that growth in housing loan growth 

closely follows the GDP growth in India. 

(NHB, Annual Report 2022)[9]. As shown 

in Figure V, growth patterns of both HL 

(Housing Loans) and GDP are very similar 

in India, primarily due to the vast linkage 

effects of the housing industry. (Figure V).    

 
Source: GOI, Economic Survey 2022 [3]  

Figure V: GDP and HL – Growth Patterns. 

Clear trend-reversals (V-shaped) are 

noted in Real GDP growth (Figure I), 

Housing units launched and sold (Figure II), 

and Growth rate in House Prices (Figure III)  

are reflected in the V-shaped growth rate 

pattern of outstanding Housing Loan (HL) 

portfolio of SCBs & HFCs (Figure VI). 

From Figure VI, a clear reversal of the HL 

growth rates in the total HL outstanding by 

the respective groups viz. SCBs (Scheduled 

Commercial Banks) and HFCs (Housing 

Finance Companies) is obvious. Now, this 

upward growth trend needs to be sustained.   

 
Source: GOI, Economic Survey 2022 [3]  

Figure VI: HL Outstanding-HFCs and SCBs 

6. ESG: Global Level Banking Strategy 

Of late, globally, ESG integration has 

become one of the main strategies of banks. 

As of March 2021, addressing Climate 

Change (87.2 percent) and enhancing 

Gender Equality (80.3 percent) were two of 

the most essential social and environmental 

sustainability strategies of the banks which 

signed the PRB (Principles for Responsible 

Banking). (Figure VII).   

 
Source: Statista. (www.statista.com) [26] 

Figure VII: Banking Strategies and Priorities  

(Environmental and Social factors). 

http://www.statista.com/


According to the PRB signatory banks, 

while Climate Change (87.2 percent) and 

Gender Equality (80.3 percent) have been 

ranked as the first and second among the 

sustainability strategies, Financial Inclusion 

has been the third (76.4 percent) one. It is 

noted that Affordable Housing (9.4 percent) 

too is one of the sustainability strategies of 

the PRB banks worldwide. (Figure VII).  

7. ESG in Housing for Sustained Growth  

Having already noted the beginning of a 

trend reversal in respect of growth rates in 

HL outstanding and GDP in India, both 

moving in tandem too (Figures I to VI), now 

let us consider how to sustain this growth 

process in housing activity and hence that of 

the whole economy. To ensure sustainability 

of housing or any other industrial activity or 

business, it has become imperative to adopt 

‘ESG’ (Environmental, Social, Governance) 

factors along with Digital transformation 

(ICT adoption). ESG integration is 

especially relevant in the housing industry 

even though all corporates worldwide are 

growingly under pressure to report and 

improve their ESG data. ESG adoption is 

demanded equally well by customers, 

investors, and regulators. Any company’s 

sustainability performance needs to be 

managed by collecting accurate data, proper 

reporting and meaningful analysis. ESG 

management is growingly becoming 

complex, costly and time consuming. Many 

companies seek outside consultants for this.  

Knowing what standards to use and identify 

relevant ESG data being difficult, many 

companies rely on costly sustainability 

platforms or consultants to do this. Often, 

traditional modes of collection and sharing 

of ESG data are inefficient and error-prone.  

World over ESG adoption is growingly 

becoming vital in the housing and real estate 

sector. In India, ESG is particularly relevant 

as the country’s national goal of ‘Housing 

for All’ is reiterated in every budget and the 

Union Budget 2022-13 (Feb. 2022) is no 

exception. Though 2022 was originally fixed 

as the year for attaining ‘Housing for All’ in 

India, the same should be revised in view of 

COVID pandemic and slowdown in all 

economic activities including housing 

construction. As housing development and 

other economic activities are fast resuming    

(V-shaped recovery as already noted) in 

India, ESG adoption has become a vital need 

so as to fall in line with globally recognized 

banking strategies in the environmental and 

social front of banks worldwide. Investors in 

housing and real estate sector are growingly 

looking at ESG compliance of the 

stakeholders concerned like builders and 

developers of housing units. Of the priority 

banking strategies, Affordable Housing is 

one of the major ones and is of topmost 

importance in India. (Figure VII). So, it is 

very relevant to look into the ESG strategies 

for the housing and real estate players in 

India. This aspect is dealt in the next part.      



8. ESG Strategy for the Housing Players  

There has been a growing appetite among 

the investors for ESG integration and this 

trend is very prominent in the housing and 

real estate sector. As ‘Going Green’ is an 

imperative worldwide, ESG adoption is fast 

growing in the affordable housing segment. 

While the European Union seeks to attain 

full climate neutrality, the data released by 

European Commission point out the fact that 

in Europe buildings account for (i) as high 

as 36 percent of the total Carbon Dioxide 

(CO2) emissions, and (ii) 40 percent of the 

total energy consumption. It has also been 

noted that 75 percent of the total building 

inventory of Europe is energy inefficient, 

and that a meagre 1 percent of the resources 

alone are renovated per annum. Further, 

attaining the assumptions envisaged as per 

the global ESG support programs needs 

making investments worth 270 Billion Euros 

yearly. This in turn in beyond the financial 

capacity of Europe’s public sector. Hence, it 

has been felt vital to bring about a stable 

environment that can attract private capital. 

Similar to the global scenario like the one in 

Europe as above, developing economies like 

India too have lack of funds to materialize 

the level of environmental quality and 

energy efficiency as in the laid down norms. 

Naturally, encouraging ESG adoption by the 

private corporate sector is essential in a 

country like India to attain ‘Housing for All’ 

along with social and environmental equity.  

The three elements of the ESG strategy 

relevant in the field of housing development 

in India are dealt here. In respect of housing 

and residential real estate sector the 

Environmental (E) aspect of ESG adoption 

typically include the design guidelines 

and operating stages before, during and 

after the construction stage. Design 

aspects like air quality, energy usage, 

carbon discharge, water usage,    waste 

disposal, surface hygiene etc. should be 

strictly environment-friendly. Builders 

and developers must ensure eco-friendly 

ways of procurement of materials and 

equipment and preserve biodiversity too 

along with scientific waste management 

as well as afforestation. Regarding the 

Social (S) element of ESG, aspects like 

gender, social diversity and inclusion, 

organizational culture, staff welfare etc. 

need to be addressed. In the housing 

sector, social guidelines include criteria 

for job creation, gender diversity, hiring 

the differently abled, health and safety, 

procuring from NGOs etc. Regarding 

the G aspect of the ESG, corporate 

governance of the developers, builders  

etc. must be fine-tuned. ESG investors 

place value on the fact that management 

is done fairly and in the interest of all 

stakeholders, and not the ESG members 

alone. ESG guidelines must include 

policies on environment and also 

financial discipline and compliance.  



Thus, encouraging the corporates to 

adopt ESG factors in their business models, 

and creating an investor mindset that favors 

corporates that are ESG-compliant should 

form part of the duties of a progressive 

Government. It has also the responsibility to 

create mass awareness among the public to 

support ESG initiatives of the corporates. 

This ensures the mutuality in the interests of 

the stakeholders and the corporate entities. 

Such steps are required to ensure the long 

term sustainability of the housing sector in 

spite of its vast growth prospects and 

capacity to attract FDI to India.(Figure VIII) 

 
Source: IBEF (2021), Nov., p.3. [4] 

Figure VIII: Housing and Residential Real 

Estate Sector in India-Vast Prospects. 

9. ESG Elements: India’s Housing Sector  

The ‘E’ aspect of the business model of 

corporates in the field of housing 

development should include provisions for: 

1) Air quality and Energy savings, 2) Waste 

disposal, 3) Biodegradable and ecofriendly 

consumables, 4) Hygiene in surface and air, 

5) Radiation to be kept low, 6) Biodiversity 

and afforestation. Regarding the ‘S’ aspect 

of ESG integration in Indian housing sector, 

the main concerns include the following:    

1) Gender diversity and parity, 2) Policy of 

Inclusiveness in hiring, 3) Adherence to 

health and safety protocols (including, 

vaccination drives) 4) Upskilling the staff 

and also staff welfare, 5) Community 

welfare and outreach, and so on. Lastly, the 

‘G’ aspect of ESG in Indian housing sector 

must ensure the following: 1) Good and 

transparent corporate governance practices, 

2) Compliance with environmental 

protection laws, 3) Financial discipline and 

transparency including risk management, 4) 

Process automation and ICT adoption. In the 

Indian scenario, abiding by the above broad 

norms, strictly implementing RERA 2016 

[Real Estate (Regulation and Development) 

Act, 2016] at the national level and aligning 

the State-level RERA Acts with the Central 

RERA Act (Supreme Court verdict, Feb. 

2022) can help to gain the confidence of 

investors, customers, and the general public. 

The policy support of the Union and the 

State Governments is an advantage in India.       



10.  ESG Adoption: Vital Role of CMAs   

It may be noted that CMAs play a vital role 

in the process of ESG adoption and their 

role is more critical than any other corporate 

professional. CMAs have to function hand 

in hand with experts in diverse fields like 

Technical, Legal and Finance given the 

highly interdisciplinary nature of the ESG 

adoption. Though there are no universally 

accepted standards to measure and report 

sustainability performance, the CMAs can 

very meaningfully perform the following 

functions relating to ESG integration: 1) to 

assess the environmental and social impact 

of investments on the lines of Impact-

Weighted Accounts Initiative (IWAI) and 

Value Balancing Alliance (VBA) practices 

in financial accounting (Harvard Business 

Review, 2020) [xx]; 2) to suggest corporate 

governance practices that best matches the 

expectations of the investors and other 

stakeholders; 3) to suggest smart materials, 

energy-efficient processes and technologies 

for building construction in consultation 

with the functional specialists, 4) to suggest 

effective and efficient ways of usage of 

water, electricity and also effective means of 

waste disposal, 5) to contribute towards the 

preservation of environmental quality and 

bio-diversity, 6) to ensure that sustainability 

issues are factored into corporate strategies 

and capital allocation decisions. By ensuring 

scientific ESG adoption CMAs can ensure 

the sustainability of corporate performance.    

11.  Concluding Remarks   

Sustainability reporting and ESG adoption 

have become hallmarks of excellence in 

corporate performance. In sectors like 

housing and residential real estate in India, 

sustainability is all the more significant and 

so also ESG adoption, the country being 

already committed to attain its national goal 

of ‘Affordable Housing for All’. By 

adoption of ESG and other practices for 

sustainability, by making use of the valuable 

services of the CMAs, and above all the 

policy support of Union and State 

Governments, let us hope that India can 

attain the dream of Housing for All in the 

near future itself, if not in 2022.  
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Abstract 

ROLE OF SFBS AND MFIS 

Dr. Mini Joseph (Corresponding Author) 
Research Guide and Associate Professor in Commerce, K G College, Pampady Kottayam DT, 

Women. 

Anu P. Mathew 

Financial inclusion has been the buzz word propagated to make the country more inclusive. 
There were policies and strategies in place to bring every citizen of the nation under the purview 
of the broad spectrum of financial services. A vital role is played towards fulfilment of this 
purpose by the Small Finance Banks (SFBs) and Micro Finance Institutions (MFIs). They are 
indispensable in taking the financial services to the door steps of the masses especially in the 
rural areas. The most literate state in the country, Kerala is not different when it comes to the 
contribution of SFBs or MFIs. ESAF, the NBFC-MFI which was granted banking license to 
function as SFB hails from Kerala. On the other side, among MFIs, the State has a revolutionary 
MFI initiative through Kudumbashree, implemented by the Govt. of Kerala under the State 
Poverty Eradication Mission (SPEM). Justifying the meaning of the word, Kudumbashree 
ensures grace to the families who are its members. This study being an exploratory and 

analytical study focuses on the way ESAF and Kudumbashree intervenes in the lives of the rural 

poor to empower them financially and foster economic growth. The investigator interviewed 

105 respondents who are customers of ESAF and Kudumbashree, who have availed micro 

credit from the institutions. The results were tabulated and analyzed to draw inferences on how 

positively the infuence of the institutions paved way for financial wellbeing of the rural 

Kerala 

Keywords: ESAF, Kudumbashree, Financial Inclusion, Repayment Status, Financial Wellbeing 
Introduction 

Taking banking to the doorsteps of the layman has been the priority for banks both old and new 

generation. SFBs are a new entrant into Indian Banking System with a differentiated focus on 

Financial Inclusion (rbidocsrbi.org. in). The role of Microfinance has been critical in driving 

financial inclusion in India (home.kpmg). The annual Financial Inclusion Index, the FI Index 

for the period ending 3 1 March 2021 stood at 53.90 against 43.40 for the period ending March 

2017. Financial wellbeing is a true indicator of financial health or financial position in this 

turbulent situation. Meeting existing and future commitments (Kempsonet.al., 2017), having 

money left over for non-essentials (Elliot &Vlave, 2013), feeling financially healthy and secure 

(Barclays, 2014) so that they are confident to meet the future challenges are all indicators of 

financial wellbeing. Financial inclusion means that individuals and businesses have access to 

useful and affordable financial products and services that meet their needs - transactions, 

payments, savings, credit and insurance - delivered in a responsible and sustainable way. (world 

bank.org). Financial inclusion and financial wellbeing experienced by the rural low income 

people of Kerala and the role of ESAF(SFB) and Kudumbashree (MFI) is being explored 
through this study. The research questions arising in this backdrop are: 
Do SFBs and MFIs promote financial inclusion? 

How is the repayment behaviour of borrowers after accessing credit? 

How far do they experience financial wellbeing? 

Review of Literature 

Are financial inclusion and financial wellbeing related to each other? 

The study aims to find answers to these questions through responses collected from rural 
women who are borrowers from lending institutions, Esaf and kudumbashree. 

Vol. XX, July- December 2022, No.4 
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(CFPB, 2015) Consumer Financial Protection Bureau has been conducting intensive research in 
the domain of financial wellbeing and developed a scale to measure financial wellbeing. 
(Stromback et.al. (2017)investigated the influence of a person's psychological characteristics 
on the financial behaviour and financial wellbeing. (Barman et.al, 2009) conducted a 
comparative study of microfinance models to analyze role of microfinance interventions in 
Financial Inclusion. (Shankar, 2013) aimed to investigate financial inclusion in India and 
whether microfinance institutions address access barriers. 

Research Objectives 
V The objcctives of the rescarch study were as follows: 

V To analyze the status of repayment of credit by the rural poor. 
V To identify the factors influencing default in repayment of credit among the rural poor. 

To cvaluate the whether the rural poor experience financial wellbeing. 
Research Hypotheses 
HO 1: The mean score of factors influencing repayment default is the same for all occupation 
groups. 

To cvaluate the financial inclusion facilitated by SFBs and MFIs for the rural poor. 

HO 2: The mean score of financial wellbeing is the same for all occupation groups. 
HO 3: There is no difference in the financial wellbeing experienced by regular borrowers and 
defaulters. 

HO 4-Borrowers of ESAF and Kudumbashree experience the same level of financial wellbeing. 
HO 5: There is no significant relationship between Financial Inclusion and Financial Wellbeing 
Methods 
From among the rural women population of Kerala, a total sample size of one hundred and 
fiveborrowers of Esaf and Kudumbashree were chosen for the study through Snowball 
Sampling method. For the purpose of the study, data was collected through primary and 
secondary sources. Secondary data which included journal articles, research papers, working 
papers, books and websites, provided the conceptual base for the study. Primary data was 
gathered from respondents through a carefully drafted interview schedule. Testing of 
hypotheses was done using inferential statistical methods such as Independent sample t test, 
ANOVA andPearsonProduct Moment Correlation. 

Results 

The data collected online through the interview schedule, provided insights on the major 
aspectsas discussed below: 

Name 
|ESAF 

Kudumbashree 

Total 

|Paid Regularly 
Installments Defaulted 
Total 

Table 3.1 Name of Lending Institution 

Frequeney 
31 

74 

105 

29 

Pereent 

70.50 % respondents were borrowers of kudumbashree, the MFI and 29.50 % of them were 
borrowers of Esaf, the SFB.Among the total respondents, 34.30 % were day labourers, whereas 
24.8 % were self-employed, 17.10 % were home makers and 15.2 % were private employees. 

Table 3.3 Nature of Repaymnent of Credit 
Nature Frequency 

76 

105 

29.5 

70.5 

100.0 

Percent 
72.4 

27.6 

100.0 

Among the total respondents, 72.4 % used to make regular payment of installments due whereas 
27.6 % have made defaults in repayment of installments. Financial inclusion among the ural 
Vol. XX, July- December 2022, No.4 
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A B S T R A C T   

Lead-free halide double perovskite (HDP) materials have received increased attention in the field of perovskite 
solar due to their non-toxic nature, structural stability and enhanced optical properties. In this work, we per
formed the density functional theory calculations to investigate the role of halide ion (X = Cl, Br, I) substitution 
in the lead-free Cs2AgSbX6 compound as a prototype structure. The results revealed that the halogen ions play a 
crucial role in changing the physical properties of Cs2AgSbX6. The halide ions play a major role in light har
vesting as absorption of light mainly involves optical transitions from the p- to s-orbitals of the halide ions. 
Cs2AgSbX6 (X = C1, Br, I) exhibits enhanced light absorbance α (ω) and less reflectivity n(ω) in the near infra-red 
to the visible region of the solar spectrum which clearly indicated that the efficiency of solar cells can be 
enhanced. Moreover, the material showed an indirect bandgap of 1.38 0.88, and 0.395 eV (Cl, Br, and I). This 
study is a valuable reference for single-junction solar cells and tandem solar cells for enhancing the power 
conversion efficiency.   

1. Introduction 

Recently the search for a clean and renewable source for energy 
harvesting has quietly reached a peak, perovskite materials have played 
a significant role in the field of energy harvesting and light-emitting 
diodes (LEDs) [1–4]. HDPs have recently attracted considerable atten
tion due to their nontoxic nature and higher stability compared to lead- 
based perovskite materials [5–7]. However, the power conversion effi
ciencies of HDPs-based solar cells are comparatively low, which may be 
due to the poor visible light absorption because of its indirect bandgap 
[8–10]. It is found that halogen ions like Cl, Br, and I can be utilized to 
decrease the bandgap and to utilize a wide region of the visible spectrum 
[11–13]. Our previous DFT calculations on Cs2AgBiX6 and Cs2AuBiX6 
[14,15], showed that the Bi-based HDPs are excellent photo-absorber in 
the visible region of the solar spectrum. It has been reported that mixing 
halides and cations in perovskites can regulate the electronic features 
[16–18] and the composition of both can be adjusted to improve the 

stability [19]. In considering the phase stability, eco-friendliness, and 
tunability of HDPs, Zhao, et al., have identified nontoxic A2B + B’

[3+1] +

X6 (B = alkali metals; B′

= metals; X = halides) perovskites to replace 
APbX3 for photovoltaic applications [20]. The synthesis of Ag-based 
HDPs from solution processing and solid-state reactions has been re
ported previously for the composition such as Cs2AgBiCl6, Cs2AgBiBr6, 
and Cs2AgSbCl6 [21,22]. However, the various chemical composition of 
materials has been designed to study the optical effect, still today there 
have been very few reports presenting the effect of ions on light ab
sorption and the bandgap effect. Thus, we proposed the replacement of X 
sites of anionic complex Cs2AgSbX6 structures as a model system. This 
type of new structure can contribute to our atomistic understanding of 
the descriptors that drive the changes in the structural, and optoelec
tronic properties of perovskite materials. 
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2. Theoretical approach and computational details 

All ab-initio DFT calculations were performed using Quantum- 
Espresso (QE) suite [23]. The exchange–correlation function (ECF) 
with generalized gradient approximation (GGA), which was parame
terized by Perdew Burke Ernzerhof (PBE) [24], was used and it was 
compared with local density approximation (LDA) and PBE-sol with the 
convergence criteria of 60 Ry for the kinetic energy cut-off and 240 Ry 
for the charge densities. The structural optimization was performed with 
8 × 8 × 8 Monkhorst-Pack k-mesh in Brillouin zone, and the conver
gence threshold for self-consistent-field (SCF) iteration was set at 10− 10 

eV. Relaxation of ions was performed using BFGS quasi-Newton algo
rithm until the energy and forces are less than 1.0[-4] Ry and 1.0[-3]Ry/ 
Bohr, respectively. Further, a denser k-mesh of 16 × 16 × 16 with 
gaussian smearing of 0.001 Ry was used for non-SCF calculations, the 
density of states (DOS), and optical calculations. 

3. Results and discussion 

The Birch-Murnaghan Equation of State (Eq. (1)) is used to calculate 
the structural parameters of the compounds by fitting the Energy- 
Volume data, which is obtained by SCF calculations. 

E(V)=E0+
9V0B0

16

[{(
V0

V

)2/3

− 1

}2

B’
0+

{(
V0

V

)2/3

− 1

}2

6− 4

{(
V0

V

)2/3
}]

(1) 

Here, E is internal energy, B0 and B’
0 are the bulk modulus and its 

derivative. V is the deformed volume from the reference volume (V0). 
The minimised total energy (E0) of the unit cell w.r.t cell volume (V0) is 
obtained for LDA, PBE, and PBEsol exchange correlations as depicted in 
Fig. 1. Table.1 shows the optimized structural parameters of the HDP 
using LDA, PBE, and PBEsol. The result indicated that the lattice con
stant a (Å) increases in the order of Cl< Br < I which may be due to the 
ionic radius of the anions. Conversely a recent report on the increase in 

Fig. 1. Comparison Fit for the LDA, PBE-GGA, PBE-sol and EDFs, (a-c) Cs2AgSbBr6, (d-f) Cs2AgSbCl6, (g-i) Cs2AgSbI6.  

Table 1 
Estimated structural parameters of Cs2AgSbX6 (X = Cl, Br, I).   

Parameters Cs2AgSbCl6 Cs2 AgSbBr6 Cs2AgSbI6   

Present others   

LDA a(Å)  10.39   10.91  11.64  
V(Å)3  287.56   324.68  27.54  
B0(GPa)  39.22   33.84  –  
B’  6.576   5.522  4.028 

PBE a (Å)  10.853  10.700 [26]  11.384  12.141     
10.699 [32],       
10.561 [32],       
10.70 [34]    

V (Å)3  319.61   368.91  447.38  
B0 (GPa)  22.8   21.1  17.8  
B’  7.42   7.548  1.00 

PBEsol a (Å)  10.58   11.101  11.828  
V (Å)3  296.24   342.07  413.64  
B0 (GPa)  30.7   27.6  23.1  
B’  6.38   2.385  6.007  

N. Rajeev Kumar et al.                                                                                                                                                                                                                        
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the lattice parameter from Cl[-] (1.80 Å) < Br[-] (1.95 Å) < I[-] (2.20 Å), 
is due to the Shannon radii in considering the Atomic and Ionic pa
rameters from the previous reports section II.A is calculated using 
advanced ML techniques [31]. The Bulk moduli B0 for Cs2AgSbX6, are 
found to be 22.8 GPa (Cl), 21.1 GPa (Br), and 17.8 GPa (I) obtained using 
PBE. In comparison, the bulk modulus B0 of Cs2AgSbI6 is the smallest, 
which is more compressible and less hard. The structural optimisation of 
Cs2AgSbX6 (X = Cl, Br, I) is done with Face Centered Cubic corre
sponding to the Laue class (Ohm − 3 m) (Space group #225). The 
fractional coordinates of the Ag, Sb, and Cs atoms were in the Wyckoff 
positions 4a, 4b, and 8c respectively as shown in Fig. 2a. The obtained 
lattice parameter, (a (Å)) for all compounds using the exchan
ge–correlation functional (ECF) such as LDA, PBE-GGA, and PBE-sol are 
presented in Table 1. 

Investigation of the electronic properties reveals the nature (metal/ 
semiconductor/insulator) of the system, type of bandgap (direct/indi
rect), and orbital contributions at the valence band and conduction band 
(VB/CB) of the material. In Fig. 2(b-d), the electronic band structure of 
the compound along with total (TDOS) and projected density of states 
(PDOS) using PBE functional are presented. The Fermi energy of the 
Cs2AgSbX6 is set to zero for all band plots and the k path is set along with 

the symmetry points. Coordinates of these symmetry points are Γ (0.0, 
0.0, 0.0), X (0.5, 0.0, 0.5), K (0.375, 0.375, 0.75), L (0.5, 0.5, 0.5) and W 
(0.5, 0.25, 0.75). The top of the VB and the bottom of CB is located at the 
high symmetry points X and L respectively showing the indirect nature 
of the bandgap. This clearly indicates an indirect bandgap of 1.38 eV 
(Cl), 0.88 eV (Br), 0.39 eV (I) for PBE and 1.12 eV (Cl), 0.64 eV (Br), 
0.16 eV (I) for PBE-sol are presented in the bandgap values corre
sponding to different ECFs are presented in Table 2. For all ECFs, it is 
found that the Eg values decrease as we go down the halogen group 
[25–27], since the Pauling electronegativities of Cl, Br, I are ~ 3.3, ~3.0, 

Fig. 2. (a) Crystal structure of Cs2AgSbX6 (X = Cl, Br, I) (Space - group: #225) with AgX6 and SbX6 octahedral represented by a red and grey color, (b-d) Electronic 
band structure of Cs2AgSbX6 (X = Cl, Br, I) along the k-path (Γ-X-K-L-W) X with valance band in black and conduction band in red. Total DOS and Partial Density of 
States are presented along with the band structure for comparison. 

Table 2 
Calculated electronic bandgaps Eg(eV) of Cs2AgSbX6 (X = Cl;Br; I) using LDA, 
PBE, and PBE-sol.  

X LDA PBE PBE-sol Ref. 

Cl  0.95  1.38  1.12 2.60a, 2.65b 

Br  0.40  0.88  0.64 2.61c*,1.40d 

1.64e     

I  0.2  0.39  0.16 – 

a[32], b[33], c[29],d[29], e[28], *Expt. 
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~2.7, respectively, the ionicity of the perovskites is expected to decrease 
across the halogen group and the band gap should decrease. Also, it is 
seen that LDA severely underestimates the bandgap. The calculated 
bandgap for Cs2AgSbX6 was found to be comparable with available 
theoretical reports and are presented in Table 2. Atomic and orbital 
contributions at the VBM and CBM are presented in Fig. 2 (b-d), and it is 
found that halogen anions (Cl, Br, I) and Sb are contributed at VBM and 
CBM respectively, also confirmed in Fig. 3 (a-d). Tabulated values of 
band gaps (from Table 2) are shown in the bar chart for comparison in 
Fig. 3 a. 

Analysis of optical characteristics provides extensive information for 
their possible uses in solar cells and LEDs. To be applied to solar cells, we 
explore the optical (UV–Visible-IR region) response of the system 
(Cs2AgSbX) calculated using the frequency-dependent dielectric func
tion (ε(1)(ω) and ε(2)(ω)) via the Random Phase Approximation method 
(RPA) [28–30]. The absorption coefficient α(ω) and refractive index n(ω) 
were calculated using the relations connecting the real and imaginary 
parts corresponding plots are depicted in Fig. 4 and Fig. 5. We have 

n(ω) =
( ̅̅̅̅̅

∊2
1

√

+ ∊2
2 + ∊1

)1/2
/

̅̅̅
2

√
and κ(w) =

( ̅̅̅̅̅

∊2
1

√

+ ∊2
2 − ∊1

)1/2
/

̅̅̅
2

√
.

The relation between the absorption coefficient and refractive index is 
given by α (ω) = ω/cn(ω), where c is the speed of light. 

In Fig. 3, we presented the dielectric relaxation spectra, under the 
PBE exchange-correlation. As the crystals are isotropic, all the diagonal 
components of the ε tensor are identical (εxx = εyy = εzz), whereas the off- 
diagonal components are zero. Fig. 4 (a-c) show the real part ε1(ω) and 

imaginary part ε2(ω) of dielectric function and extinction coefficient as a 
function of energy. Static dielectric constant εs is defined as the value of 
the real part of frequency-dependent dielectric constant ε1(ω) at ω = 0. εs 
for Cs2AgSbBr6 is found to be 4.85, 5.55, Cs2AgSbCl6 (, 6.16, 7.08, , and 
8.99, 10.36 for Cs2AgSbI6 for PBE and PBE-sol respectively. 

It is seen that ε1(ω) is below zero (negative) for some regions of ω, 
where incident photons are completely attenuated. The ε2(ω) values 
describe the inter-band transitions for semiconductor materials and 
explain the material responses to electromagnetic radiation. Further
more, the optical transition between states is seen as peaks in the ε2(ω) 
dielectric spectrum. In Fig. 4 b, ε2(ω) exhibits principal peaks at 7.95, 
6.04, 7.47, 8.43, 10.21 and 11.16 for Cs2AgSbX6, as X varied from Cl to I 
when calculated using the exchange potentials PBE and PBE-sol 
respectively. . The extinction coefficient k(ω) exhibits a similar trend 
when X varied from Cl to, I as shown in Fig. 4 c. The absorption coef
ficient α(ω) and refractive index n(ω) are two important parameters in 
designing optoelectronic materials for solar cells. 

The optical response to the solar radiation is given by the absorption 
coefficient α(ω) in the active region (0–4) eV of the solar cell as a 
function of ω as shown in Fig. 5 a. The enhanced photo-response for 
highly efficient solar cells lies between (0.9–1.6) eV. The optical ab
sorption α(ω) for Cs2AgSbX6 starts at the optimum bandgap region and 
shows a good response in the visible and near IR region. The absorption 
peaks are at 3.7 eV for Cl, 3.3 eV for Br and 2.6 eV for I. Fig. 5 b rep
resents the refractive index n(ω) versus energy ω for Cs2AgSbX6, n in
creases steadily and reaches a maximum value at 1.45, 1.9, 2.4 eV for Cl, 

Fig. 3. (a) Comparison of band gaps of Cs2AgSbCl6, Cs2AgSbBr6 and Cs2AgSbI6 using LDA, PBE and PBE-sol ECFs, (b, c,& d)Projected density of states of an in
dividual atom is plotted for Cs2AgSbCl6, Cs2AgSbBr6 and Cs2AgSbI6 using LDA, PBE and PBE-sol ECFs. 
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Br, I and decreases below unity at 14.2, 13.6, 9.2 eV for Cl, Br and I. 
From these results, it can be concluded that Cs2AgSbX6 is an ideal 
candidate for single-junction and tandem solar cells. 

4. Conclusion 

In this study, we have investigated the optical property of the double 

halide perovskite Cs2AgSbX6 (X = Cl, Br, I) in which the bandgap tuned 
from 1.38 − 0.395 eV (Cl > B > I). Moreover, the PDOS results indicated 
that the halogen ions and Sb contribute to the modification of the 
valence and conduction band. A wide range of absorption was observed 
with less refractive index near-visible and infrared wavelength. The 
halogen doping proposed in this work opens a new path to designing 
high-performance single and tandem solar cells. 

Fig. 4. Dielectric relaxation Spectra for all compounds obtained using the PBE-GGA method. Plots of the real ε1 (ω)(a) and imaginary ε2 (ω) (b) of dielectric functions 
and extinction coefficient K(ω (c) for the maximum solar efficiency region (0.9–4.0 eV). 

Fig. 5. (a) Absorption coefficient α (ω), (b) refractive index n(ω) of Cs2AgSbX6 (X = Cl, Br, I) for the maximum solar efficiency region (0.9–4.0 eV) obtained using the 
PBE-GGA method. 
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