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Abstract	
This	 study	 investigates	 the	 graphene	 reinforcement	 in	 bismuth	 ferrite	 (BiFeO₃	 or	 BFO)	 composites	 by	 powder	
metallurgy	 technique	 with	 the	 goal	 of	 enhancing	 their	 spectroscopic,	 physical	 and	 electrical	 properties	 for	
multifunctional	applications.	The	powder	composites	prepared	by	dry	planetary	ball	milling	of	5	hours	followed	by	
compaction	at	200	MPa	and	sintering	at	850	oC	for	6	hours	under	argon	atmosphere.	Results	revealed	a	significant	
enhancement	in	the	properties	of	composites	with	increasing	graphene	content	in	BFO.	BFO	is	a	promising	multiferroic	
material;	however,	its	practical	applications	are	limited	due	to	inherent	drawbacks	such	as	low	electrical	conductivity,	
rapid	charge	carrier	recombination	and	limited	surface	area.	The	optimized	BFO/graphene	(1	mol)	composite	exhibited	
a	substantial	reduction	(~37%	reduction)	in	energy	band	gap	from	2.62	eV	(pure	BFO)	to	1.63	eV,	alongside	a	high	
increase	(~24-fold	increase)	in	BET	surface	area	from	4.9	m²/g	(BFO)	to	120	m²/g	and	a	remarkable	improvement	(a	
four-order-of-magnitude	 increase)	 in	 electrical	 conductivity	 from	 5.2	 ×	 10-4	 S/cm	 to	 5.65	 S/cm.	 Raman	 analysis	
indicated	strong	interfacial	interactions	and	strain	effects	between	BFO	and	graphene,	which	contribute	to	improved	
charge	separation	and	transport.	These	enhancements	are	attributed	to	the	synergistic	effects	of	graphene’s	conductive	
π-network;	 the	 well-dispersed	 composite	 structure	 achieved	 via	 powder	 metallurgy	 and	 optimized	 processing	
parameters.	The	study	concludes	that	1	mol	graphene-reinforced	BFO	is	a	promising	candidate	 for	next-generation	
applications	in	energy	storage,	photocatalysis,	sensors	and	environmental	remediation.	
Keywords:	Bismuth	Ferrite,	Graphene,	Nanocomposite,	Powder	Metallurgy	Technique.	
	

Introduction		
In	 recent	 years,	 the	 development	 of	
multifunctional	 materials	 with	 unique	 electrical,	
magnetic	 and	 optical	 properties	 has	 garnered	
significant	 attention	 for	 applications	 in	 energy,	
electronics	 and	 environmental	 remediation.	
Among	these	materials,	bismuth	ferrite	(BiFeO₃	or	
BFO)	 and	 graphene	 have	 emerged	 as	 promising	
candidates	due	to	their	distinct	properties.	BFO	is	
a	 multiferroic	 compound	 that	 simultaneously	
shows	Ferro	electricity	and	antiferromagnetism	at	
room	 temperature.	 This	 unique	 combination	
permits	the	application	of	BFO	in	next-generation	
spintronics,	 photovoltaics	 and	 memory	 storage	
devices	 (1-3).	 Furthermore,	 BFO	 has	 a	 narrow	
bandgap	(approximately	2.1–2.7	eV),	which	makes	
it	 an	 efficient	 visible-light	 photo	 catalyst	 (4,	 5).	
However,	pure	BFO	often	faces	challenges	such	as	
less	 electrical	 conductivity,	 rapid	 electron-hole	
recombination,	 less	 specific	 surface	 area,	 etc.	

which	 limit	 its	 practical	 effectiveness	 (6,	 7).	
Graphene	is	a	layer	of	carbon	atoms	that	is	only	one	
atom	 thick,	 structured	 in	 a	 two-dimensional	
honeycomb	 lattice.	 It	 gained	 significant	 attention	
due	 to	 its	 outstanding	 electrical	 conductivity,	
mechanical	 strength,	 thermal	 conductivity	 and	
extensive	 specific	 surface	 area	 (8-10).	 These	
characteristics	render	it	suitable	for	use	in	certain	
multifunctional	 systems	 which	 include	 sensors,	
batteries,	 capacitors	 and	 catalysts,	 among	 others	
(11-13).	 To	 improve	 the	 limitations	 of	 BFO	 for	
multifunctional	 applications	 optimized	 graphene	
reinforced	BFO	composites	needs	to	be	developed	
which	integrates	the	multifunctional	properties	of	
BFO	 particularly	 with	 the	 high	 conductivity	 and	
specific	 surface	 area	 and	 structural	 flexibility	 of	
graphene.	The	incorporation	of	graphene	into	BFO	
can	 play	 remarkable	 role	 in	 improving	 charge	
transport,	reduce	electron-hole	recombination,		
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and	 enhance	 photo	 catalytic	 efficiency	 of	
composite	 (14,	 15).	 These	 composites	 will	 have	
potential	 stability	 and	 surface	 reactivity,	 which	
makes	 them	 suitable	 for	 environmental	 and	
energy-related	 applications.	 The	 BFO/graphene	
composite	system	holds	great	promise	 in	various	
advanced	 applications,	 such	 as	 supercapacitors	
and	 energy	 storage	 devices,	 Gas	 and	 biosensors,	
photovoltaic	devices,	spintronic	and	 magneto-
electric	devices,	photovoltaic	devices,	etc.	(16-19).		
These	 composites	 offer	 a	 synergistic	 effect,	
combining	 the	 ferroelectric	 and	 magnetic	
functionalities	 of	 BFO	with	 the	 high	 conductivity	
and	structural	flexibility	of	graphene.	
Recent	research	reported	that	rGO	reinforced	BFO	
nanocomposites	synthesized	through	 solvother-
mal	 and	 sol-gel	 methods	 (20).	 The	 composites	
showed	 improved	electrochemical	characteristics	
and	 increased	 porosity,	 which	 develops	 charge	
transfer	and	 ion	diffusion	 in	the	materials,	which	
make	them	as	most	suited	ones	for	energy	storage	
applications.	 In	another	study	rGO	reinforcement	
in	 BFO	 had	 observed	 to	 increase	 superior	
capacitance	 and	 stability	 in	 super	 capacitor	
configurations.	 These	 results	 are	 attributed	 to	
enhanced	charge	transport	and	interfacial	contact	
between	BFO	and	graphene	sheets	(21).	Literature	
reports	that	rGO/BFO	nanocomposites	with	strong	
photo	 catalytic	 activity	 under	 visible	 light	 have	
potential	 applications	 on	 environmental	
remediation	due	to	their	significant	degradation	of	
amoxicillin	with	remarkable	recyclability	(22).	But	
the	 above	 studies	 face	 some	 typical	 limitations	
which	 includes	 non-uniform	 dispersion	 of	
graphene	 and	 its	 agglomeration,	 surface	 area	
reduction	 and	 lack	 of	 synergetic	 interactions,	
inadequately	 controlled	 in	 composite	 formation	
which	 creates	 difficulty	 in	 charge	 transfer	 and	
enhancing	 in	 electrical	 conductivity,	 etc.	 It	 has	
been	 well	 observed	 that	 in	 the	 conventional	
synthesis	techniques	like	sol-gel,	 hydrothermal/	
solvothermal	 and	 chemical	 vapour	 deposition	
(CVD),	 elevated	 temperatures	 or	 harsh	 chemical	
conditions	 are	 involved	 in	 the	 processing,	which	
can	 produce	 defect	 in	 graphene	 part	 of	 the	
composites	 and	 resulting	 in	 reducing	 properties	
such	 as	 electrical	 and	 physical	 properties	 of	 the	
composites.	For	example,	 in	sol-gel	 synthesis,	we	
use	various	metal	alkoxides	and	organic	solvents,	
which	can	lead	to	residual	carbon	contamination,	
uncontrolled	grain	growth	and	challenges	involved	

in	restoration	of	graphene	structure	during	high-
temperature	 treatment	 (23).	 On	 the	 other	 hand,	
hydrothermal	 and	 solvothermal	 routes	 helps	 in	
achieving	good	crystallinity	and	particle	size;	but	
on	the	other	side,	they	generally	face	non-uniform	
graphene	 dispersion,	 restacking	 of	 graphene	
sheets	 and	 limited	 scalability	 (24).	 These	 effects	
restrict	 their	 industrial	 adoptability.	 Due	 to	 the	
prolonged	 exposure	 to	 aqueous	 or	 chemically	
reactive	environments,	they	can	introduce	defects	
in	 graphene	 and	 oxidation	 can	 be	 developed	 in	
graphene,	 which	 can	 cause	 of	 reduction	 of	
electrical	 conductivity	 of	 composites	 of	
BFO/graphene.	 Another	 method	 CVD	 is	 efficient	
for	generating	good	quality	graphene,	however	the	
method	 is	mostly	 complex,	 costly	 and	 substrate-
dependent	 (25).	By	 this	method,	 it	 is	difficult	 for	
making	bulk	composite	fabrication	(26).	Moreover,	
by	 this	 method,	 the	 uniform	 dispersion	 of	
graphene	 in	BFO	 remains	 challenging	 because	 of	
the	weak	 interfacial	 bonding	 and	 limited	 control	
over	 composite	 stoichiometry.	 However,	 it	 has	
been	 observed	 that	 the	 powder	 metallurgy	
approach	 offers	 a	 solid-state,	 solvent-free	 and	
effective	 technique	 for	 the	 synthesis	 of	
BFO/graphene	 composites	 (27).	 This	 method	
offers	 easy,	 straightforward	 and	accurate	 control	
over	 the	 formation	 of	 the	 composite	 of	
BFO/graphene.	 Additionally,	 powder	 metallurgy	
minimizes	chemical	adverse	effect	on	the	structure	
of	 the	 graphene,	 restores	 in	 degrading	 graphene	
quality	and	inhibits	unwanted	phase	transitions	in	
BFO,	 which	 frequently	 occur	 at	 elevated	
temperatures	 in	conventional	 synthesis	methods.	
This	 method	 enables	 uniform	 dispersion	 of	
graphene	 in	 the	 composite.	 The	 involved	
mechanical	milling	step	promotes	contact	between	
BFO	phase	and	graphene,	which	helps	to	prevent	
agglomeration	of	graphene	in	the	composites	(27).	
Moreover,	 powder	metallurgy	 has	 better	 control	
over	graphene	content,	particle	size	reduction	and	
interfacial	 strain,	 while	 being	 scalable	 and	
reproducible.	 Due	 to	 such	 advantages	 powder	
metallurgy	 can	 be	 considered	 as	 more	 effective	
method	for	producing	new	generation	 BFO/gra-
phene	nanocomposites.	The	novelty	of	the	present	
work	 lies	 in	 the	 optimization	 of	 graphene	
reinforcement	 in	 BFO	 via	 a	 powder	 metallurgy	
route,	 enhancing	 superior	 electrical	 conductivity,	
surface	 area	 and	 band-gap	 modification	 via	 a	
controlled	 interfacial	 interaction,	 which	 are	 not	
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simultaneously	 achieved	 in	 prior	 studies	 of	
BFO/graphene	composite	(28-30).	
In	this	work,	we	have	taken	cutting	edge	approach	
to	 explore	 and	 optimize	 the	 graphene	
reinforcement	amount	in	BFO	in	view	of	any	scope	
improving	 spectroscopic,	 electrical	 and	 physical	
properties	 of	 composite.	 We	 considered	 the	
involved	 challenge	 of	 the	 interfacial	 interaction	
between	 BFO	 and	 graphene,	 controlling	
morphology	 and	dispersion	 of	 graphene	 sheet	 in	
composite,	correlating	structure,	composition	and	
adopting	 proper	 synthesis	 method	 with	 suitable	
parameters	for	developing	optimized	composites.	
In	 this	 work,	 we	 have	 prepared	 optimized	
BFO/graphene	 nanocomposites	 via	 powder	
metallurgy	route	under	optimized	parameters	by	
varying	 graphene	 as	 0.5	 and	 1	 mol	 in	 BFO	 for	
various	potential	applications.		
	

Methodology		
The	 starting	 powder	 samples	 include	 bismuth	
oxide	 (Bi2O3),	 ferric	 oxide	 (Fe2O3)	 and	 graphene.	
Bismuth	 oxide	 has	 a	 purity	 of	 99.9%	 and	 ferric	
oxide	(Fe2O3)	with	a	purity	of	99.8%.		Graphene	has	
purity	 level	 exceeding	 99.98%	 and	 having	 2-4	
layers	of	sheets.	Graphene	has	been	procured	from	
the	 International	 PranaGraf	 Mintech	 Research	
Centre	 (IGMRC)	 in	 Bhubaneswar,	 Odisha,	 India.	
The	graphene	has	been	produced	from	high	purity	
graphite	 by	 mechanical	 route.	 The	 precursor	
powders	 were	 mixed	 mechanically	 in	 an	
appropriate	 stoichiometric	 ratio.	 In	 this	
formulation,	graphene	was	varied	as	0.5	and	1	mol	
in	BFO	and	 the	 final	mixture	was	combined	with	
ethanol	 and	 mechanically	 ground	 in	 an	 agate	
mortar	 for	 approximately	 3-4	 hours	 followed	 by	
further	mechanical	grinding	 in	a	high-energy	dry	
planetary	ball	mill	under	argon	atmosphere	for	5	
hours	 at	 300	 revolutions	 per	 minute	 (RPM)	 to	
ensure	 a	 homogeneous	 blend	 in	 the	 composites.	
Tungsten	carbide	balls	of	2	mm	and	4	mm,	were	
used	as	grinding	media	 in	equal	quantities	of	0.5	
kg.	A	sample-to-bill	ratio	of	1:10	was	maintained	in	
the	composite.	After	the	milling	was	completed,	the	
powder	 samples	 were	 extracted	 from	 the	 jars.	
Subsequently,	the	samples	were	compacted	under	
a	pressure	of	200	MPa	for	180	seconds	in	a	13	mm	
die.	The	compacted	samples	were	 then	subjected	
to	sintering	in	a	controlled	furnace	within	an	argon	
atmosphere	at	a	temperature	of	850	°C	for	a	period	
of	6	hours.		

It	 has	 been	 observed	 that	 the	 milling	 time	 of	 5	
hours	 and	 a	 rotational	 speed	 of	 300	 RPM	 were	
found	 to	 be	 obtained	 as	 optimize	 conditions	 for	
ensuring	effective	reduction	of	particle	size	and	a	
uniform	dispersion	of	graphene	in	BFO.	Beyond	of	
these	 optimized	 conditions,	 excessive	 structural	
defects	in	the	graphene	may	be	caused.	A	sintering	
temperature	 of	 850°C	 was	 selected	 to	 ensure	
complete	 crystallization	 of	 BiFeO₃	 and	 robust	
interfacial	 bonding	 between	 BFO	 and	 graphene.	
The	selected	temperature	also	avoids	any	kind	of	
volatilization	 of	 material.	 Use	 of	 argon	 during	
sintering	 helps	 to	 maintain	 the	 integrity	 of	
graphene	 and	 prevent	 undesirable	 phase	
transformations.	
The	 features	 of	 graphene	 and	 sintered	materials	
have	 been	 investigated	 through	 characterization	
methods.	Particle	size	analysis	was	done	via	a	laser	
scattering	particle	size	distribution	analyzer	 (LA-
960V2,	Horiba	Scientific).	X-ray	diffraction	(XRD)	
(PANalytical	X’Pert	Pro	diffractometer)	was	used	
to	determine	the	crystalline	behaviour	of	sample.	
Micro	Raman	spectroscopy	was	performed	using	a	
Renishaw	 India	 Reflex	 (UK)	 spectrometer	 that	
employs	an	Ar+	ion	laser.	Brunauer-Emmett-Teller	
(BET)	 analysis	 was	 executed	 with	 an	 automated	
gas	 sorption	 analyzer	 from	 Quantachrome	
instruments.	 Field	 emission	 scanning	 electron	
microscopy	 (FESEM)	 (model	 ZEISS	 SUPRA	 55)	
with	 attached	 energy-dispersive	 X-ray	
spectroscopy	 (EDS)	 was	 employed	 to	 evaluate	
morphological	 and	 elemental	 compositions	 of	
sample.	 Ultraviolet-Visible	 Diffuse	 Reflectance	
Spectroscopy	 (UV-Vis	 DRS)	 conducted	 with	 a	
Thermo	 Scientific	 Evolution	 220	 model.	 The	
electrical	conductivity	was	evaluated	using	a	four-
probe	 digital	 meter	 (multimeter	 Keithley	 6221).	
The	 electrical	 conductivity	 measurement	 for	 the	
samples	was	conducted	at	room	temperature.	The	
measured	 values	 represent	 the	 average	 value	 of	
five	 measurements.	 The	 information	 is	
incorporated	in	the	manuscript.		
	

Results	and	Discussion		
The	nature	and	quality	of	graphene	plays	vidal	role	
in	 improving	 the	 property	 of	 BFO/graphene	
composites.	 The	 crystalline	 and	phases	 structure	
of	 the	 graphene	 was	 studied	 by	 XRD	 shown	 in	
Figure	1.	Various	diffracted	planes	of	carbon	were	
identified	 in	 the	 XRD	 pattern	 using	 X’Pert	
HighScore	software.	A	sharp	peak	is	seen	at	around	
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26.4°	angle	which	shows	the	presence	of	C	(002).	
Some	low-intensity	peaks	of	C	(011)	and	(110)	are	

appeared	 in	 the	graphene.	No	unwanted	element	
presents	in	the	composite.		

	

	
Figure	1:	XRD	Analysis	of	Graphene	

	

	
Figure	2:	Morphological	Analysis	of	Graphene	using	FESEM	

	

The	 surface	 morphology	 of	 graphene	 has	 been	
determined	 by	 FESEM	 (Figure	 2).	 It	 shows	
crumpled	layers	of	graphene	due	to	its	flexible	2D	
nature.	 The	 sheets	 of	 graphene	 look	 like	 to	 be	
overlapped.	 	 The	 purity	 of	 graphene	 has	 been	
determined	by	taking	EDS	analysis	(Figure	3)	over	
FESEM	 image	 of	 graphene.	 It	 shows	 significant	
major	 peak	 for	 C.	 A	 trace	 peak	 for	 O	 has	 been	
detected	may	be	due	to	exposure	of	the	sample	to	
the	 atmosphere.	 EDS	 analysis	 confirmed	 the	
absence	of	any	unwanted	elements	in	the	graphene	
composite,	 which	 corroborates	 the	 XRD	 results	
showing	 no	 impurity	 phases.	 A	 nitrogen	
physisorption	measurement	was	conducted	for	the	

graphene	sample	to	assess	the	specific	surface	area	
using	 the	BET	method.	The	 representative	 graph	
presented	in	Figure	4	illustrates	the	BET	analysis	
(by	 adsorption	 and	 desorption	 of	 N2).	 The	 BET-
specific	 surface	area	was	calculated	 to	be	550.51	
m2/g.	Figure	4	shows	Type-I	nitrogen	adsorption–
desorption	 isotherm,	 which	 infers	 predominant	
micro	porosity	behaviour	of	graphene,	which	can	
be	 advantageous	 for	 photo	 catalytic	 and	
electrochemical	applications,	because	it	promotes	
a	large	number	of	accessible	active	sites,	enhances	
adsorption	 of	 reactant	 molecules	 and	 promotes	
efficient	charge	accumulation	at	the	surface.

	
	



Mansingh	et	al.,																																																																																																																																																		Vol	7	ǀ	Issue	2	

 1303 

	
Figure	3:	EDS	Characterization	of	Graphene:	Composition	and	Purity	Assessment	

	

	
Figure	4:	BET	Evaluation	for	Determining	Specific	Surface	Area	of	Graphene	

	

Before	 going	 for	 sintering	 of	 the	 samples,	 the	
particle	 size	 after	 5	 hours	 of	 ball	 milling	 was	
determined	using	a	laser	particle	size	analyzer	and	
presented	 in	 Figure	 5.	 We	 had	 determined	 the	
median	 size	 variation	 (D50)	 of	 BFO	 and	
BFO/graphene	(0.5	mol)	samples	as	85	and	36	nm,	
respectively.	These	values	were	found	to	decrease	
as	the	amount	of	graphene	increased	up	to	1	mol	in	
BFO	 and	 we	 achieved	 an	 optimized	 value	 of	
particle	 size	 for	 the	 BFO/graphene	 (1	 mol)	
composite	at	34	nm.	Consequently,	 the	 increased	
incorporation	of	graphene	 from	0.5	mol	 to	1	mol	
has	 been	 demonstrated	 to	 enhance	 the	 milling	
process,	resulting	in	a	reduction	and	optimization	
of	 particle	 size	 in	 the	 BFO/graphene	 composite.	
During	 the	 mechanical	 milling	 process,	 BFO	
particles	 become	 fractured	 and	 highly	 reactive,	

exposing	fresh	surfaces.	The	2D	layered	structure	
of	 graphene	 wraps	 around	 the	 BFO	 particles,	
rapidly	 adsorbing	 onto	 these	 newly	 exposed	
surfaces,	 thus	 creating	 a	 physical	 barrier	 that	
prevents	 direct	 agglomeration.	 Generally,	
graphene	considered	as	a	solid	lubricant	and	anti-
agglomeration	 agent	 during	 ball	 milling	 as	
mentioned	 in	 the	 literature	 (31).	 The	 layered	
structure	and	weak	interlayer	bonding	present	in	
the	 graphene	 generate	 interlayer	 sliding	 and	
reduce	 friction	 between	 particles	 and	 milling	
media,	which	can	cause	in	enhancing	fracture	over	
cold	 welding.	 The	 interaction	 between	 graphene	
and	BFO	can	also	induce	localized	stress	and	defect	
sites,	 which	 increases	 the	 brittleness	 of	 BFO	
particles,	making	them	easier	to	fracture.	
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Figure	5:	The	Variation	of	the	Average	Particle	Size	(D50)	of	BFO	and	the	Composite	of	BFO/Graphene	

(0.5	and	1	mol)	
	

The	micro	Raman	spectroscopy	data	 for	 the	BFO	
and	BFO/graphene	 composite	 (0.5	 and	 1	mol)	 is	
shown	in	Figure	6.	BFO	displays	peaks	at	73,	261,	
311,	515,	623,	821	and	1307	cm-1	and	such	findings	
have	 been	 similar	 to	 the	 results	 reported	 in	 the	
literature	 (32,	 33).	The	 graphene-reinforced	BFO	
(0.5	 and	 1	mol)	 nanocomposites	 show	 peaks	 for	
both	BFO	and	graphene.	The	intensity	of	the	peaks	
related	 to	BFO	decreases	after	 the	reinforcement	
with	 graphene.	 The	 peaks	 of	 graphene	 in	 the	
composites	 have	been	 identified	 following	 to	 the	
literature	(34,	35).		BFO/graphene	(0.5	mol)	shows	
peaks	of	graphene	as	D	(which	is	linked	to	the	first	
disorder	 peak	 of	 graphite),	 G	 (which	 arises	 from	
sp2	 carbon	 within	 the	 graphite	 lattice)	 and	 2D	
(associated	with	the	stacking	 layers	of	graphene)	
at	1349,	1576	and	2695	cm-1,	respectively.	Peaks	of	
BFO	are	appeared	at	73,	261,	315,	518,	625,	826	
and	 1309	 cm-1.	 For	 BFO/graphene	 (1	 mol)	
composite	 D,	 G	 and	 2D	 peaks	 observed	 at	 1348,	
1574	 and	2691	 cm-1	 respectively.	 BFO	peaks	 are	
found	at	Raman	shift	of	73,	262,	322,	434,	522,	627,	
828	 and	 1312	 cm-1.	 The	 peaks	 associated	 with	
graphene	 show	 increase	 of	 peak	 intensity	 as	 the	
graphene	 reinforcement	 increases	 from	 0.5	 to	 1	
mol	in	BFO.	Remarkably,	it	has	been	observed	that	
on	reinforcement	of	graphene	and	increasing	their	
amount	in	the	composite	from	0.5	to	1	mol,	while	
the	 peaks	 of	 BFO	 are	 slightly	 shifting	 to	 higher	

Raman	 shifts	 (except	 at	 73	 cm-1),	 the	 peaks	 of	
graphene	are	shifting	to	lower	Raman	shifts.	This	
type	of	spectroscopic	behavior	may	be	caused	due	
to	 effective	 lattice	 interactions	between	BFO	and	
graphene.	 The	 interaction	 of	 the	 lattice	may	 also	
arise	 from	 the	 interactions	 between	 the	 π-
electrons	of	graphene	and	the	3d	orbitals	of	BFO,	
potentially	 resulting	 in	 charge	 transfer.	
Additionally,	 there	 might	 be	 electrostatic	
interactions	 or	 weak	 chemisorption	 occurring	
between	 the	 functional	 groups	 of	 	 	 C–OH	 in	
graphene	and	the	surface	atoms	of	BFO.	The	shift	
of	 BFO	 peaks	 towards	 higher	 Raman	 shifts	
indicates	 the	 existence	 of	 compressive	 strain	
within	 the	 BFO	 lattice,	 likely	 induced	 by	 lattice	
mismatch	 or	 strong	 interfacial	 bonding	 with	
graphene.	Conversely,	the	downshift	of	the	Raman	
peaks	of	graphene	suggests	the	presence	of	tensile	
strain,	as	well	as	possible	charge	transfer	between	
BFO	 and	 graphene,	 which	 can	 alter	 the	 phonon	
energy	 levels	 of	 the	 material.	 These	 strong	
interfacial	 interactions	not	only	affect	vibrational	
behavior	but	also	enhance	the	electronic	coupling	
and	 charge	 transport	 within	 the	 composite.	 The	
intensity	ratio	of	the	2D	band	to	the	G	band	in	both	
composites	 is	 about	 0.7.	 The	 position	 of	 the	 2D	
peak	is	noted	to	appear	at	a	relatively	lower	Raman	
shift.		
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Figure	6:	Micro	Raman	Analysis	Findings	of	BFO	and	the	Composite	of	BFO/graphene	(0.5	mol	and	1	

mol)	
	

The	intensity	and	position	of	the	2D	peak	indicate	
that	the	graphene	consists	of	2-4	graphene	sheets	
(36,	 37).	 This	 property	 of	 graphene	 can	
significantly	 influence	 the	 graphene-reinforced	
BFO	 composite.	 As	 a	 result,	 the	 BFO/graphene	
hybrid	composite	with	enhanced	charge	transport,	
interfacial	 bonding	 and	 strain	 distribution	 with	
taking	 benefit	 from	 graphene's	 high	 electrical	
conductivity	 and	 large	 surface	 area	 to	 exhibit	
improved	 electrical	 conductivity,	 charge	
separation	 efficiency	 and	 interfacial	 polarization,	
making	 it	 a	 promising	 material	 for	 advanced	
applications	in	photocatalysis,	sensors	and	energy	
storage.	
The	 energy	 band	 gap	 of	 samples	 was	 measured	
using	the	Kubelka–Munk	function	and	presented	in	
Figure	 7	 (38).	 As	 we	 know	 the	 composite	 with	
reduced	energy	band	gap	is	crucial	for	improving	
the	spectroscopic	behaviour	of	BFO,	particularly	in	
preparing	 the	 composite	 for	 super	 capacitor	
applications.	BFO	shows	energy	band	gap	of	2.62	
eV.	 On	 the	 other	 hand,	 when	 0.5	 mol	 graphene	
reinforced	with	BFO,	the	band	gap	reduced	to	1.65	
eV.	The	 incorporation	of	 graphene	upto	1	mol	 in	
BFO	observed	to	significantly	further	decrease	and	
having	 optimize	 value	 of	 the	 band	 gap	 energy	 of	
1.63	eV	for	the	BFO/graphene	(1	mol)	composite.		
It	 is	 a	 significant	 achievement	 in	 the	 study	 and	
found	 to	be	 lower	 than	 the	value	reported	 in	 the	
literature	(39).	
The	achieved	result	makes	a	significant	advance-	

ment	 in	 BFO/graphene	 composite	 research.	
Graphene	acts	as	a	conductive	framework,	creating	
localized	states	in	the	band	structure	of	BFO.	The	
potential	interaction	at	the	interface	between	BFO	
nanoparticles	 and	 graphene	 sheets	 promotes	
charge	 transfer,	 thereby	 effectively	 reducing	 the	
band	 gap.	 The	 π-conjugated	 system	 of	 graphene	
allows	 for	 the	 delocalization	 of	 electrons,	 which	
modifies	the	electronic	structure	of	the	composite.	
BET	 surface	 area	 of	 graphene	 and	 BFO	 was	
determined	 as	 550.51	 m2/g	 and	 4.9	 m2/g	
respectively.	The	incorporation	of	graphene	of	0.5	
and	1	mol	reinforcement	in	BFO	has	been	shown	to	
elevate	the	optimized	specific	surface	area	to	112	
and	 120	 m2/g	 respectively,	 which	 is	 notably	
higher.	The	result	is	also	found	significantly	better	
than	the	value	reported	in	the	literature	(40).	The	
electrical	 conductivity	 of	 BFO	 is	 about	 5.2	 x	 10-4	
S/cm.	We	found	electrical	conductivity	of	BFO	with	
0.5	 and	 1	 mol	 graphene	 of	 5.1	 and	 5.65	 S/cm	
respectively.	 The	 observed	 enhancement	 in	
electrical	conductivity	for	typical	BFO/graphene	(1	
mol)	composite	is	considerably	greater	than	that	of	
BFO/RGO	 (reduced	 graphene	 oxide)	 (10-30	 %	
RGO)	 composites,	 which	 exhibited	 electrical	
conductivity	 values	 ranging	 from	 4.96	 ×	 10–2	 to	
1.78	S/cm	(41).	 Similarly,	our	achieved	electrical	
conductivity	value	is	found	better	than	the	values	
measured	 for	BFO/graphene	composites	 that	are	
already	reported	in	literature	(42).		
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Figure	7:	Results	of	UV-visible	DRS	Analysis	for	BFO	and	the	BFO/Graphene	(0.5	and	1	mol)	Composite	

	

The	 synthesis	 technique,	 specifically	 powder	
metallurgy	with	optimized	parameter	of	milling	(5	
hours),	 compaction	 (at	 200	 MPa)	 and	 sintering	
(850oC),	 along	 with	 the	 perfect	 graphene	 BFO	
interface,	 contributes	 synergistically	 to	 the	
achievement	of	increasing	both	BET	SA	(120	m2/g)	
and	 electrical	 conductivity	 (5.65	 S/cm)	 for	
BFO/graphene	 (1	 mol)	 composite.	 The	 efficient	
powder	 metallurgy	 approach	 encourages	 a	
uniform	 distribution	 of	 graphene	 with	 suitable	
optimized	amount	of	reinforcement	(1	mol)	within	
the	 BFO	 matrix,	 which	 in	 turn	 establishes	 well-
connected	 conductive	 pathways	 throughout	 the	
composite.	 The	 π-electron	 configuration	 of	
graphene	(0.5	and	1	mol)	facilitates	a	more	rapid	
charge	 transfer	 medium.	 Additionally,	 the	
extensive	 surface	 area	 of	 graphene	 enhances	
interfacial	 adhesion	 to	 BFO	 particles.	 The	
composite	with	above	discussed	properties	make	
the	material	 ready	 for	 potential	work	 to	 directly	
evaluate	 the	 composite's	 performance	 with	
relatively	higher	scale	in	super	capacitor	and	photo	
catalytic	applications,	which	is	our	future	scope	of	
work.	
	

Conclusion	
In	this	study,	graphene-reinforced	bismuth	ferrite	
(BFO)	 nanocomposites	 were	 effectively	 synthe-
sized	 using	 an	 optimized	 powder	 metallurgy	
technique.	Graphene	was	added	in	amounts	of	0.5	
and	1	mol	in	BFO.	The	mixture	was	combined	with	
ethanol	 and	 ground	 mechanically	 in	 an	 agate	
mortar	for	3-4	hours,	followed	by	further	grinding	
in	 a	 ball	 mill	 (tungsten	 carbide	 balls	 used	 as	
grinding	 media)	 for	 5	 hours	 at	 300	 RPM	 under	

argon.	 After	 successful	 formation	 of	 powder	
composites,	 the	 samples	were	 compacted	 at	 200	
MPa	 for	180	 seconds	 followed	by	 sintering	 in	 an	
argon	atmosphere	at	850	°C	for	6	hours.	It	has	been	
observed	 that	 the	 incorporation	 of	 graphene	
significantly	enhances	 the	physical,	electrical	and	
spectroscopic	 properties	 of	 the	 BFO	 matrix.	 In	
particular,	 increasing	 the	 graphene	 content	 from	
0.5	mol	 to	1	mol	 in	BFO	 resulted	 in	 reduction	 in	
particle	 size	 (down	 to	34	nm),	 increased	 specific	
surface	area	(up	to	120	m²/g),	enhanced	electrical	
conductivity	(5.65	S/cm)	and	a	decrease	in	energy	
band	gap	(from	2.62	eV	to	1.63	eV).	Micro	Raman	
and	 UV-Visible	 DRS	 spectroscopic	 analyses	
confirmed	strong	interfacial	interactions	between	
BFO	 and	 graphene,	 resulting	 in	 improved	 charge	
transport	and	better	strain	distribution	across	the	
composite.	 These	 achievements	 in	 the	 composite	
are	 attributed	 to	 the	 synergistic	 effects	 of	
graphene’s	 high	 conductivity,	 layered	 structure	
and	 large	 surface	 area	 with	 the	 multifunctional	
properties	 of	 BFO.	 Hence,	 the	 1	 mol	 graphene	
reinforced	 BFO	 optimized	 composite	 showed	
significant	 enhancement	 of	 BFO	 properties,	 as	
evidenced	 by	 a	 60	 %	 reduction	 in	 particle	 size	
(D50),	a	~24-fold	 increase	 in	BET	surface	area,	a	
four-order-of-magnitude	 increase	 in	 electrical	
conductivity	and	exhibited	a	substantial	reduction	
(~37%	reduction)	in	energy	band	gap	compared	to	
pure	BFO.	The	results	BFO/graphene	nanocompo-
sites	 can	 be	 inferred	 to	 consider	 the	 typical	
BFO/graphene	 (1	mol)	 nanocomposite	 as	 promi-
sing	candidate	material	for	advanced	applications	
in	 supercapacitors,	 photo	 catalysis,	 sensors	 and	
energy	 storage	 systems.	 Future	 work	 will	 be	
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concentrated	 on	 evaluating	 the	 composite's	
performance	 in	 multifunctional	 energy	 and	
environmental	technologies.	
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