
1	Introduction
In	recent	years,	there	has	been	burgeoning	interest	 in	waste	management	systems	as	the	concept	of	sustainable	development	has	been	and	still	 is	a	subject	to	criticism.	Reduce,	reuse	and	recycle	are	three	basic	building
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Abstract

Biowaste,	derived	 from	cooking-oven-produced	carbon	nanoparticles	 (WCP),	are	 incorporated	 into	polyaniline	 (PANI)	via	 in-situ	chemical	oxidative	polymerization	 to	achieve	excellent	electrochemical	properties	 for

application	in	supercapacitors.	The	WCP-PANI	composite	electrodes	have	shown	high-performance	charge	storage,	due	to	combinatorial	effect	of	electrical	double	layer	capacitance	from	WCP	and	pseudocapacitance	from

PANI.	With	 increase	 in	 the	WCP	 percolation,	work	 function	 of	 PANI	 is	 increased,	which	 improves	 the	 charge-trapping	 capabilities	 of	 composites.	 For	 such	 distinct	 charge-trapping	mechanism,	 areal	 capacitance	 of	 the

composite	microelectrode	remains	near-constant	with	increase	in	scan	rate	or	current	density.	This	indicates	the	suppression	of	diffusion	limitations	at	higher	scan	rates	to	considerably	enhance	the	rate	capability.	Also,	with

increasing	polymerization	time,	strong	interaction	in	this	conjugated	system	greatly	improves	the	charge-transfer	reaction	between	PANI	and	WCP.	The	areal	capacitance	of	the	composite	electrode	is	found	to	increase	more

than	600	 times	over	pure	PANI	electrode.	Moreover,	energy-power	performance	of	 the	microelectrode	 reveals	almost	550%	 increment	 in	 the	power	density	with	a	mere	1%	decrement	 in	energy	density.	Such	 rationally

synthesized	WCP-PANI	composite	electrodes	using	biowaste	carbon	nanomaterials,	provide	opportunities	for	the	development	of	next-generation	green-supercapacitors	with	improved	energy	storage	performance.
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factors	in	this	regard	which	can	accelerate	the	transformation	towards	sustainable	development	goals	and	post	fossil-carbon	society.	Specially,	when	the	bulk	of	the	world's	energy	system	involve	carbon	based	materials	(both	as	raw

and	product),	recycling	of	waste	carbon	to	energy	materials	is	an	excellent	approach	to	meet	the	global	challenge	as	well	as	provide	opportunities	for	waste	handling:	sustainable	materials	for	renewable	energy	applications.

On	the	other	hand,	 to	attain	 the	 increasing	power	demands	of	energy	storage	systems,	particularly	of	portable	electronic	devices	and	the	emergent	 internet-of-things	(IoT),	both	researchers	and	developers	are	depending

nowadays	on	“Supercapacitors”	[1–4]	as	a	promising	alternative	approach.	Evidently,	for	this	typical	interest	in	supercapacitors,	comprehensive	research	has	been	endeavored	in	designing	new	electrode	materials	for	enhancing	the

power	 and	 energy	 storage	 capacity	 associated	 to	 the	 electrodes	 [5–10].	 Various	 porous	 forms	 of	 carbon	 are	 presently	 preferred	 as	 the	 electrode	materials	 due	 to	 exceptionally	 high	 surface	 areas,	 comparatively	 high	 electronic

conductivity,	and	feasible	cost	[11,12].	Additionally,	other	forms	of	nanostructured	carbon-based	electrochemical	electrodes	have	also	generated	considerable	interests	due	to	their	unique	surface	structures,	high	surface-to-volume

ratios,	and	size-dependent	physical/chemical	properties	etc.,	all	of	which	have	led	these	active	materials	into	higher	utilization	for	superior	electrochemical	performance	[13,14].

But	 one	 related	 issue	 for	 the	 carbon	 nanomaterials’-based	 electrochemical	 devices	 is	 the	 intrinsic	 grain-boundary	 scattering	 of	 charge	 carries	 to	 deteriorate	 the	 transport	 properties,	 which	 affects	 the	 electrochemical

performance	considerably.	To	overcome	this,	composite/hybrid	electrodes,	based	on	carbon	nanomaterials	embedded	within	a	conducting	polymer	layer	are	fabricated	to	get	improved	electrochemical	properties.	Notably,	conducting

polymers	having	properties	 like	good	electrical	 conductivity	and	high	pseudocapacitance,	have	also	emerged	widely	as	 interesting	electrode	material	 for	 supercapacitors	 [8,9,15–17].	Among	such	conductive	polymers,	polyaniline

(PANI)	 has	 been	 aroused	 as	 the	 most	 promising	 one	 because	 of	 its	 excellent	 energy	 storage	 capacity,	 low-cost	 monomer,	 ease	 of	 synthesis	 and	 manipulation,	 interesting	 doping	 chemistry,	 good	 environmental	 stability,	 high

conductivity/electro-activity	etc.	[16–19].	The	intriguing	feature	of	π-electron	delocalization	at	the	backbone	of	this	conjugate	polymer	can	further	unfold	a	distinct	charge	transfer	mechanism	by	indulging	the	percolation	of	carbon

nanoparticles	(CNPs).	Subsequently,	this	kind	of	unique	combination	of	two	different	types	of	materials	would	be	able	to	expand	the	class	of	novel	composite	materials,	simply	controlling	their	properties	through	rational	chemical

synthesis.	Researchers	therefore	have	made	the	hybridization	of	these	two	materials	(carbon	nanomaterials	within	conducting	polymer	matrix)	to	get	improvedsynergetic	effect	in	storage	capacity	by	virtue	of	the	combinatorial	effect	of

electric	double	layer	capacitance	of	carbon	nanomaterials	and	faradic	pseudocapacitance	of	PANI.	Additionally,	the	stability	of	PANI	is	also	increased	by	using	the	carbon	support,	which	considerably	increases	the	cyclability	as	well	as

the	capacitive	performance	of	the	PANI	matrix	by	reducing	the	swelling	and	shrinkage	of	the	polymer	backbone	during	charge-discharge.	Hence,	the	power	and	energy-storage	capabilities	of	these	composite	devices	are	extensively

related	with	both	physical	and	chemical	characteristics	of	these	hybrid	electrodes.

Variety	of	carbon-based	materials	within	PANI	have	been	explored	so	far	to	achieve	the	envisaged	supercapacitor	effect,	such	as	activated	carbon,	mesoporous	carbon,	carbon	aerogel,	hollow	carbon	spheres,	nano-diamond,

calcium	 carbide	 derived	 carbon,	 carbon	 black	 or	 even	 carbon	 nanotubes	 (CNT)	 [20].	 Majority	 of	 the	 syntheses	 processes	 of	 these	 composites	 have	 involved	 either	 chemical	 or	 electrochemical	 routes,	 whereas	 electrochemical

characterizations	have	been	performed	with	 two	or	 three	electrode	cell	configurations.	However,	most	of	 these	 fabrication	methods	have	used	relatively	costly,	complex	and	scarcely	available	 feedstocks.	Recently,	with	 increasing

research	interest	in	sustainable	materials	from	the	viewpoint	of	environmental	and	cost-effective	concerns,	the	source	of	component	carbon	material	in	this	type	of	supercapacitors	are	being	replaced	with	renewable	feedstocks,	having

abundant	porous	structures	as	well	as	cheap,	easy	syntheses	processes.	These	renewable	feedstocks	are	either	derived	from	the	abundant	and	renewable	biomass	resources	(like	wood,	bamboo,	waste	tea	etc.)	or	extracted	from	food

wastage	[21–25]	(in	the	form	of	porous	carbon).	But	all	of	these	processes	reported	till	date,	include	some	time-consuming	and	(sometimes)	complex	pre-treatments	or	modification	procedures	for	as-derived	carbon	materials,	which

again	involve	some	resources	and	chemicals	(especially	strong	acids),	that	are	costly	and	can	affect	the	properties	of	the	materials.

In	 the	 current	 report,	we	 have	 presented	 for	 the	 first	 time	 (to	 the	 best	 of	 the	 authors’	 knowledge),	 the	 usage	 of	 normal	 cooking	 oven-produced	waste	 carbon	 (that	 is	 basically	 biowaste)	within	 the	 PANI	matrix,	without

performing	any	such	chemical	modifications,	for	further	implicating	in	PANI-based	composite	electrochemical	electrodes;	yet	the	as-synthesized	composite	microelectrodes	have	displayed	considerably	enhanced	specific	capacitance

value	compared	to	the	individual	components,	due	to	the	synergetic	effect	between	PANI	and	waste	carbon	particles.	Thus,	the	present	report	will	evidently	encourage	the	waste	management	process	with	promising	supercapacitor

application	as	an	added	advantage.

Therefore,	in	this	research	work,	we	have	demonstrated	environment	friendly	cost-effective	route	to	prepare	waste	carbon	nanoparticles	(WCPs)-incorporated	PANI	composite	(Pa/WC)	as	electrochemical	electrode	material	in

supercapacitor	applications.	Pa/WC	is	synthesized	via	aqueous	chemical	polymerization	technique	by	oxidizing	aniline	in	presence	of	the	carbon	nanoparticles	in	direct	step.	Most	importantly,	the	as-used	carbon	particles	have	been

collected	from	normal	cooking	oven,	thus,	not	only	it	relates	the	process	to	cost	reduction	issue,	but	also	makes	it	sustainable	and	environmental	benign.	Different	percentages	of	waste	nanocarbon	particles	have	been	incorporated	to

determine	their	contribution	towards	the	energy	storage	efficiency.	Additionally,	the	effect	of	polymerization	time	on	the	electrochemical	performance	is	also	investigated	in	detail.	All	the	materials	are	well-characterized	by	physical,

spectral,	 electrical,	 electrochemical	methods	 and	are	used	as	 active	 electrodes	 in	 electrochemical	 cells.	 The	 supercapacitive	properties	 of	 the	Pa/WC	electrodes	 are	 investigated	by	 cyclic	 voltammetry	 (CV),	 galvanostatic	 charge-

discharge	(GCD)	and	electrochemical	 impedance	spectroscopy	(EIS)	 techniques.	From	all	 these	studies,	 the	combination	of	PANI	and	WCPs	to	 form	composites	 is	demonstrated	to	be	a	very	simple,	cheap,	and	waste	management

recycling	method	 to	 increase	 the	 specific	 capacitance	 of	 electrodes.	 The	 energy-storage	 of	 these	 supercapacitors	 combines	 two	 effects:	 A.	 pure	 electrostatic	 attraction	 of	 ions	 in	 the	 electrical	 double-layer	 from	WCP	 and	B.	 the

contribution	 of	 pseudocapacitive	 Faradaic	 reactions	 from	 PANI	 backbone.	 Additionally,	 the	WCPs	 within	 the	 PANI	matrix,	 act	 as	 charge	 trapping	 layers	 via	 a	 distinct	 charge	 storage	mechanism	 [26],	 due	 to	 which	 the	 specific



capacitance	of	the	composite	microelectrode	is	found	to	increase	with	increasing	scan	rate	and	current	densities.	This	unique	property	indicates	the	suppression	of	diffusion	limitations	at	higher	scan	rates/current	densities	to	manifest

excellent	rate	capability	of	the	composite	electrodes	for	superior	supercapacitor	applications.	Besides,	this	process	can	be	added	as	a	new	promising	candidate	of	emerging	green-energy	technology	era.	Hence,	the	novelty	of	this	work

is	 the	use	of	cooking	oven-produced	waste	carbon	nanoparticles	as	 the	carbon-source,	 to	 fabricate	hybrid	electrochemical	microelectrodes	 for	high-performance	supercapacitors,	which	can	be	a	great	substitute	 for	 the	costly	and

unsustainable	source	materials,	thus	stepping	towards	the	green	energy-technology.

2	Experimental	Section
2.1	Materials

In	the	present	research	work,	waste	carbon	product	of	normal	cooking	oven	has	been	utilized	as	the	source	of	WCP	for	preparation	of	WCP-PANI	powder	samples.	The	waste	carbon	material	has	been	collected	from	a	normal

cooking	oven	having	natural	gas	as	the	fuel.	Different	types	of	foods	including	both	vegetables	and	non-vegetarian	ingredients	are	mainly	roasted	in	the	oven,	and	the	blackish	burnt	remains,	deposited	in	the	oven	grill,	are	collected	as

the	waste	product.	Precisely,	these	waste	carbon	blacks	are	deposited	at	the	bottom	of	the	grill	over	several	weeks,	after	which	these	waste	materials	are	collected.	This	means,	each	time	the	roasting	is	performed,	the	old	wastes,

already	present	at	the	bottom	of	the	grill,	are	being	heat-treated	(∼250	OC)	repeatedly,	while	new	wastes	are	being	deposited	onto	the	old	wastes.	Therefore,	the	entire	waste-deposits	are	repeatedly	being	heat-treated	in	a	near-cyclic

manner	over	several	weeks.	Due	to	this	prolonged	high-temperature	treatment,	these	blackish-burnt-remains	are	converted	into	pure	carbon	nanoparticles	(according	to	XPS	and	EDS	analyses,	shown	in	Fig.	1	and	Fig.	S1),	while	all

impurities	are	being	oxidized	out.

Moreover,	we	have	collected	these	waste	carbons	not	only	from	a	single	household	kitchen	oven,	but	also	from	the	other	household	kitchen	ovens,	deposited	in	a	similar	fashion.	All	of	them	have	shown	the	same	chemical

nature.	This	clearly	indicates	that,	if	the	waste	carbon	formation	process	follows	similar	pattern	as	described	above,	then	the	waste	product	will	be	pure	carbon	particles,	indicating	that	the	process	is	highly	reproducible.

To	further	corroborate	the	reproducibility	of	these	waste	carbon	particle	formation,	we	have	performed	the	XPS	analyses	of	the	waste	products	collected	from	three	different	household	kitchen	ovens	as	mentioned	above	(Fig.

1d/e	and	Fig.	S1).	In	all	cases,	the	waste	carbon	formation	process	follows	almost	similar	steps	as	described	above.	The	XPS	graphs	and	related	elemental	compositions	again	reveal	that	in	all	cases,	the	waste	material	is	pure	carbon,

corroborating	the	fact	that	the	prolonged	high-temperature	treatments	converted	the	waste	food	products	into	pure	carbon	nanoparticles.	Subsequently,	these	waste	carbon	nanoparticles	are	used	in	the	composite	material	without

performing	any	pre-treatment	process.

Fig.	1	(a)	FESEM	image	of	the	as	collected	waste	carbon	nanoparticles	(WCPs)	which	collected	from	standard	household	cooking	oven.	Left	side	top	image	shows	the	as	collected	WCPs.	Before	applying	it	in	experimental	design,	we	have	gone	through	with	EDS	elemental	mapping	(b

and	c)	and	XPS	survey	and	C	1s	high-resolution	spectral	analyses	(d	and	e),	respectively,	of	the	WCPs.	The	study	confirms	the	wastage	carbon	products	collected	from	the	oven	are	pure	carbon	material.

alt-text:	Fig.	1



In	general,	the	food	wastes	mainly	consist	of	carbohydrates,	proteins,	lipids,	and	traces	of	inorganic	compounds,	the	compositions	of	which	vary	in	accordance	with	the	type	of	food	waste	and	its	constituents.	Particularly,	food

waste	consisting	of	vegetables	is	abundant	in	carbohydrates	whereas	food	waste	consisting	of	meat	has	high	quantity	of	proteins	and	lipids	[27].	In	either	case,	since	these	ingredients	are	basically	hydrocarbons,	hence	under	roasting

at	high	temperatures	over	a	long	period	of	time,	these	waste	foods	convert	into	carbon	particles.

As	the	used	material	is	purely	carbon	and	we	didn't	need	to	do	any	further	purification	or	chemical	modification,	therefore	whole	procedure	is	cheaper	and	environment	friendly	than	the	conventional	ones.	Most	importantly,	as

both	the	oven	and	the	roasted	and	burnt	food	wastes	are	commonly	used	in	most	of	the	everyday	households,	hence	there	is	universality	in	the	waste	material.	The	novelty	of	this	work	is	that,	probably	for	the	first	time,	the	idea	of

using	this	food	waste	product	in	practical	supercapacitive	applications	is	pursued,	and	therefore,	the	microstructural	and	compositional	analysis	is	performed	for	potential	usability	in	electrochemical	devices.

Aniline	monomer	(Sigma-Aldrich)	is	distilled	under	vacuum	prior	to	use.	All	other	reagents	e.g.	ammonium	persulfate	(APS;	99.99%,	Sigma-Aldrich),	hydrochloric	acid	(HCl;	35%,	Alfa	Aesar),	camphor	sulfonic	acid	(CSA;	99%,

Sigma-Aldrich)	and	absolute	ethanol	(>99.99%,	Alfa	Aesar)	are	used	as	received	without	any	further	purification.	Deionized	(DI)	water	has	been	used	during	the	experiments	(obtained	from	Millipore	Elix	Advantage	3	purification

system).

2.2	Preparation	of	Pa/WC	(polyaniline-waste	carbon	composites)
The	complete	synthesis	process	 is	done	in	ethanol-water	media	(1:1	v/v).	At	 first,	 the	WCP	is	mixed	in	10 mL	ethanol-water	solution	by	agitation	with	magnetic	bead	until	 it	makes	a	stable	dispersion.	For	different	sample

preparations,	different	amounts	of	WCPs	are	used	(1,	2	and	4 wt%	for	Pa/WC1,	Pa/WC2	and	Pa/WC3	respectively).	The	WCP	is	incorporated	into	PANI	as	follows:	During	the	typical	chemical	oxidative	polymerization	method	in	an	ice

bath,	the	aniline	monomer	was	polymerized	by	using	APS,	HCl	and	CSA	as	oxidant,	dopant	and	structure	directing	agent	respectively.	At	first,	aniline	is	dropwise	mixed	to	20 mL	of	ethanol-water	solution	and	then,	CSA	is	added	(molar

concentration	of	aniline:	CSA = 1:0.25)	to	form	the	aniline-CSA	complex.	This	mixture	is	then	cooled	at	0 °C	for	next	20 min.	Afterwards,	APS	and	HCl	(molar	ratio,	APS:	HCl:	Aniline = 1:1:1)	are	added	to	the	WCP	dispersion	(10 mL)

which	is	already	pre-cooled	at	0 °C.	Then	this	is	drop	by	drop	added	to	the	monomer	solution	with	vigorous	shakings.	The	reaction	is	performed	in	a	system	maintained	at	0 °C	without	stirring.	For	all	the	different	concentrations	of

WCP,	samples	are	also	prepared	with	different	polymerization	time	variations,	for	example,	1.5 h	(t1),	2 h	(t2),	2.5 h	(t3)	and	3 h	(t4).	Therefore,	a	total	set	of	12	composite	samples	were	prepared	with	the	nomenclature:	Pa/WCx-ty	[x = 1	to

3	for	three	different	wt%	of	waste	carbon	nanoparticles	(1,	2,	4 wt	%),	and	y = 1	to	4	for	four	different	polymerization	times	(1.5,	2.0,	2.5,	3.0 h),	respectively].	After	the	reaction	is	finished,	the	precipitate	is	collected	through	filtration.

The	greenish	black	product	material	is	thoroughly	washed	with	DI	water	for	several	times	and	then	finally	with	methanol	to	get	rid	of	the	un-reacted	monomer	and	oligomers.	The	product	is	ready	for	further	tests	only	after	it	is	dried	in

vacuum	at	60 °C	for	the	next	24 h.

2.3	Preparation	of	Pa/WC	electrochemical	electrodes
The	electrochemical	microelectrodes	 are	 fabricated	by	depositing	 the	 samples	 on	glassy	 carbon	electrode	 (GCE).	Firstly,	 the	GCE	 is	 polished	with	 alumina	powder	 (0.05 μm	size)	 using	CH	 Instrument	 (CHI)	 polishing	 kit,

followed	by	rinsing	with	DI	water	and	drying	at	room	temperature	(RT).	Thereafter,	slurry	of	samples	is	prepared	by	dispersing	5 mg	of	samples	in	0.1 wt%	nafion	(NF)-contained	1 mL	ethanol	solution	and	sonicated	for	10 min.	Then,

5 μL	of	this	dispersion	is	drop-casted	onto	the	surface	of	GCE	and	dried	at	RT.	Finally,	the	GCE	is	rinsed	with	DI	water	to	remove	loosely	bound	samples	on	the	surface.	The	electrodes	were	having	a	planar	structure	with	a	working	area

around	0.07 cm2.	For	comparison,	similar	electrodes	are	fabricated	using	pristine-waste	carbon	nanoparticles	and	pristine-PANI	as	active	materials	(named	as	WCP	and	PANI,	respectively),	which	are	considered	as	the	control	samples.

Additionally,	another	electrode	is	fabricated	using	only	nafion	on	the	GCE	(named	GCE	+	NF).	It	has	been	confirmed	(shown	in	Results	and	Discussion	part)	that	the	GCE	+	NF	has	negligible	electrochemical	properties,	indicating	that

it	has	no	contribution	towards	the	electrochemical	properties	on	the	Pa/WC	samples,	i.e.	all	the	electrochemical	performances	are	purely	being	originated	from	the	active	materials.

2.4	Characterization
Differential	scanning	calorimetric	measurements	(DSC)	of	Pa/WC	with	different	WCP	concentrations	were	carried	out	using	a	Simultaneous	Thermal	Analyzer	(TGA-DSC-STA	449	F3	Jupiter)	from	Netzsch.	In	an	open	Pt-Rh

crucible	around	5–7 mg	of	each	sample	was	loaded,	and	then,	heated	starting	from	room	temperature	to	900 °C	with	a	10 °C	min−1	heating	rate	in	nitrogen	atmosphere.	Morphological	and	compositional	analyses	are	done	by	a	field

emission	 scanning	 electron	 microscope	 (FESEM-FIB,	 Carl	 Zeiss	 Auriga	 Crossbeam	 microscope)	 with	 EDS	 (Oxford	 XMax	 150).	 For	 X-ray	 photoelectron	 spectroscopy	 (XPS),	 a	 Kratos	 Axis	 Supra	 spectrometer	 was	 used	 with	 a

monochromatic	Al	Kα	 source.	 The	X-ray	 power	was	 225 W	and	 a	 pass	 energy	 of	 5 eV	was	 used	 for	 the	 detail	 spectra.	 The	 fitting	 of	 the	C	 1s	 line	with	CasaXPS	 is	 similar	 to	 previous	work	 [28].	 The	 powder	 samples	 are	 further

characterized	by	Raman	(Renishaw	Qontor	InVia	Raman	microscope)	spectroscopy	using	the	532 nm	excitation	 laser	 line	with	10%	of	 the	max.	Laser	power	 (50 mW)	and	1s	exposure	time	for	each	10	accumulations.	Atomic	force

microscopy	(AFM)	measurements	are	performed	within	an	Asylum	Research	MFP-3D	Stand-alone	using	commercial	Pt-Ir	tip	coated	probes.	All	the	data	were	recorded	under	different	applied	bias,	implying	throughout	calibration	of	the

probe	beforehand.	The	data	are	analyzed	offline	with	the	Asylum	Research	tools,	developed	within	the	IGOR	Pro	6.22A	data	analysis	software.	The	Brunauer–Emmett–Teller	(BET)	surface	area	of	hybrids	was	determined	by	using	N2

adsorption/desorption	measurements	at	77K	with	an	automatic	surface	analyzer	(Micrometrics	ASAP	2000	instrument,	USA).	Prior	to	the	measurements,	the	samples	were	degassed	in	a	vacuum	at343 K	for	24 h.	The	pore	volume	and



pore	size	distributions	were	estimated	by	using	the	Barrett–Joyner–Halenda	(BJH)	model.

2.5	Electrochemical	characterization
The	electrochemical	measurements	are	conducted	in	an	electrochemical	work	station,	CHI	760 E	using	three	electrode	systems	of	GCE	modified	with	samples	as	a	working	electrode,	Pt-wire	as	a	counter	electrode	and	Ag/AgCl

as	a	reference	electrode.	1.0 M	KCl	solution	is	used	as	the	electrolyte.	The	samples	are	subjected	to:

(a) Cyclic	Voltammetry	(CV)	measurements	between	−0.2–1 V at	different	scanning	rates	(10–100 mV s−1).	The	areal	capacitance	(C	in	F	cm−2)	from	CV	curves	is	calculated	by	integrating	the	area	under	the	curves	based	on	the	following	equation	[29]:

where	ν	(V	s−1)	is	the	scan	rate,	(V2-V1)	is	the	potential	window	(V),	I	is	the	current	(A)	and	A	(cm2)	is	the	area	of	the	working	electrode	(0.07 cm2).

(b) Galvanometric	charge-discharge	(GCD)	methods	by	varying	current	densities	(15–100 μA cm−2).	The	areal	capacitance	from	GCD	curves	is	calculated	according	to	the	following	equation	[29]:

where	I	is	the	discharge	current(A),	Δt	is	the	discharge	time(s),	ΔV	is	the	attainable	cell	voltage	(V)	i.e.	the	potential	change	during	discharge	after	IR	drop	(Vmax	–	VIR)	and	A	(cm2)	is	the	active	area	of	the	electrode.

(c)	Electrochemical	 impedance	spectroscopic	(EIS)	measurements	are	performed	at	an	open-circuit	potential	 (OCP)	between	0.1 Hz	and	100 kHz	with	an	AC	perturbation	of	5 mV.	The	EIS	data	are	fitted	with	an	equivalent

circuit	to	determine	various	electrochemical	parameters	like	series	resistance	(RΩ),	charge-transfer	resistance	(Rct),	constant	phase	element	(CPEDL)	and	Warburg	coefficient	(Ψw).	Also,	the	energy-power	performance	of	the	composite

electrode	is	measured	from	the	following	equations	(using	GCD	data)	[30]:

where	ξ	(in	Wh	cm−2)	is	the	areal	energy	density,	Φ	(in	W	cm−2)	is	the	power	density,	ΔV	(in	V)	is	the	potential	drop	after	a	full	discharge,	C	is	the	areal	capacitance	(in	F	cm−2)	and	Δt	is	the	discharge	time	(in	sec).

3	Results	and	Discussion
3.1	Materials	properties
3.1.1	Thermal	behavior	and	chemical	composition	and	surface	analyses

The	waste	carbon	particles	(WCP)	has	been	examined	by	FESEM	with	EDS	elemental	mapping,	and	the	morphology	and	composition	analyses	have	proved	it	to	be	made	of	pure	carbon	nanoparticles	as	shown	in	Fig.	1(a)-(c).	We	have	 further

examined	the	surface	states	and	elemental	composition	of	 the	samples	via	XPS	tools.	Fig.	1(d)/(e)	shows	 the	XPS	survey	and	C	1s	high-resolution	spectra,	 respectively,	of	waste	carbon	product	collected	 from	a	standard	household	cooking	oven.	The

elemental	composition	is	given	in	the	survey	spectra.	The	study	again	confirms	that	the	wastage	carbon	products	collected	from	the	oven	are	pure	carbon	material.	The	high-resolution	C	1s	spectrum	is	deconvoluted	into	5	components.	Peak	C1	corresponds

to	sp2	hybridized	carbon	(graphitic	carbon),	peak	C2	is	for	sp3	hybridized	carbon,	peaks	C3	is	due	to	the	C	in	C-O	bonds,	peak	C4	is	the	carbonyl	C	(C

O)	and	peak	C5	corresponds	to	the	carboxylate	C	(O-C

O)	[19,31].	 The	O	 1s	 peak	 originates	 from	 the	 carbonyl	 and	 carboxyl	 groups	 and	 also	 from	 some	 probable	 surface-bound	 atmospheric	 hydroxyl	 groups	 (attached	 during	 sample	 preparation	 and	 handling).	 To	 further	 verify	 the	 reproducibility	 of	 the

waste	carbon	particle	formation	process,	the	waste	materials	were	collected	from	two	other	household	kitchen	ovens	and	presented	in	Fig.	S1.	In	all	cases,	the	waste	carbon	formation	process	follows	almost	similar	steps	as	described	in	the	Experimental

section.	Both	the	survey	and	high-resolution	C	1s	spectra	are	found	to	be	similar	to	that	of	Fig.	1(d)/(e),	indicating	that	the	waste	materials	are	pure	carbon	nanoparticles,	and	no	impurities	are	present	(within	the	instrumental	limit).	Since	XPS	is	a	highly

reliable	characterization	process	with	high-sensitivity,	and	used	routinely	(both	in	laboratory	scale	as	well	as	in	industrial	scale	[32]	to	evaluate	the	elemental	composition	of	various	materials,	therefore,	absence	of	any	elemental	component	in	the	XPS	data

can	authentically	be	considered	to	be	either	completely	absent	or	too	low	to	affect	the	physicochemical	and/or	electrochemical	properties	of	the	materials.

(1)

(2)

(3)

(4)



The	composites	of	polyaniline-waste	carbon	nanoparticles	 (Pa/WC)	are	synthesized	 through	 in-situ	polymerization	of	PANI,	without	any	 further	chemical	modification	or	purification	of	waste	carbon	product.	The	whole	procedure	 is	 therefore

cheaper	and	environment	friendly	than	the	conventional	ones.	Three	types	of	composites	with	different	concentrations	of	WCPs	have	been	synthesized.	Each	amount	of	carbon	nanoparticles,	functionalized	into	polyaniline	has	been	synthesized	for	four

different	polymerization	stages	associating	with	different	reaction	times	(t1:	1.5 h,	t2:	2 h,	t3:	2.5 h,	t4:	3 h).	All	the	specifications	of	samples	have	been	elaborately	mentioned	in	the	“Experimental	Section”.	A	typical	FESEM	image	of	Pa/WC3-t4	composite	is

shown	in	Fig.	S2a	(Supporting	Information).	The	figure	consists	of	porous	near-spherical	PANI	aggregate	containing	carbon	nanoparticles	inside	it.	It	must	be	mentioned	in	this	connection	that	we	have	not	individually	coated	each	carbon	nanoparticles	with

400–500 nm	 layer	 of	 PANI	 to	make	 it	 a	 core-shell	 structure.	 Instead	 it	 has	 been	 clearly	 described	 that	 the	 carbon	nanoparticles	 are	 dispersed	 in	 the	 oxidizer	 based	precursor,	which	 is	 then	mixed	 to	 the	 aniline-CSA	 complex-based	precursor	 to	 get

polymerized	and	after	a	certain	polymerization	time	it	forms	into	porous	near-spherical	aggregates,	containing	several	carbon	nanoparticles	within	each	sphere	of	400–500 nm	thick	PANI	layer,	as	described	in	the	schematic	diagram	(Fig.	S2b,	Supporting

Information)	and	confirmed	by	the	Electrostatic	Force	Microscopic	(EFM)	analysis	(Fig.	2).	Especially,	the	EFM	mapping	for	Pa/WC3-t4	composite	(Fig.	2a)	is	showing	the	presence	of	4	carbon	nanoparticles	(WCPs)	embedded	in	a	500-nm	polyaniline	near-

spherical	structure,	thus	confirming	our	claim.	Generally,	EFM	is	used	under	the	applied	positive	bias	to	characterize	the	local	charge	density	in	the	PANI	matrix	[33,34].	Charged	areas	are	observed	as	dark	spots	with	negative	phase	shift,	which	is	the

indication	of	localized	charge	trapping	at	the	midpoints,	created	by	WCPs.	The	corresponding	line	profile	(in	Fig.	2b)	shows	that	the	FWHM	of	the	charge	midpoint	is	around	80 nm.	This	is	quite	well	matched	with	the	size	of	embedded	WCPs	which	is

around	40–50 nm	(shown	in	FESEM	figure).	Also,	thermodynamically,	there	will	be	a	statistical	variation	of	nanoparticle	position	with	respect	to	the	PANI	surface,	which	means,	some	WCPs	can	be	situated	close	to	PANI	surface	(shallow	position)	and	some

deep	inside	the	PANI	film	(interior	position).	Additionally,	due	to	the	porous	structure,	there	will	be	high	probability	of	some	of	these	shallow	nanoparticles	to	be	exposed	to	the	active	electrolyte	through	the	pores	during	electrochemical	measurements	and

contribute	to	the	overall	supercapacitive	performance	of	WCP-PANI	composite	(discussed	in	detail	later).

Detailed	information	about	the	thermal	behavior	of	as-synthesized	WCP-PANI	composites	has	been	investigated	by	thermogravimetry	analysis	(TGA)	and	differential	scanning	calorimetry	(DSC)	analysis.	Fig.	3a-c	shows	the	major	weight	loss	stages

for	the	samples	with	different	concentrations	of	WCPs	(Pa/WC1-t4,	Pa/WC2-t4,	Pa/WC3-t4	prepared	with	t4	reaction	duration)	to	see	the	effect	of	incorporating	WCPs	in	the	polymeric	backbone.	The	first	stage	of	weight	loss	(∼6–7%),	which	has	occurred	in

the	range	30–150 °C,	is	attributed	to	the	loss	of	moisture,	some	oligomers	with	low	molecular	weight	and	residual	solvents	[35].	The	second	stage	of	weight	loss	(∼6–10%)	has	started	around	180	to	300 °C	which	can	be	due	to	the	decomposition	of	non-

bounded	sulfonic	acid	dopant.	The	 third	major	stage,	starting	after	500 °C,	 is	corresponding	 to	 the	degradation	of	 the	skeletal	PANI	chain	structure	 [36].	This	degradation	 temperature	 for	PANI	chain	 is	 slightly	higher	 than	pristine	PANI	as	 reported

elsewhere	[37],	which	can	be	correlated	to	the	incorporation	of	WCPs	that	increases	the	thermal	stability	of	the	polymer	backbone.	Also,	it	is	noticed	from	Fig.	3	that	the	thermal	degradation	of	the	Pa/WC	samples	shifts	towards	higher	temperatures	as	the

concentration	of	WCPs	is	increased.	This	signifies	the	interactions	between	macromolecular	PANI	chains	and	WCPs,	revealing	the	formation	of	polyaniline-carbon	interface	with	enhanced	thermal	stability.

Fig.	2	(a)	EFM	mapping	showing	the	local	charging	effect	of	WCPs	embedded	in	Polyaniline	matrix	deposited	on	ITO	coated	glass	substrate.	(b)	Corresponding	line	profile	of	four	charge	mid-points	indicates	carbon	nanoparticles	(with	FWHM	80 nm,	which	are	well-matched	with	the

WCPs	sizes	found	in	FESEM).	An	offset	is	applied	to	all	colour	scales	so	that	they	are	centered	on	the	average	value	of	the	surface	potential	over	the	PANI	matrix.
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Furthermore,	 to	 evaluate	 the	 impact	 of	 functionalization	 in	 the	 polyaniline-carbon	 composites,	 phase-imaging	 (PI)	mode	 along	with	 surface	 topography	 by	 atomic	 force	microscopy	 (AFM)	 is	 used.	 The	 PI-AFM	 is	 a	 powerful	 tool	 for	 surface

characterization	of	 the	soft	composites	materials	 (i.e.	polymers	or	biomaterials),	 and	 the	obtained	phase	 image	can	detect	chemical	 variation	as	well	 as	 is	able	 to	 reveal	more	detailed	 surface	properties	 than	 the	morphological	 image	 [38–40].	Phase

information	 is	collected	through	the	detection	of	phase	shift	between	driving	and	actual	 tip	response	oscillation	signals.	From	Fig.	3d-f,	 it	can	be	observed	that	the	average	phase	of	 the	 image	 is	 increased	from	39°	to	45°	as	 the	percolation	of	WCPs

increases	from	sample	Pa/WC1-t4	to	Pa/WC3-t4.	The	phase	shifts	are	due	to	different	interactions	of	the	AFM	tip	with	the	surface	because	of	different	chemical	variations	in	the	samples.	The	corresponding	histogram	of	phase	image	has	been	shown	below

of	each	figure,	the	area	of	which	is	proportional	to	the	percolation	concentration	of	WCP	within	PANI.	The	evaluation	of	the	histogram	shows	the	broadening	of	the	graph,	indicating	the	increment	in	the	amount	of	WCPs	incorporated	into	polyaniline.

Therefore,	the	ratio	of	the	areas	under	the	histograms	for	three	samples	will	provide	a	qualitative	information	of	the	WCP	concentration	within	PANI	matrix.	A	quantitative	calculation	of	the	histogram	areas	for	Pa/WC1-t4,	Pa/WC2-t4	and	Pa/WC3-t4	indeed

depicts	a	ratio	of	1.00	:	2.05:	3.96,	which	is	near-identical	to	the	weight	ratio	of	WCP	within	precursor	solution	(1	:	2:	4).	This	indicates	that	the	carbon	nanoparticles	are	uniformly	dispersed	into	the	precursor	solution	and	efficiently	replicates	into	the

PANI-WCP	composites.	Also,	similar	trend	is	observed	for	all	composites	with	different	polymerization	stages	(e.g.	Pa/WC1-3-t1-t3).

For	a	typical	sample	of	Pa/WC3	(with	the	highest	concentration	of	WCPs),	Raman	spectra	has	been	investigated	for	four	different	polymerization	times.	Fig.	4	reveals	the	influence	of	the	interactions	between	WCPs	and	PANI	components	on	the

molecular	structure	of	PANI	phase	with	the	different	polymerization	conditions.	The	figure	represents	typical	Raman	spectra	acquired	for	Pa/WC3	samples	and	WCPs,	showing	different	evolutionary	peak	positions	according	to	the	polymerization	time.	All

the	characteristics	Raman	bands	from	PANI	i.e.	1633,	1595	and	1561 cm−1	for	Quinoid	or	Benzenoid	rings	C═C	stretching	modes,	1401 cm−1	for	different	C─N	stretching	modes	(amines,	imines,	polarons,	bipolarons),	1248	and	1170 cm−1	for	C─H	bending	of

the	benzene	rings	have	been	observed	[41–44].	As	expected,	all	 the	peak	 intensities	are	observed	to	be	 increased	with	 increasing	polymerization	time,	apparently	due	to	the	strengthening	of	 the	polymer	backbone.	 In	addition	to	the	PANI	bands,	“G”

(1570 cm−1)	and	“D”	(1343 cm−1)	Raman	vibrational	bands	 from	carbon	particles	have	also	been	observed	 (the	dotted	 lines)	 [43–45].	However,	 the	peaks	corresponding	 to	G	and	D	 lines	has	been	shifted	 to	 the	 lower	wavenumber	 for	 the	composites

indicating	well	functionalization	of	WCPs	into	polymer	matrix.	Hence,	all	these	facts	indicate	that	the	waste	carbon	nanoparticles	are	well-connected	to	the	PANI	backbone	structure,	with	gradually	better	functionalization	for	increasing	polymerization	time.

Fig.	3	Study	of	TG-DSC	and	PI-AFM	for	(a)/(d)	Pa/WC1-t4,	(b)/(e)	Pa/WC2-t4,	(c)/(f)	Pa/WC3-t4,	respectively.	Inset	of	each	figure	(d),	(e)	and	(f)	shows	the	topography	image	of	the	corresponding	samples.	The	histogram	of	each	PI-AFM	has	been	shown	below,	indicating	different	phase

distribution	according	to	percolation	of	WCP	concentration	into	PANI.
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3.1.2	Kelvin	probe	force	microscopy
Moreover,	Kelvin	probe	force	microscope	(KPFM)	technique	has	been	used	to	investigate	the	effects	of	polymer	structure	and	interaction	on	percolation	concentration	of	WCPs	into	the	polymer	matrix.	The	results	obtained	from	studying	a	series	of

polyaniline-carbon	composites	with	different	polymerization	times	and	different	WCP	concentrations	has	been	illustrated	in	Fig.	5.	KPFM	measures	the	height	variations	on	sample	surface,	and	simultaneously	employs	the	electrostatic	forces	through	AFM

tip,	that	allows	to	minimize	the	electrostatic	interaction	between	tip-sample	surface,	which	finally	yields	the	surface	potential	difference	(SPD)	[46–48].	This	type	of	technique	can	directly	interpret	the	SP	difference	by	measuring	the	localized	work	function

of	the	sample	surface	(ϕ = sample)	against	the	known	cantilever	work	function	(ϕtip),	according	to	the	relation:	SPD	=	(ϕsample-	ϕtip)/e	[48].	In	Fig.	5	(right),	SP	difference	mapping	of	all	the	12	samples	has	been	illustrated	under	sample	colour	scale	ranging

from	−0.5–1.5 V.	For	each	percolation	concentration	of	WCPs	into	PANI,	the	surface	potential	gradually	increases	from	lower	reaction	time	to	higher	reaction	time	i.e.	from	t1	to	t4.	For	Pa/WC1	series,	the	surface	potential	increases	from	−0.32	to	0.05 V;	for

Pa/WC2	series,	SPD	increases	from	0.58	to	0.68 V	and	for	Pa/WC3	series,	SPD	increases	from	0.57	to	1.2 V	(from	t1	to	t4).	And	for	highest	polymerization	time	(i.e.	t4:	3 h),	the	SPD	values	change	as	0.05 V,	0.68 V	and	1.2 V	for	Pa/WC1,	Pa/WC2	and	Pa/WC3,

respectively.	These	KPFM	studies	of	 the	surface	potential	 topography	 for	all	 the	samples	 reveal	 two	phenomena:	 (1)	 for	a	particular	polymerization	 time,	 the	average	value	of	SPD	 is	 increased	with	 the	 increasing	amount	of	carbon	particles	 into	 the

polyaniline,	and	(2)	for	a	particular	WCP	concentration,	the	average	value	of	SPD	is	increased	with	the	increment	in	the	polymerization	time.	The	former	phenomenon	indicates	that,	with	the	increase	in	WCP	percolation	concentration	the	work	function	of

polyaniline	is	increased,	which	in	turn	supports	the	fact	that	the	WCPs	have	acted	as	charge	trapping-layer	within	the	polyaniline	system	[26].	Whereas,	the	later	phenomenon	is	ascribed	to	a	weak	interaction	between	WCPs	and	PANI	in	the	preliminary

stage	of	reaction	at	lower	polymerization	time,	and	with	the	increase	in	time	(from	t1to	t4),	WCPs	(incorporated	within	PANI)	lead	to	a	strong	π-π	interaction.

Fig.	4	Raman	spectra	of	a	typical	sample	series	of	Pa/WC3for	different	polymerization	times.	The	spectrum	in	black	shows	the	Raman	of	as-collected	carbon	particles	(WCPs)	from	household	waste	product.	Evolutions	of	Raman	spectra	with	polymerization	time	(i.e.	from	t1	to	t4)	have

been	clearly	distinguished.

alt-text:	Fig.	4

Fig.	5	An	evolutionary	KPFM	image	of	WCPs-PANI	composites	with	different	percolation	amount	of	WCPs	into	PANI	along	with	the	polymerization	time	i.e.	the	reaction	time	of	WCPs	with	PANI	through	the	in-situ	polymerization	of	polyaniline.	Gradual	increment	of	surface	potential

has	been	noticed	with	WCPs	concentration	into	PANI	as	well	as	increasing	polymerization	time.	A	comparative	profile	of	average	surface	potential	calculated	from	the	KPFM	scanning	image	(4 × 4 μm2)	with	both	polymerization	time	and	WCP	concentrations	has	been	shown	(right



The	BET	N2	adsorption/desorption	isotherms	of	all	the	samples	are	presented	in	Fig.	6.	The	isotherms	have	characteristics	of	a	type	IV	with	type	H3	hysteresis	loop,	indicating	mesoporous	nature	of	the	surface	[49].	The	BJH	pore	size/volume

distribution	is	presented	in	the	inset.	All	the	BET-BJH	parameters	are	shown	in	Table	1.	The	BET	surface	area	(SBET)	and	BJH	pore	volume	(obtained	from	desorption	curves)	are	found	to	increase	with	polymerization	time,	and	for	a	particular	polymerization

time,	the	SBET	value	increases	with	WCP	concentration.	Also,	majority	of	the	pore	size	distribution	(shown	in	the	insets)	are	found	to	be	bimodal	in	nature,	with	a	narrow	pore	size	distribution	around	3–4 nm	and	a	wide	distribution	around	20–30 nm.	The

smaller	 (and	 narrower)	 ones	 are	 the	 near-uniform	mesopores	 present	 on	 the	 surface	 of	 each	 PANI	 spheres,	 whereas	 larger	 (and	wider)	 ones	 are	manifested	 due	 to	 the	 agglomerated	 structure	 of	 the	WCP-PANI	 spheres	 that	 create	 some	 pore-like

microstructure	in-between	the	spheres	(as	shown	in	FESEM	micrograph	in	Fig.	S2a,	Supporting	Information).

Table	1	BET-BJH	and	roughness	data	of	WCP-PANI	composites.

alt-text:	Table	1

Samples BET	surface	area/m2	g−1 Avg.	BJH	pore	volume/cm3	g−1 rms	surface	roughness/nm

Pa/WC3-t1 15.26 0.081 35.1

Pa/WC3-t2 19.76 0.090 40.7

Pa/WC3-t3 20.51 0.091 58.7

Pa/WC3-t4 21.62 0.097 71.3

Pa/WC2-t1 13.70 0.068 25.6

Pa/WC2-t2 17.27 0.075 29.9

Pa/WC2-t3 19.93 0.083 34.6

Pa/WC2-t4 21.11 0.090 37.6

Pa/WC1-t1 12.14 0.065 14.9

image).
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Fig.	6	BET	N2	adsorption/desorption	isotherm	curves	for	WCP-PANI	composites.	Insets:	BJH	pore	size	distribution.

alt-text:	Fig.	6



Pa/WC1-t2 13.86 0.066 17.5

Pa/WC1-t3 17.97 0.076 25.7

Pa/WC1-t4 19.14 0.078 29.8

In	addition	to	the	BET-BJH	data,	the	surface	roughness	values	of	the	electrodes	are	also	measured	via	AFM	topographic	image	analyses	and	are	presented	in	Fig.	S3	(Supporting	Information)	and	Table	1.	In	addition	to	BET	surface	area,	the	root

mean	square	(rms)	roughness	(R)	value	is	also	important,	especially	for	interfacial	applications	(like	electrochemical	supercapacitor,	as	in	the	current	case)	of	thin	film	devices/electrodes,	which	qualitatively	provides	the	information	about	the	active	surface

sites	for	higher	utilization	of	active	materials	for	superior	electrochemical	performance.	All	 the	roughness	data	are	found	within	the	sub-micron	range,	 indicating	relatively	high	active	surface	sites	of	the	thin	film	electrodes	for	better	supercapacitive

performance.	In	accordance	with	the	BET	data,	the	roughness	value	is	also	found	to	increase	with	polymerization	time.	Also,	for	a	particular	polymerization	time,	the	rms	roughness	increases	with	WCP	concentration.	The	apparent	reason	is	that,	with

initialization	of	polymerization	process,	the	micellar	aniline-CSA	complex	starts	to	incorporate	the	WCPs	within	its	polymeric	skeleton	and	begins	to	form	the	primary	nano-assemblies	of	WCP-PANI.	With	increasing	time	of	polymerization,	while	including

more	WCPs	within	 the	backbone,	 the	polymeric	part	 in	presence	of	dopant	CSA	(as	structure	directing	agent)	grows	more	 towards	an	aggregated	composite	material	structure	 following	directional	secondary	growth	 from	the	existing	polymer	seeds;

Henceforth,	the	roughness	is	found	increasing	with	increasing	polymerization	time	as	well	as	with	increasing	WCP	concentration.

3.2	Electrochemical	analyses
3.2.1	Cyclic	voltammetry

The	Cyclic	Voltammetry	(CV)	curves	in	Fig.	7	for	control	samples	(WCP,	PANI)	at	different	scan	rates	show	typical	double	layer	capacitance	of	waste	carbon	nanoparticles	with	quasi-rectangular	shape	(WCP,	Fig.	7a)	and	pseudocapacitive	behavior

of	polyaniline	with	 two	pairs	of	 redox	waves	 (O1-R1/O2-R2)	 (PANI,	Fig.	7b).	These	Faradic	oxidation-reduction	peaks	have	originated	 from	 the	electron	 transfer	 from	electrolyte-to-PANI	 (O1)	 and	PANI-to-electrolyte	 (R1)	 (leucoemeraldine-to-emeraldine

transition	of	PANI),	and	deprotonation	(O2)/protonation	(R2)	(emeraldine-to-pernigraniline	conversion).	The	widenning	of	the	redox	peaks	is	a	result	of	overlapping	of	the	two	redox	processes	in	aqueous	medium,	which	is	a	commonly	observed	phenomenon

[18,50,51].

To	observe	the	electrochemical	performance	of	the	hybrid	electrodes,	CV	curves	of	the	composite	samples	(Pa/WC)	at	three	different	WCP	concentrations	(1.0,	2.0	and	4.0 wt%	for	Pa/WC1	to	3,	 respectively)	at	a	constant	polymerization	 time

(t4 = 3 h)	is	presented	in	Fig.	7c,	alongwith	the	control	samples	(WCP	and	PANI)	and	the	GCE	+	NF	electrode.	Evidently,	GCE	+	NF	electrode	shows	negligible	electrochemical	properties,	indicating	that	the	electrochemical	properties	of	all	the	prepared

Fig.	7	CV	curves	at	different	scan	rates	for	(a)	waste	carbon	nanoparticles	and	(b)	PANI.	(c)	Comparison	of	the	CV	curves	for	three	different	composite	samples	at	constant	polymerization	time	t4	=	3.0	h	with	control	samples	and	GCE	+	NF	electrode,	(d)	comparison	of	the	CV	curves

for	Pa/WC3	composite	at	four	different	polymerization	times	(t1-t4),	(e)	comparison	of	the	areal	capacitance	as	a	function	of	scan	rate	for	three	different	composite	samples	at	constant	polymerization	time	t4 = 3.0 h	with	control	samples,	(f)	comparison	of	the	areal	capacitance	as	a

function	of	scan	rate	for	Pa/WC3	composite	at	four	different	polymerization	times	(t1-t4).
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samples	are	entirely	originating	from	the	active	materials.	The	CV	curves	for	the	composite	samples	depict	the	typical	combination	of	electrical	double	layer	capacitance	(EDLC)	of	WCPs	and	pseudocapacitance	of	PANI.	The	larger	quasi-rectangular	areas

and	higher	anodic	and	cathodic	currents	of	 the	composite	electrodes	(an	 increment	of	almostone-to-two	orders	of	magnitude)	against	 the	control	samples	 indicate	signficant	EDLC	effect	because	of	 the	presence	of	WCPs	within	the	composite	 in	high

concentration,	which	act	as	electron	trapping	centers	during	the	electron	transfer	from	electrolyte	to	the	PANI	(Oxidation),	resulting	in	higher	electron-transfer-rate,	thus	enhancing	the	anodic	current.	This	is	also	the	reason	for	the	suppression	of	one	of

the	redox	pairs	 (O2-R2)	 in	 the	 composite	 samples.	Additionally,	 the	CV	curves	 (at	different	 scan	 rates)	 of	 all	 the	 samples	at	 three	different	WCP	concentrations	 (Pa/WC1	 to	3)	 and	 four	different	polymerization	 times	 (t1	 to	 t4)	 are	 compared	 in	 a	 two-

dimensional	array	at	Fig.	S4	(Supporting	Information).	Most	of	the	samples	depict	the	typical	combinatorial	effect	of	double-layer	capacitance	(of	WCP)	and	pseudocapacitance	(of	PANI).	For	Pa/WC1-t1	sample,	this	combinatorial	effect	is	less	pronounced,

mainly	because,	in	this	case	the	CV	area	and	the	current	have	shown	very	small	values.	Although	for	Pa/WC1-t2	sample,	the	current	is	increased	one	order	of	magnitude	against	Pa/WC1-t1,	but	still	it	is	considerably	lesser	than	that	of	other	samples.	The

reason	is	mainly	due	to	lesser	WCP	concentration	and	polymerization	time	in	these	samples	for	charge	trapping	to	be	effective.	This	indicates	that	both	the	WCP	concentration	and	polymerization	time	have	significant	effect	on	the	hybrid	electrochemical

properties	of	the	composite	electrodes,	and	there	are	some	optimum	values	of	WCP	concentration	and	polymerization	time,	below	which	the	combinatorial	effect	of	EDLC	and	pseudocapacitance	is	not	effective	in	the	hybrid	electrode.

Therefore,	to	get	a	perspective	of	the	effect	of	WCP	concentrations	on	the	supercapacitive	performance	of	composite	electrodes,	the	CV	curves	(at	100 mV s−1	scanrate)	of	the	composite	samples	at	three	different	WCP	concentrations	(and	at	a

constant	polymerization	time,	t)	is	presented	in	Fig.	S5a-d,	Supporting	Information.	In	all	cases,	for	a	particular	polymerization	time,	the	Pa/WC3	(4 wt%	of	WCP)	depicts	the	best	CV	performance	against	other	samples	(Pa/WC1/2	with	1/2 wt%	of	WCP,

respectively).	This	is	mainly	due	to	the	increment	of	work	function	of	polyaniline	as	an	increasing	function	of	the	WCP	percolation	concentration	(as	obtained	from	KPFM	technique,	shown	in	Fig.	5),	leading	to	higher	trapping	of	charges	at	higher	WCP

concentrations.	Therefore,	with	the	increase	in	the	waste	carbon	concentrations	within	PANI	matrix,	the	charge	storage	capabilities	of	Pa/WC	composites	have	been	alsoenhanced.	As	far	as	the	effect	of	polymerization	time	on	the	electrochemical	properties

of	the	hybrid	electrode	is	concerned,	Fig.	7d	and	S5e-f	(Supporting	Information)	represent	the	polymerization	time	variations	(t1	to	t4)	of	CV	curves	for	the	same	WCP	concentrations.	In	all	cases,	CV	performance	increases	with	increasing	polymerization

times	and	the	largest	polymerization	time	(t4 = 3 h)	produces	highest	CV	performance.	This	is	apparently	due	to	the	better	interfacial	properties	between	waste	carbon	nanoparticles	and	PANI	at	higher	polymerization	time	that	leads	to	the	better	charge

trapping	and	transport	properties	of	the	composites	for	superior	electrochemical	performance.

The	areal	capacitances	of	all	the	samples	(as	a	function	of	scan	rates)	are	calculated	from	Eqn.	(1)	and	have	been	presented	in	Fig.	7e-f	and	S6a-f	(Supporting	Information),	respectively.	For	example,	Fig.	7e	compares	the	scan	rate	variations	of	the

areal	capacitances	of	composites	at	three	different	WCP	concentrations	(for	a	constant	polymerization	time,	t4)	with	the	control	samples	(WCP	and	PANI).	Evidently,	composite	electrodes	reveal	considerably	higher	C-values	against	the	control	samples,

which	is	consistent	with	the	CV	data	discussed	above.	Similarly,	comparisons	of	the	scan	rate	variations	of	C-values	of	composite	electrodes	at	three	different	WCP	concentrations	(Pa/WC1	to	3)	for	a	certain	polymerization	time	(t)	(cf.	Fig.	S6a-d,	Supporting

Information)	depict	highest	C-values	for	Pa/WC3	sample	(having	highest	WCP	concentration	of	4 wt%),	which	is	 in	agreement	with	the	CV	data.	As	far	as	the	effects	of	polymerization	time	on	C-values	of	the	composite	samples	are	concerned,	highest

polymerization	time	(t4 = 3 h)	shows	best	C-values	for	a	certain	WCP	concentration	(cf.	Fig.	7f	and	S6e-f,	Supporting	Information)	which	is	again	consistent	with	the	CV	results.	The	C-values,	calculated	from	CV	data	for	all	the	samples,	are	presented	in

Table	S1	 (Supporting	 Information),	which	depicts	 the	best	supercapacitive	performance	 for	Pa/WC3-t4	 sample	with	 the	highest	areal	capacitance	around	32 mF cm−2	at	a	scan	rate	of	75 mV s−1	 (highlighted	 in	 red).	Therefore,	 for	 the	current	 samples,

theoptimum	4 wt%	carbon	nanoparticle	concentration	within	PANI	matrix	with	an	optimum	polymerization	time	of	3 h	produces	the	best	supercapacitive	performance	of	the	Pa/WC	hybrid	electrodes.

It	must	be	mentioned	here	that	we	have	calculated	areal	capacitance	(mF/cm2)	of	the	electrodes	instead	of	gravimetric	capacitance	(F/gm)	due	to	the	fact	that	for	nanoporous	carbon	materials	(deposited	on	glassy	carbon	substrate,	as	in	the

current	case)	the	EDLC	depends	mainly	on	the	active	surface	area,	which	correlates	to	higher	utilization	of	the	active	materials.	Higher	is	the	porosity	and	roughness	of	the	electrode	surface,	higher	are	the	active	surface	sites,	greater	is	the	utilization	of

the	active	materials,	and	hence,	larger	is	the	capacitance	value.	Therefore,	areal	capacitance	is	scientifically	more	relevant	[52].	To	verify	this,	firstly	we	have	calculated	the	mass	of	the	active	material	via	differential	weight	measurement	(weight	difference

between	coated	and	uncoated	glassy	carbon	surface	with	active	material),	which	gives	a	value	around	25–30 μg.	Thereafter,	using	this	value,	the	gravimetric	capacitance	for	Pa/WC3-t4	sample	(best	performing	electrode)	at	75 mV s−1	scan	rate	is	calculated

using	the	following	equation	[53]:	 ;	where	ν	(V/s)	is	the	scan	rate,	(V2-V1)	is	the	potential	window	(V),	I	is	the	current	(A)	and	m	is	the	mass	of	the	active	material	(g).	The	gravimetric	capacitance	is	obtained	around	90 F/g,

which	is	higher	than	the	areal	capacitance	for	the	same	sample	at	the	same	scan	rate	(31.99 mF cm−2	@75 mV s−1,	cf.	Table	S1).	But	if	we	compare	this	value	with	the	literature	report	of	similar	PANI-carbon	nanomaterial	electrodes,	where	gravimetric

capacitance	is	calculated	from	CV	data	[20,54],	then	we	will	see	that	the	active	mass	used	in	those	reports	are	in	the	milligram	range	(which	is	three	orders	of	magnitude	higher	than	the	current	report),	whereas	the	gravimetric	capacitance	(∼300–400 F/g)

is	only	one	order	of	magnitude	higher	 than	the	current	report.	This	 indicates	exceptionally	high	gravimetric	capacitance	 in	our	samples	relative	 to	 the	mass	 loading,	which	reiterates	 the	 fact	 that	considerably	high	utilization	of	 the	active	material	 is

manifested	in	our	electrodes	due	to	the	nanoporous	surface	with	high	active	surface	sites.	Hence,	we	believed	that	areal	capacitance	is	scientifically	more	realistic	parameter	to	properly	represent	the	capacitive	performance	of	our	electrode.	That	is	why

we	have	used	areal	capacitance	throughout	the	manuscript.

Additionally,	from	all	the	areal	capacitance	versus	scan	rate	plots	for	composite	electrodes	(cf.	Fig.	7e-f	and	Fig.	S6a-f	in	Supporting	Information),	it	has	become	evidenced	that	with	an	increase	in	the	scan	rates,	in	majority	of	cases,	the	C-values

remain	near-constant	(within	5%,	as	shown	by	the	error	bars).	In	fact,	instead	of	deterioration,	the	areal	capacitance	increases	in	some	cases	with	the	increase	in	the	scan	rate.	For	example,	Pa/WC3-t1-4	composites	and	some	of	the	Pa/WC2	composites

reveal	an	increment	of	the	C-value	with	the	increase	in	the	scan	rate	up	to	75 mVs−1,	and	then	decrease	slightly	at	100 mVs−1	(cf.	Figs.	7f	and	S6-Supporting	Information).	This	is	eventually	due	to	the	unique	charge	trapping	mechanism	of	the	carbon

nanoparticles	within	PANI	(explained	below),	which	indicates	excellent	rate	capability	of	the	composite	electrodes	[55].

		 	



It	must	be	mentioned	in	this	connection	that,	generally	in	most	of	the	cases,	due	to	the	diffusion	limitation,	the	specific	capacitance	decreases	with	increase	in	the	scan	rate	[56–58].	This	would	be	more	pronounced	for	quasi-reversible/irreversible

electrochemical	processes	due	to	the	‘slower’	charge-transport/-distribution	kinetics	against	the	voltage	scan	rate	(cf.	Fig.	S7).	There	are	very	few	reports	(to	best	of	the	authors'	knowledge)	that	have	shown	an	increase	in	the	specific	capacitance	value

with	increase	in	the	scan	rate.	For	example,	Lang	and	co-authors	[57]	have	observed	an	increment	in	the	specific	capacitance	value	of	gold/MnO2	electrode	with	the	increase	in	scan	rate	from	10 mVs−1	to	50 mVs−1,	which	is	attributed	to	higher	active

surface	sites	into	the	porous	structure	alongwith	higher	conductivity	of	the	gold	plating	that	enhances	the	charge	transfer	capabilities.	In	the	current	case,	the	increment	in	C-values	with	the	scan	rate	is	due	to	the	dual	effects	of	high	active	surface	sites	of

nanoporous	PANI-carbon	nanoparticle	structure	(as	explained	in	Fig.	S8),	and	the	unique	charge	trapping	mechanism	of	the	waste	carbon	nanoparticles	(as	schematically	shown	in	Fig.	8),	 that	 increases	 the	current	density	across	 the	 interface	of	 the

electroactive	material	and	the	electrolyte	(for	EDLC	process)	[58,59].	Especially	for	the	latter	case	(charge	trapping	phenomenon),	although	the	current	electrochemical	system	follows	a	surface-controlled	quasi-reversible	process	[60–62]	(cf.	Fig.	S7),	but

the	faster	change	in	the	surface	potential	at	higher	scan	rates	generates	a	high	local	electric	field	at	the	electrode-electrolyte	interface	as	well	as	across	the	electroactive	material	[58,59].	Due	to	this,	the	barrier	height	across	the	carbon	nanoparticle

(assuming	columbic	barrier	potential)	is	reduced	along	the	direction	of	the	applied	field.	This	has	made	the	charge	trapping	at	the	waste	carbon	nanoparticles	more	effective	(the	process	is	explained	in	the	caption	of	Fig.	8).	Consequently,	the	current

density	becomes	higher	due	to	higher	flux	of	ions	towards	the	electrode-electrolyte	interface	(to	maintain	charge	neutrality	in	the	EDLC	process),	which	masks	the	diffusion	limitation	and	increases	the	area	under	CV	curves	to	enhance	the	C-values	at

higher	scan	rates	[58].	Due	to	the	same	reason,	the	areal	capacitance	of	the	composites,	obtained	from	GCD	studies	(shown	in	Fig.	8f),	is	observed	to	be	either	increased	or	remained	near-constant	with	the	increase	in	current	density,	indicating	that	the

distinct	charge	trapping	process	of	carbon	nanoparticles	within	PANI	increases	the	discharging	time	considerably	to	enhance	the	C-values	at	higher	current	densities.

Obviously,	there	must	be	a	thermodynamic	limit	of	the	scan	rate	for	the	above-mentioned	two	mutually	competing	processes	to	dominate	one	over	the	other.	For	too	higher	voltage	sweeping	rate	(i.e.	at	very	high	scan	rate),	diffusion	would	become

the	limiting	factor	again.	Evidently,	in	the	present	case	(for	Pa/WC3-t2-to-t4	and	some	of	the	Pa/WC2	composites),	the	above	phenomenon	dominates	up	to	75 mVs−1	scan	rate	(i.e.	C-value	increases	with	scan	rate),	and	beyond	that,	the	diffusion	limitation

starts	dominating	(i.e.	C-value	decreases	slightly	at	100 mVs−1	scan	rate),	mainly	due	to	considerably	quicker	voltage	sweeping	rate	as	discussed	above.

We	have	also	estimated	the	electrochemical	surface	area	of	the	electrodes	(AEC,	in	cm2)	using	Randles-Sevcik	equation	for	quasi-reversible	process	(as	in	the	current	case	described	in	Fig.	S7).	The	calculated	values	of	AEC	at	different	scan	rates

are	presented	in	Fig.	S9	for	Pa/WC3-t4	sample	(best	performing	electrode,	as	shown	in	Tables	S1	and	S2),	which	range	from	0.01	to	0.03 cm2 at	different	scan	rates.	For	other	samples	also	this	value	varies	approximately	within	this	range.	But	these	values

appear	to	be	considerably	smaller	than	expected	(especially	for	porous	materials	used	in	the	current	case	where	the	working	area	is	0.07 cm2),	which	indicates	that	the	calculated	AEC	values	are	not	quite	reliable.	The	apparent	reason	is	that	the	Randles-

Sevcik	 equation	 is	 mainly	 applicable	 to	 relatively	 flat	 and	 non-porous	 electrode	 surface,	 where,	 over	 the	 timescale	 of	 the	 voltammetric	 experiment,	 the	 diffusion	 layer	 should	 be	 larger	 than	 the	 surface	micro-features	 of	 the	 electrode	 to	 manifest

heterogeneous	electrode	kinetics	[63].	But	in	the	current	case,	the	samples	are	highly	porous,	with	high	surface	roughness,	as	depicted	by	the	FESEM	micrographs	and	AFM	topographic	images	(Figs.	S2	and	S3),	which	indicates	that	the	electrode	surface

micro-features	are	comparable	and/or	lesser	than	the	diffusion	length,	and	hence	go	undetected,	leading	to	underestimated	values	of	electrochemical	surface	area.

Fig.	8	Schematic	representation	of	charge	trapping	mechanism	within	PANI-carbon	nanoparticle	system.	Assuming	Columbic	potential	barrier	across	the	carbon	nanoparticles	(red	lines,	at	zero	field),	during	anodic	sweep,	under	the	applied	field,	the	barrier	height	(φ)	will	be	reduced

by	a	factor	Δφ	in	the	direction	of	the	applied	field	(blue	lines),	which	would	make	the	charge	trapping	energetically	more	favorable.	At	the	higher	scan	rates,	the	increment	in	the	local	electric	field	manifests	higher	reduction	of	the	barrier	height	in	the	direction	of	the	applied	field,

which,	in	turn,	makes	charge	trapping	more	effective.	Similarly,	during	cathodic	sweep,	reverse	phenomenon	would	occur	(i.e.	more	release	of	trapped	charges	at	higher	scan	rates).	(The	diagram	is	not	to	scale).	(For	interpretation	of	the	references	to	colour	in	this	figure	legend,	the

reader	is	referred	to	the	Web	version	of	this	article.)
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3.2.2	Galvanostatic	charge-discharge	curves
Galvanostatic	charge-discharge	(GCD)	curves	for	control	samples	as	well	as	composite	electrodes	at	various	current	densities	are	presented	in	Figs.	9	and	S10	(Supporting	Information).	Fig.	9a	presents	the	GCD	curves	for	WCP	electrode.	The

almost	triangular	shape	of	the	curves	with	near-linear	charging	curve	indicates	typical	double	layer	capacitance	of	carbon	nanoparticles	[50,64].	Fig.	9b	represents	the	GCD	plot	for	pure	PANI	electrode,	which	depicts	considerable	deviation	from	linearity

of	the	curves,	indicating	pseudocapacitive	behavior	of	PANI	[65].	Fig.	9c	compares	the	GCD	curves	of	the	composite	electrodes	(for	three	different	WCP	concentrations	i.e.	1,	2	and	4 wt%,	and	at	a	constant	polymerization	time	t4	=	3	h)	with	the	control

samples	(WCP	and	PANI)	and	the	GCE	+	NF	electrode.	The	GCE	+	NF	electrode	shows	negligible	capacitive	behavior,	thus	reiterating	the	CV	results	that	it	has	no	contribution	to	the	capacitive	properties	of	the	active	materials.	The	charge-discharge

curves	for	composite	electrodes	are	extended	considerably	against	the	control	electrodes,	indicating	excellent	electrochemical	properties	of	the	composite	samples	due	to	the	combinatorial	effect	of	EDLC	(from	WCP)	and	pseudocapacitance	(from	PANI).

Among	the	three	composite	electrodes	(Pa/WC1	to	3 at	t4),	some	interesting	facts	emerged	from	Fig.	9c:	(i)	For	the	samples	with	lower	WCP	concentrations	(Pa/WC1-t4,	1 wt%	and	Pa/WC2-t4,	2	wt%	of	WCP),	the	charging	curves	deviate	slightly	from	the

linearity,	indicating	the	combinatorial	effect	(pseudocapacitance	+	EDLC)	is	less	effective,	whereas	this	part	deviates	considerably	in	the	Pa/WC3-t4	(4 wt	%	of	WCP)	sample,	indicating	that	the	combinatorial	effectis	highly	effective.	(ii)	In	the	discharge

curves,	for	Pa/WC1-t4	and	Pa/WC2-t4	composites,	after	a	shorter	IR	drop	(VIR),	two	voltage	regions	have	emerged:	one	in	the	range	of	0.8 V–0.4 V,	which	 is	having	a	shorter	discharging	duration	and	ascribed	to	EDLC,	whereas,	 the	other	region	(0.4 V

downwards)	with	a	much	longer	discharging	duration	is	associated	with	the	combination	of	EDLC	and	Faradaiccapacitances	[50].	(iii)	For	Pa/WC3-t4	composite,	a	larger	IR	drop	is	followed	by	a	longer	discharging	region	(0.4 V	downwards),	indicating	lesser

EDLC	effect	and	larger	combinatorial	effect	of	EDLC	and	faradaic	capacitance.	(iv)	Surprisingly,	the	IR	drop	for	Pa/WC3-t4	composite	is	larger	than	Pa/WC1-t4	and	Pa/WC2-t4	composites,	although	the	discharging	time	per	attainable	cell	potential	(Δt/ΔV,

where	ΔV = Vmax–VIR)	is	higher	for	Pa/WC3-t4	(∼3000 s/V)	against	Pa/WC1-t4	and	Pa/WC2-t4	(∼1800	and	2000 s/V,	respectively),	which	leads	to	higher	areal	capacitance	for	Pa/WC3-t4	with	respect	to	Pa/WC1-t4	and	Pa/WC2-t4	electrodes	(shown	later	in	Fig.

9e).	This	is	because	the	galvanostatic	charge/discharge	for	a	given	current	density	(J = I/A)	is	represented	by	Ref.	[66]:	 .	Physically,	this	implies	that	even	after	a	longer	IR	drop,	the	discharging	duration	is

proportionally	increased	considerably	due	to	the	combinatorial	effect	to	enhance	the	overall	capacitive	performance.	EIS	analysis	(shown	later)	also	corroborates	this	fact	that	the	electrostatic	series	resistance	(ESR)	of	Pa/WC3-t4	is	higher	than	that	of

Pa/WC1-t4	and	Pa/WC2-t4,	although	the	charge	transfer	resistance	of	Pa/WC3-t4	is	lesser	(indicative	of	better	capacitive	performance)	than	that	of	the	other	counterparts	(shown	later	in	Fig.	11d).	Generally,	IR	drop	corresponds	to	the	internal	resistance	of

the	electrode.	For	Pa/WC3-t4	electrode,	due	to	the	high	concentration	of	WCPs,	charge	transport	properties	are	hindered	due	to	electrostatic	interaction	with	trapped	charges	at	the	WCPs	to	create	a	higher	IR	drop.	But	this	larger	IR	drop	is	compensated

by	the	higher	combinatorial	effect	of	EDLC	and	faradaic	capacitance	at	higher	WCP	concentrations	(to	increase	the	discharge	time	considerably),	leading	to	an	overall	increment	in	the	supercapacitive	performance	of	the	Pa/WC3-t4	electrode	against	others.

Similar	phenomenon	is	observed	for	other	polymerization	times	too	(cf.	Fig.	S11a-d,	Supporting	Information).	Similar	to	CV	results,	in	GCD	case	also,	Pa/WC1-t1	electrode	depicts	minimal	capacitive	characteristics	due	to	low	WCP	concentration	and	low

polymerization	time.

		 	

Fig.	9	GCD	curves	at	different	current	densities	for	(a)	waste	carbon	nanoparticles	and	(b)	PANI.	(c)	Comparison	of	the	GCD	curves	for	three	different	composite	samples	at	constant	polymerization	time	t4	=	3.0	h	with	control	samples	and	GCE	+	NF	electrode,	(d)	comparison	of	the

GCD	curves	for	Pa/WC3	composite	at	four	different	polymerization	times	(t1-t4),	(e)	comparison	of	the	areal	capacitance	as	a	function	of	current	density	for	three	different	composite	samples	at	constant	polymerization	time	t4 = 3.0 h	with	control	samples,	(f)	comparison	of	the	areal

capacitance	as	a	function	of	current	density	for	Pa/WC3	composite	at	four	different	polymerization	times	(t1-t4).

alt-text:	Fig.	9



As	far	as	the	effect	of	polymerization	time	on	charge-discharge	properties	is	concerned,	Fig.	9d	reveals	that	with	the	increase	in	polymerization	time,	charge-discharge	curves	are	extended	gradually,	indicating	improved	capacitive	performance,

which	is	consistent	with	the	CV	data.	And	this	trend	is	valid	for	all	the	samples	with	different	WCP	concentrations	too	(cf.	Fig.	S11e/f,	Supporting	Information).	GCD	curves	of	all	samples	with	different	WCP	concentrations	and	different	polymerization	times

are	presented	in	a	2D-array	in	Fig.	S10	(Supporting	Information)	for	ready	comparison.	As	can	be	seen	from	the	figures,	for	a	particular	sample,	the	shapes	of	the	curves	are	similar	at	different	current	densities,	indicating	stable	GCD	performance	even	at

very	high	current	densities.	Also,	the	coulombic	efficiency	(η% = [τ2/τ1] × 100,	where	τ2,	τ1	are	discharging	and	charging	times,	respectively,	cf.	Fig.	9c)	of	the	samples	is	found	to	be	ranging	from	75%	(for	Pa/WC1-t4)	to	80%	(for	Pa/WC2-t4)	to	90%	(for

Pa/WC3-t4).	As	expected,	higher	WCP	concentration	increases	the	coulombic	efficiency,	indicating	its	very	good	applicability	in	practical	devices.	Again,	with	increasing	polymerization	time,	the	coulombic	efficiency	increases	from	75%	(for	Pa/WC3-t1)	to

Fig.	10	Comparison	of	the	Ragone	plots	for	three	different	composite	samples	at	constant	polymerization	time	t4 = 3.0 h	with	the	control	samples	(a),	and	(b)	Pa/WC3	composite	at	four	different	polymerization	times	(t1-t4).	Cyclic	stability	plots	of	Pa/WC3-t4	composite	sample	over

1000	cycles	(c),	and	(d)	at	progressively	varied	scan	rates	(A)/current	densities	(B).	Inset	of	(c)	is	the	cyclic	stability	for	first	50	cycles.	(d)	Shows	the	cyclic	performance	at	progressively	varying	scan	rates	(A)	and	current	densities	(B),	respectively.

alt-text:	Fig.	10

Fig.	11	Nyquist	plots	for	composite	electrodes,	Pa/WC1-t2to	t4	(a),	Pa/WC2-t1	to	t4	(b),	Pa/WC3-t1	to	t4,	and	(c)	comparison	of	three	composites	Pa/WC1	to	3 at	t4	(d).	Inset	of	(a)	represents	the	equivalent	circuit.

alt-text:	Fig.	11



90%	(for	Pa/WC3-t4)	(cf.	Fig.	9d).	Similar	trends	are	observed	for	other	samples	too.

The	areal	capacitance	calculations	from	GCD	curves,	using	Eqn.	(2)	are	presented	in	Fig.	9e/f	and	for	different	WCP	concentrations	and	polymerization	times,	respectively.	As	expected,	the	capacitance	values	for	control	samples	(WCP	and	PANI)

are	very	low,	and	enhanced	considerably	for	composite	electrodes.	Also,	with	increase	in	WCP	concentration	and	polymerization	time,	C-values	increase	considerably	and	in	all	cases,	for	a	specific	sample,	the	C-values	remain	near-constant	(within	5%,	as

shown	by	 the	error	bars)	up	 to	50 μA cm−2,	 and	 then	deteriorate	 only	 5%	 (for	Pa/WC3-t4)	and	∼30%–35%	(for	Pa/WC1/2-t4)	 at	 a	 current	density	 of	 100 μA cm−2.	 Similar	 trend	 is	 observed	 for	 all	 other	 samples	with	 different	WCP	 concentrations	 and

polymerization	times	(cf.	Fig.	S12,	Supporting	Information).	This	good	retention	of	capacitance	values	at	higher	currentdensities	manifests	the	high	rate	capability	of	the	electrode	materials	[67],	which	is	also	consistent	with	the	CV	results.	The	areal

capacitance	values	of	all	the	samples,	calculated	from	GCD	curves	at	different	current	densities,	are	tabulated	in	Table	S2	(Supporting	Information),	which	are	comparable	to	that	calculated	from	CV	data	(Table	S1,	Supporting	Information).	As	expected,

Pa/WC3-t4	composite	(having	highest	WCP	concentration	of	4 wt%	and	longest	polymerization	time	of	3 h)	reveals	best	capacitance	values	(highlighted	with	red)	against	all	other	samples,	which	is	consistent	with	the	CV	data.

As	far	as	the	supercapacitive	performances	of	previously	reported	PANI-carbon	nanomaterial	composites	(Table	S3	in	Supporting	Information)	are	concerned,	majority	have	used	either	porous	carbon	as	the	host	matrix	and	PANI	nanomaterials	as

the	filler	inside	the	pores,	or	graphene/CNT	as	the	primary	backbone,	and	PANI	nanomaterials/thin	films	are	immobilized	within	it	to	fabricate	the	composite	electrochemical	electrode	[65,68–76].	And,	the	electrochemical	performance	of	the	composite	is

compared	with	the	individual	components	(primary	carbon	host	and	PANI),	which	shows	an	increment	of	the	specific/areal	capacitance	around	2	to	5	times	over	the	individual	components.	Apparently,	PANI	imparts	pseudocapacitive	characteristics	on	the

EDLC	performance	of	the	carbon	nanomaterials	to	enhance	the	supercapacitive	properties	of	the	composite	electrode.	In	some	cases,	a	hybrid	material,	consists	of	an	equivalent	mixture	of	carbon	nanomaterials	and	PANI	nanostructures/thin	films,	 is

synthesized	(instead	of	host-filler	composite	structure	form)	as	electrochemical	electrode	to	observe	two	to	three	times	enhanced	electrochemical	performance	over	the	individual	components	[18,50,77–79].	But	there	are	very	few	reports	where	PANI	is

used	as	the	host	matrix	and	carbon-based	materials	(such	as	acetylene	black,	nanodiamond,	carbon	aerogel	etc.)	are	embedded	within	it	to	fabricate	a	composite	electrode	for	enhanced	(1.5–3	times	increment	in	the	specific	capacitance	value	over	PANI)

electrochemical	performance	[10,19,80].	Interestingly,	there	is	no	report	(to	best	of	the	authors’	knowledge)	on	the	use	of	carbon	nanoparticles	(that	too	from	waste	carbon	source)	as	 filler	 into	the	PANI	matrix	to	 fabricate	composite	electrochemical

electrode,	as	in	the	current	case.	It	is	believed	that	the	use	of	carbon-based	fillers	within	the	PANI	matrix	tends	to	toughen	the	PANI	skeleton,	thereby	minimizing	the	shrinkage	of	PANI	backbone	during	large	cycling	and	thus,	enhance	the	durability.

Especially,	the	existence	of	strong	hydrogen	bonds	between	the	PANI	and	carbon-based	fillers	considerably	affects	the	cycling	stability	of	PANI-based	composite	electrodes	[10].	In	the	current	report,	the	WCP-incorporated	PANI	composite	electrodes	have

revealed	almost	2-3	orders	of	magnitude	increment	of	the	areal	capacitance	value	(nearly	60	to	600	times	increment)	with	respect	to	pure	PANI	electrode.	Since	the	specific	capacitance	value	is	highly	dependent	on	several	factors	(like	fabrication	process,

mass	loading,	active	area	of	the	electrode,	electrode	configuration,	sample	resistance	including	electrolyte	and	or	contact	resistances,	among	others),	therefore,	to	judge	the	performance	of	an	composite	electrochemical	electrode	against	various	literature

values,	it	is	scientifically	reasonable	to	compare	the	relative	increment	of	the	C-values	against	the	control	sample	in	a	particular	report,	rather	than	the	absolute	C-values	of	different	reports.	In	that	respect,	in	the	current	report,	the	enormous	increment	in

the	areal	capacitance	of	the	Pa/WC	composite	against	pure	PANI	electrode	clearly	highlights	the	novelty	of	the	current	material	and	the	method,	and	hence,	warrants	considerable	attention.

The	energy	and	power	density	are	two	key	parameters	for	evolving	the	practical	application	of	electrochemical	electrode	materials	in	supercapacitors.	These	parameters	can	be	analyzed	by	the	Ragone	plot	of	areal	energy	density	(ξ,	in	Wh	cm−2)

versus	power	density	(Φ,	in	W	cm−2)	calculated	from	the	GCD	curves.	But	in	this	regard,	it	must	also	be	mentioned	that,	usually	the	Ragone	plots	are	studied	for	a	packaged	device	rather	than	a	half	cell	(or	an	electrochemical	electrode).	Though	with	the

emergent	field	of	developing	new	electrode	materials	in	parallel	with	conventional	materials	with	novel	nanostructured	morphologies,	it	is	becoming	more	relevant	to	analyze	the	energy/power	performance	of	individual	components	of	the	half	cell	(like

electrode	or	electrolyte).	This	means,	 for	new	electrode	material	with	novel	properties,	 its	application	 in	a	half-cell	can	be	useful	 to	 isolate	 the	energy/power	performance	 individually	 to	understand	the	effects	of	 the	changes	 to	 this	component	while

avoiding	the	cost	of	developing	a	packaged	device.	As	this	in	turn	helps	not	only	to	determine	or	interpret	the	effects	of	individual	component	on	the	comprehensive	electrochemical	performances,	but	also	to	save	resources	required	to	develop	a	packaged

device.	Due	to	this	reason,	various	groups	are	presenting	the	energy-power	performance	of	half-cells	with	electrodes	consists	of	novel	materials	[81],	and	we	have	also	presented	the	same	for	our	novel	electroactive	material.	Therefore,	Ragone	plots	of	the

samples	are	shown	in	Fig.	10a	and	b,	using	Eqns.	3	and	4	[82].	Fig.	10a	depicts	that	the	energy	and	power	performances	of	the	composite	electrodes	are	higher	than	that	of	the	control	samples	(WCP	and	PANI).	Additionally,	with	increase	in	the	WCP

concentration	(Fig.	10a)	as	well	 as	 the	polymerization	 time	 (Fig.	10b)	 the	 energy/power	performance	 is	 improved,	which	 is	 consistent	with	CV	and	GCD	data.	Most	 importantly,	 the	power	density	 is	 increased	almost	 one	 order	 of	magnitude	without

compromising	too	much	of	energy	density.	For	example,	for	Pa/WC3-t4	electrode,	the	power	density	is	increased	about	530%	with	a	mere	1%	decrement	in	the	energy	density.	This	depicts	its	potential	superior	applications	in	high-power	devices.

Also,	for	practical	applicability	of	an	electroactive	material	in	supercapacitors,	high	capacity	retention	over	a	large	number	of	cycles	(i.e.	the	long	cycling	life)	is	considered	to	be	very	important	attribute	itself.	Fig.	10c	shows	the	capacity	retention

graph	for	Pa/WC3-t4	sample	over	1000	galvanostatic	charge-discharge	cycles	for	a	constant	100 μA cm−2	current	density.	As	shown	in	Fig.	10c	and	the	inset,	it	consists	of	four	regions.	For	the	first	5	cycles	(region	I)	the	capacity	values	fluctuate	(between	90

and	100%),	which	is	showing	a	standard	transient	region,	indicating	the	initiation	of	the	charge	trapping	into	the	waste	carbon	nanoparticles	within	PANI	matrix	for	the	first	few	cycles.	Beyond	this,	up	to	60	cycles	(region	II),	a	steady	increase	in	the

capacity	is	observed	(up	to	∼120%	of	the	initial	value).	This	is	because,	for	the	first	50–60	cycles,	the	charge	trapping	becomes	more	effective.	This	implies	that	during	GCD	measurement,	when	the	potential	is	increased	with	time	at	a	constant	current

density,	some	of	the	charges	flowing	through	the	electrolyte-active	material-current	collector	system	is	being	trapped	into	the	WCP	layer	of	the	active	material	(as	described	in	Fig.	8).	As	the	system	is	current	controlled,	more	charge	flux	is	passed	through

the	electrolyte-electrode	interface	to	compensate	over	the	lost	charges	during	trapping.	This	further	enhances	the	trapping	and	consequently	increases	the	discharge	time	over	the	first	50–60	cycles,	and	hence,	the	capacity	is	increased	gradually	up	to	60

cycles.	Beyond	this	(region	III),	the	charge	trapping	across	the	WCPs	becomes	near-saturated,	and	hence	no	further	charge	trapping	occurs.	But	the	trapped	charges	pose	a	repulsive	force	on	the	incoming	charges	passing	through	the	electrolyte-active



material-current	collector	ternary	system,	manifesting	increased	resistivity	of	the	electroactive	material,	which	subsequently	decreases	the	capacitance	value	(up	to ∼ 80%	of	the	original	value	till	650	cycles,	region	III)	and	then	a	dynamic	equilibrium	is

established,	and	the	C-values	become	steady	up	to	1000	cycles	(region	IV).	This	considerably	high	capacity	retention	indicates	excellent	stability	for	high	performance	supercapacitors.	To	further	verify	the	retention	of	high	C-values	at	higher	scan	rates	and

larger	current	densities	(as	shown	in	Fig.	7e/f	and	9e/f)	in	terms	of	cyclic	stability,	the	cyclic	performance	is	tested	at	progressively	varying	current	densities	(Fig.	10d-A)	and	scan	rates	(Fig.	10d-B),	respectively.	Interestingly	it	has	been	observed	that,	even

when	the	electrochemical	electrode	is	subjected	to	a	sudden	change	in	the	scan	rate/current	density,	the	areal	capacitance	still	remained	highly	stable	at	each	scan	rate/current	density,	and	still	retained	very	high	value,	even	at	the	higher	scan	rate/current

density.	These	results	indicate	that	the	Pa/WC	composites	meet	the	two	important	requirements	of	long	cycling	lifetime	and	good	rate	capability	for	potential	applications	in	practical	energy	storage	devices	[55].

3.2.3	Electrochemical	impedance	spectroscopic	measurements
Electrochemical	impedance	spectroscopic	(EIS)	measurements	have	been	carried	out	to	explore	the	kinetic	properties	of	the	electrodes.	Fig.	11	depicts	the	Nyquist	plots	for	as-prepared	composites,	from	low-to-high	frequency	regions.	All	theplots

consist	of	(i)	a	slightly	depressed	semicircle	at	the	high-to-midfrequency	regionsrepresenting	the	Warburg	curve,	which	signifies	a	parallel	combination	of	chargetransferresistance	(Rct)	and	a	double-layer	capacitance	(CPEDL).	Rct,	which	is	equal	to	the

diameter	of	the	semicircle,	basically	is	used	to	describe	the	redox	reactionoccurring	at	the	electrode-electrolyte	interface.	On	the	other	side,	CPEDL	characterizes	the	constant	phase	element	(CPE)	occurring	at	the	solid–liquid	 interface	because	of	the

ionic/electronic	charge	separations.	Moreover,	CPEDL	is	being	used	here	(not	the	double	layer	capacitance	i.e.	CDL),	as	the	semicircles	are	distorted.	(ii)	an	intercept	on	the	real	axis	at	high	frequency,	indicating	the	electrostatic	series	resistance	(ESR,	RΩ)

which	combines	the	effects	of	electrolyte	(ionic)	resistance,	internal	resistance	of	electroactive	material	and	the	contact	resistance	at	the	solid-liquid	interface	and	(iii)	a	linear	part	in	the	low	frequency	region	representing	the	Warburg	impedance	(W).	The

ion-diffusion	 from	electrolyte	 to	 electroactive	material,	 and	 the	 insertion	 capacitance	 as	 an	 effect	 of	 charge-accumulation	 at	 the	 electrode	 surface	 are	 key	 factors	 in	 this	 connection.	Warburg	 coefficient	 (ψw)	 is	 often	 used	 to	 predict	W	 and	 diffusion

coefficients.	The	near-vertical	slope	of	this	section	demonstrates	the	ideal	capacitive	nature	of	the	electrode,	whereas	the	angle	of	about	45-60O	with	the	real	axis	signifies	that	the	electrochemical	process	is	either	slightly	diffusion	controlled	and/or	is	a

result	of	frequency	dispersion	due	to	a	wide	size	distribution/roughness	variation	within	the	active	materials	[19,30,79,83].	Fig.	11a	depicts	that	at	lower	WCP	concentration	(Pa/WC1-t2-4,	with	1 wt%	of	WCP),	the	semicircular	part	is	widened,	indicating

higher	charge	transfer	resistance	of	the	electrodes.	With	increase	in	the	polymerization	time,	the	diameter	of	the	semicircle	is	decreased	and	the	slope	of	the	linear	part	is	increased	from	∼45°	to	60°,	indicating	a	reduction	in	the	charge-transfer	resistance

and	a	gradual	transition	from	diffusion-controlled	behavior	to	ideal	capacitive	behavior.	For	other	samples	also	(Fig.	11b-c)	the	slope	is	increased	with	an	increase	in	the	polymerization	time,	indicating	similar	transition	behavior	of	diffusion-controlled	to

ideal	capacitive	process.	Especially,	for	Pa/WC3-t4	(which	revealed	best	capacitive	performance	through	CV	and	GCD	analyses	shown	earlier),	near-vertical	slope	of	the	linear	part	of	the	Nyquist	plot	depicts	excellent	capacitive	properties	of	this	electrode.

Additionally,	at	the	high-frequency	region	of	the	samples	(having	higher	WCP	concentrations:	Pa/WC2/3-t1-4,	Fig.	11b/c),	very	small	(or	almost	insignificant)	semicircular	parts	are	observed,	indicating	negligible	charge-transfer	resistance,	which	is	due	to

very	low	Faradaic	resistances	of	the	composite	electrodes,	thus	confirming	very	good	electrochemical	properties.	Similar	insignificant	semi-circular	regions	in	the	Nyquist	plots	have	already	been	reported	for	graphene-PANI-based	nanocomposite	films	and

attributed	to	the	low-Faradaic	resistance	of	the	films	[50].	Also,	in	Fig.	11d,	it	has	been	observed	that	the	high	frequency	intercept	at	the	real	axis	is	higher	for	Pa/WC3-t4	composite	against	others,	which	is	consistent	with	GCD	curves	where	higher	IR	drop

is	observed	for	the	sample	having	highest	WCP	concentration	(cf.	Fig.	9c).	According	to	the	shapes	of	the	Nyquist	plots,	the	EIS	data	are	fitted	with	typical	equivalent	circuit	[RΩ	+	CPEDL	||	(Rct	+	W)]	shown	in	the	inset	of	Fig.	11a	[19].	The	fitted	values	are

presented	in	Table	2,	and	the	fitting	is	shown	in	Fig.	S13	(Supplementary	Information).	The	lines	are	the	fitted	curves	with	the	experimental	data	(scatter	plot).	The	error	bar	indicates	the	fitting	is	well-within	the	5%	of	the	experimental	values.	Expectedly,

Pa/WC3-t4	 composite	 showed	highest	CPEDL	(36.4 μF)	 and	 lowest	Rct	(2.52Ω)	 values	 against	 other	 samples,	which	 indicate	much	easier	 charge	 transfer	 rate	 at	 the	 electrode/electrolyte	 interface,	 thus	 enhancing	 rate	 capability	 and	 cycle	 life	 towards

achieving	superior	 supercapacitor	performance.	The	 fitted	EIS	data	are	also	consistent	with	 the	CV	and	GCD	data,	where	Pa/WC3-t4	 showed	highest	areal	 capacitance	against	other	 samples,	 indicating	highly	 stable	and	 reproducible	electrochemical

properties	of	the	samples.

Table	2	Fitted	values	of	EIS	data	from	the	Nyquist	plots.

alt-text:	Table	2

EIS	parameters Pa/WC1-t4 Pa/WC2-t4 Pa/WC3-t4

RΩ/Ω 18.4 20.63 23.41

CPEDL/μF 0.367 1.22 36.4

Rct/Ω 19.19 3.12 2.52

Ψw/Ω	s−1/2 242.0 169.1 119.1

4	Conclusions
A	high	performance	supercapacitor	electrode	material	has	been	prepared	by	incorporating	carbon	nanoparticles	into	polyaniline	matrix	via	a	simple,	cost-effective	and	environment-friendly	wet-chemical	route.	It	is	worthwhile



to	mention	that	the	source	of	carbon	in	this	work	is	normal	cooking	oven	produced	waste	carbon	material	(kind	of	biomass	or	biowaste)	which	is	natural	and	renewable.	These	particles	are	not	chemically	modified	further;	hence,	no

time-consuming	or	complex	pre-treatments	have	been	involved.	Clearly,	the	preparation	process	of	the	WCP-PANI	composites	is	therefore	eco-friendly	as	well	as	cheaper	and	time-saving.	The	obtained	composites	combine	the	essential

EDLC	properties	of	the	carbon	source	and	pseudocapacitive	behavior	of	PANI	with	enhanced	synergetic	effects.	The	incorporation	of	WCP	in	greater	concentration	significantly	improves	the	charge-trapping	phenomena	within	the

active	material	thus	formed.	The	electrochemical	results	show	that	the	composite	microelectrodes	possess	excellent	capacitive	behavior	along	with	good	rate	capability	and	cyclic	stability.	For	example,	the	composite	electrodes	depict

almost	80%	retention	of	the	capacitance	over	1000	cycles,	and	nearly	90–100%	retention	of	C-values	with	increasing	scan	rates	(from	10	to	100 mV s−1)	and	current	densities	(from	10	to	100 μA cm−2).	Especially,	the	unique	charge

trapping	capabilities	of	the	composite	electrodes	manifest	considerably	improved	areal	capacitance	at	higher	scan	rates	and	current	densities,	indicating	potential	applications	in	high	performance	charge	storage	devices.	Also,	the

areal	capacitance	of	the	composite	electrode	is	found	to	increase	significantly	(more	than	600	times)	over	pure	PANI	electrode	and	the	energy-power	performance	of	the	microelectrode	reveals	almost	550%	increment	in	the	power

density	with	a	mere	1%	decrement	in	energy	density.	These	data	are	significantly	higher	than	the	reported	values.	Thus,	as-produced	composite	electrode	with	low-cost,	eco-friendly	processing	method,	utilizing	waste	carbon	particles

as	one	of	its	major	components,	can	contribute	towards	the	development	of	promising	and	highly	efficient	supercapacitors	using	green	nanotechnology	for	energy	storage	systems.
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