
1	Introduction
Lithium-ion	batteries	 (LIBs)	dominate	 the	energy	storage	markets	 for	application	 in	mobile	phones,	 laptops,	portable	electronics	and	electric	vehicles	due	 to	 their	advantageous	properties	 such	as	high	energy	and	power

densities	and	long	cycle	life.	The	first	introduced	most	common	anode	materials	was	carbon.	However,	anode	materials	of	carbon	and	its	derivatives	of	graphene	show	low	specific	capacity	of	372	mAh	g−1.	In	order	to	enhance	the

specific	capacity	of	lithium-ion	batteries,	various	anode	materials	have	been	proposed	such	as	Si,	Sn,	Sb	and	transition	metal	oxides	(Fe3O4,	CoO,	NiO	and	MnxOy)	[1–13]	due	to	their	high	theoretical	capacities	that	are	two	to	three

times	greater	than	carbon.	Of	the	transition	metal	oxides,	manganese	oxide	materials	(Mn3O4)	have	become	more	attractive	due	to	their	special	features	of	high	specific	capacity,	low	discharge-charge	potential	during	cycling,	low	cost

and	eco-friendliness.	However,	the	Mn3O4	materials	show	some	challenges	that	hinder	them	from	practical	applications	in	LIBs;	poor	electrical	conductivity	and	volume	change	during	cycling	which	causes	severe	aggregation	of	the

particles	with	the	possibility	of	aggravating	the	mechanical	stability	of	the	electrode	materials	[14–16].	To	curb	these	problems,	three	key	strategies	are	being	explored	by	various	researchers	across	the	globe.	First	strategy	involves

the	exploration	of	nanostructures	with	different	morphologies	such	as	nano-rods	[10,17–19],	nano-wires	[20],	nanotubes	[21],	nano-flowers	[22],	hollow-spheres	[23–25]	and	nanocrystals	[26,27].	However,	some	of	these	nano-materials

have	been	found	to	exhibit	poor	cycling	stability	and	rate	capability.	The	second	strategy	involves	the	use	of	composite	materials	(i.e.,	integrating	Mn3O4	with	some	electrically-conducting	matrices)	such	as	graphene	sheets	[28–34],

amorphous	carbon	[35–37]	and	carbon	nanotubes	[26].	On	the	other	hand,	the	third	and	the	most	promising	strategy	for	practical	application	involves	doping	the	Mn3O4	with	some	foreign	cations	such	as	Fe-doped	Mn3O4	[38]	or	anions
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Abstract

A	facile	synthesis	of	fluorinated	Mn3O4	nano-spheres	(F-Mn3O4)	from	low-cost	electrolytic	manganese	dioxide	(EMD)	at	different	temperatures	and	times	has	been	reported.	While	the	as-prepared	materials	are	micron-

sized	(>200 nm)	and	the	fluorinated	Mn3O4	are	nano-sized	particles	(<50 nm).	Detailed	characteriszation	(using	XRD,	XPS,	FESEM	and	EDX,	electrochemistry	including	EIS)	clearly	prove	the	unique	effects	of	the	fluorination

on	 the	physico-electrochemical	 properties	 of	 the	F-Mn3O4	 nanomaterials,	 notably	 the	dramatic	 transition	 from	microstructure	 to	nanostructure.	The	electrochemical	performance	of	F-Mn3O4	 is	 strongly	 enhanced	by	 the

fluorination	with	high	specific	capacity	(931	mAh	g−1	at	100 mA g−1),	excellent	capacity	retention	(87%	after	100	cycles)	and	excellent	rate	capability	(460	and	216	mAh	g−1	at	1000	and	2000		 mA g−1,	respectively)	compared

to	the	pristine	Mn3O4	materials	with	556	mAh	g−1	with	the	capacity	retention	of	73%.	The	performance	of	the	F-Mn3O4,	which	is	better	or	comparable	with	corresponding	materials	in	the	literature,	gives	exciting	promise	for

potential	development	of	high-performance	low-cost	manganese	oxide-based	anode	materials	for	lithium-ion	batteries.	It	is	common	knowledge	in	the	battery	research	community	that	spherical	particles	are	most	preferred

for	 industrial	 application	 due	 to	 improved	 packing	 density.	 Importantly,	 EIS	 data	 provide	 critical	 insight	 into	 the	 charge-transfer	 properties	 of	 the	 anode	materials	 as	 a	 result	 of	 the	 fluorination	 process.	 The	 enhanced

performance	of	the	F-Mn3O4	is	attributed	to	its	nano-spherical	morphology	that	favours	good	fluidity	of	particles	and	excellent	tap	density	of	the	redox-active	components.
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such	as	N-doped	graphene/Mn3O4	[19],	and	F-doped	Mn3O4	[39].	Fluorine	is	an	important	doping	agent	to	yield	a	high	electrical	conductivity,	enhanced	the	thermal	stability	and	can	act	as	a	good	corrosion	resistant	[40,41].

Despite	the	importance	of	F-doping	on	electrode	materials	for	advanced	batteries,	there	is	little	knowledge	about	F-doped	Mn3O4.	In	fact,	to	our	knowledge,	there	is	just	a	single	report	on	F-doped	Mn3O4	anode	material	for

LIBs	[39].	In	that	study,	however,	the	authors	reported	the	use	of	manganese	acetate	(an	expensive	manganese	oxide	precursor)	in	a	molten	salt	strategy	(involving	extra	two	inorganic	salts)	with	NaF	to	generate	F-doped	Mn3O4	with

nanowire/nanobelt	morphology.	In	this	work,	we	introduce	a	simple	synthesis	strategy	involving	a	high-temperature	heating	process	in	a	furnace	of	a	very	low-cost	precursor	material,	electrolytic	manganese	dioxide	(EMD),	to	synthesis

pure	Mn3O4	and	F-doped	Mn3O4.	Because,	fluorine	is	a	significant	synergistic	doping	agent	to	yield	a	high	electrical	conductivity,	enhanced	the	thermal	stability	and	can	act	as	a	good	corrosion	resistant.	In	this	scenario,	we	have	been

anticipating	that	F	anion	doping	can	improve	the	conductivity	of	Mn3O4	material	and	also	enhance	the	electrochemical	performance	of	the	Mn3O4	material.	In	addition,	we	clearly	show	how	our	synthesis	strategy	is	able	to	generate

more	industrially-preferred	spherical	particle	morphology	with	improved	physico-electrochemical	properties	for	LIB	application	(high	capacity,	excellent	rate	capability	and	excellent	charge-transport	properties).

2	Experimental	section
2.1	Preparation	of	Mn3O4	and	F-doped	Mn3O4

Mn3O4	samples	were	prepared	by	heating	raw	electrolytic	manganese	dioxide	sample	(EMD,	92.46%	dry	MnO2,	generously	supplied	by	Delta	EMD	(Pty)	Ltd,	South	Africa)	[42]	at	850 °C	for	22h	and	1000 °C	for	40 h at	 the

heating/cooling	rate	of	10 °C/min.	The	 two	samples	are	abbreviated	herein	as	Mn3O4-850 °C/22h	and	as	Mn3O4-1000 °C/40h,	respectively.	From	the	 literature	[43]	 the	MnO2	has	been	prepared	by	hydrothermal	method	 followed	by

heating	at	350 °C	and	500 °C	for	10h	in	air.	Also	to	obtain	Mn3O4,	the	material	was	annealed	further	by	280 °C	and	700 °C	for	5h	under	Ar.	Respect	to	this	condition,	in	the	present	manuscript,	the	EMD	was	directly	heated	for	the	two

different	temperatures	(850 °C	for	22h	and	1000 °C	for	40h)	to	obtain	Mn3O4	with	different	morphologies.	But	all	the	materials	were	heated	at	ambient	atmosphere.	For	fluorination,	appropriate	amount	of	NH4F	salt	(Sigma	Aldrich,	>

99.99%	purity,	0.3 g,	i.e.,	∼17%	of	the	total	weight	of	material)	was	dispersed	in	distilled	water	and	then	Mn3O4	(1.5 g)	was	added,	stirred	with	a	magnetic	stirrer	for	5h	at	room	temperature,	and	then	slowly	dried	at	80 °C	overnight

(12 h)	[44].	Each	of	 the	resultant	dry	powder	samples	was	subjected	to	thermal	 treatment	at	450 °C	for	5h	under	Ar	atmosphere	at	 the	rate	of	3 °C/mins.	The	 final	products	are	named	herein	as	F-Mn3O4-850 °C/22h	and	F-Mn3O4-

1000 °C/40h,	respectively.

2.2	Characterisation	techniques
The	prepared	samples	were	evaluated	by	X-Ray	Diffraction	(XRD)	using	PANalytical	X'Pert	PRO	powder	X-Ray	Diffractometer	with	a	monochromatized	Cu	Kα	radiation	of	λ = 1.5406 Å at	the	2θ	range	of	10°-90°and	the	lattice

parameters	derived	by	using	Rietveld	refinement	via	TOPAS	(3).	The	surface	analysis	and	chemical	composition	of	the	compounds	have	been	performed	by	X-ray	photoelectron	spectroscopy	(XPS)	with	K-Alpha+	XPS	spectrometer	using

monochromatic	Al	Kα	(1486.6 eV)	X-ray	 source.	The	binding	energy	 (BE)	 scale	was	calibrated	by	measuring	 the	 reference	peak	of	C1s	 (BE = 284.6 eV).	The	morphology,	EDX	and	mapping	of	 the	materials	were	analysed	by	Field

Emission	Scanning	Electron	Microscopy	(FE-SEM)	carried	out	using	JEOL	JSM-7500F.	Transmission	electron	microscopy	(TEM)	was	obtained	from	JEOL-JEM	2100,	operated	at	an	acceleration	voltage	of	200	kV.	The	electrode	fabrication	was

carried	 out	 by	mixing	 together	 the	 active	material	 (Mn3O4	 or	 F-Mn3O4),	 polyvinylidene	 fluoride	 (PVDF-MTI	 corporation)	 as	 a	 polymer	 binder	 and	 Super-P	 carbon	 black	 in	 70:	 15:	 15 wt%,	 respectively	 in	 N-methyl-pyrrolidinone

(NMP > 99.5%	purity,	Gelon	LIB)	solvent.	The	mixed	slurry	was	kept	overnight	(12 h)	for	proper	mixing	under	magnetic	stirrer.	The	slurry	was	coated	on	Cu	(Gelon	LIB)	foil	by	using	Doctor	Blade	Technique	(DBT)	and	then	the	foil	was

cut	 into	circular	shape	of	16 mm	in	diameter.	The	geometrical	electrode	area	was	ca.	2 cm2	and	mass	of	active	material	was	3–4 mg.	The	Coin	Cells	were	 then	assembled	 in	an	Ar-filled	glove	box	 (MBraun	MB	150B-G,	Germany	 -

maintaining	the	concentrations	of	O2	and	H2O < 1 ppm)	by	using	the	fabricated	electrodes	as	an	anode,	Li	metal	(Hohsen	Corp.	Japan)	as	counter	electrode	and	1 M	LiPF6	 in	ethylene	carbonate	(EC),	 diethylene	 carbonate	 (DEC)	and

dimethyl	 carbonate	 (DMC)	 (1:	 1:	 1	 by	 volume,	Merck)	 as	 the	 electrolyte.	 The	 fabricated	 cells	were	 electrochemically	 characterized	 by	 galvanostatic	 cycling	 (GC)	 using	MACCOR	 series	 4000	 tester.	 Cyclic	 voltammetry	 (CV)	 and

electrochemical	impedance	spectroscopy	(EIS)	was	evaluated	by	using	a	Bio-Logic	VMP3	potentiostat/galvanostat	controlled	by	EC-Lab	v10.40	software	at	the	scan	rate	of	0.1 mV s−1	with	the	potential	range	of	0.005–3.0 V.	The	EIS	plots

were	recorded	by	applying	10 mV	amplitude	over	the	frequency	range	from	100 kHz	to	10  mHz at	room	temperature	and	the	data	was	analysed	by	using	Z-view	software	(version	2.2,	Scribner	Assoc.	Inc.	USA),	respectively.

3	Results	and	discussion
The	 XRD	 patterns	 of	 the	 F-doped	 and	 un-doped	 samples	 (Fig.	 1a)	 clearly	 exhibit	 tetragonal	 structure	 (hausmannite-Mn3O4)	 with	 space	 group	 I41/amd,	 corresponding	 JCPDS	 card:	 #	 24-0734	 (a = 5.765	 and	 c = 9.472 Å).

Compared	to	un-doped	Mn3O4,	there	is	a	peak	shift	observed	in	both	F-doped	samples,	which	clearly	indicates	the	Mn3O4	was	successfully	doped	with	fluorine.	With	the	exception	of	peak	(103)	of	the	F-doped	Mn3O4	that	showed	a	very

slight	positive	shift	(∼0.7°	shift),	all	the	peaks	essentially	occur	at	the	same	positions	(see	Fig.	1	and	Fig.	S1).	The	slight	changes	in	the	(103)	peak	is	due	to	the	weakly	distorted	octahedral	sites	[MnO6]	in	which	the	O2
−	(ionic	radius

0.132 nm)	are	replaced	by	F−	(ionic	radius	0.133 nm)	[45].	The	negligible	change	in	the	lattice	parameter	of	the	F-doped	materials	may	be	related	to	the	negligible	difference	in	the	ionic	radii	of	oxygen	and	fluorine.	Also,	there	is	a

small	peak	at	55.2°	may	be	due	 to	 impurity	of	 the	 fluorinated	 samples.	Fig.	1	 (b,	 c)	 exemplifies	 the	Rietveld	 refinement	 for	Mn3O4-850 °C/22h	and	F-Mn3O4	-850 °C/22h,	which	 is	 in	 very	 good	 agreement	with	 JCPDS	pattern	 and

literature.	The	crystallite	size	and	the	lattice	parameters	were	calculated	from	TOPAS	and	are	given	in	Table	1.	The	crystallite	size	of	Mn3O4	decreased	upon	fluorination	(F-Mn3O4),	which	is	consistent	with	the	XRD	peaks	(Fig.	S1),



showed	higher	FWHM	than	the	pure	Mn3O4	material.	No	other	characteristic	peaks	are	detected	in	the	entire	XRD	pattern.

Table	1	Lattice	parameter	and	crystallite	sizes	of	the	as-prepared	Mn3O4samples	and	their	fluorinated	counterparts.

alt-text:	Table	1

Material Lattice	parameter Crystallite	size	(nm)

a	(Å)	c	(Å)

Mn3O4-850 °C/22h 5.761	9.461 91

F-Mn3O4-850 °C/22h 5.756	9.460 23

Mn3O4-1000 °C/40h 5.759	9.458 121

F-Mn3O4-1000 °C/40h 5.753	9.457 19

X-ray	photoelectron	spectroscopy	(XPS)	was	carried	out	to	further	examine	the	fluorine-doping	into	the	Mn3O4,	Mn	2p	states	of	F-doped	and	un-doped	materials	are	shown	in	Fig.	2	(a,	b).	Both	F-doped	samples	displayed	slight

peak	shift	in	the	higher	energy	levels	in	Mn2p	(2p	3/2	and	2p	1/2)	state	than	un-doped	Mn3O4-800 °C/22h	and	Mn3O4-1000 °C/40h,	suggesting	that	some	of	the	oxygen	have	has	been	replaced	by	F-	ions	in	the	Mn3O4	material.

The	binding	energies	and	the	calculated	distance	of	the	materials	(Table	2)	are	in	good	agreement	with	literature	[4,19,23].	The	difference	in	the	XPS	data	between	F1s	and	O1s	is	necessary	for	a	conclusive	evidence	of	oxygen

replacement	by	Fluorine.	We	observed	from	the	O1s	spectra	(Fig.	3a-d)	that	the	un-doped	samples	showed	peak	at	531.5 eV	while	F-doped	materials	showed	a	slight	negative	shift	to	around	531 eV.	Also,	the	presence	of	fluorine	is

Fig.	1	XRD	pattern	for	all	the	samples	(a),	Rietveld	refinement	XRD	pattern	of	Mn3O4-	850 °C/22h	(b)	and	F-Mn3O4	-850 °C/22h	(c).

alt-text:	Fig.	1

Fig.	2	XPS	peaks	(Mn	2p)	of	the	F-doped	and	un-doped	Mn3O4	samples	at	850 °C/22h	(a)	and	1000 °C/40h	(b).

alt-text:	Fig.	2



confirmed	from	the	XPS	data	wherein	the	F-doped	Mn3O4	showed	well-defined	F	1s	peaks	at	681 eV	(Fig.	3e	and	f)	which	is	in	good	agreement	with	the	literature	[39].	As	shown	in	Fig.	3e	and	f,	the	well-defined	F	1s	peaks	were	only

observed	in	the	NH4F-modified	Mn3O4	material	but	not	in	the	pristine	ones,	confirming	that	some	F−	ions	have	been	integrated	into	the	surface	lattice	of	the	Mn3O4	particle	materials.

Table	2	Binding	energies	of	Mn2p	and	the	doublet	splitting	energy	of	pure	and	fluorine	doped	Mn3O4	samples.

alt-text:	Table	2

Sample Mn	2p	(eV) Spin	energy	gap	(eV)

2p3/2 2p1/2

Mn3O4-850 °C/22h 642.1 653.4 11.3

Mn3O4-1000 °C/40h 641.8 653.1 11.3

F-	Mn3O4-850 °C/22h 641.9 653.7 11.8

F-Mn3O4-1000 °C/40h 641.7 653.5 11.8

Indeed,	from	the	XRD	and	XPS	data,	it	can	be	concluded	that	fluorination	of	the	Mn3O4	material	was	successfully	carried	out.	The	chemistry	of	this	fluorination	process	in	may	be	related	to	the	decomposition	of	the	NH4F	to	the

NH3	and	HF	in	a	humid	condition	(i.e.,	creation	of	an	acidic	environment),	which	allows	for	an	anion-exchange	reaction	between	F−	and	O2−	ions	thereby	creating	oxygen-ion	vacancies	at	the	particle	surface.	At	the	high	temperature

Fig.	3	(a-f)	XPS	spectra	of	O	1s	and	F	1s	states	of	the	pristine	and	17 wt%	NH4F-modified	Mn3O4-850 °C/22h,	and	1000 °C/40h	samples.

alt-text:	Fig.	3



used	in	this	work,	it	is	expected	that	the	NH3	and	H+	ions	from	the	acidic	HF	will	be	liberated	from	the	lattice,	further	creating	surface	defects.

The	morphological	effects	of	the	un-doped	and	F-doped	Mn3O4	samples	were	evaluated	using	Field	emission	scanning	electron	microscopy	(FE-SEM)	as	shown	in	Fig.	4a-d.	The	morphology	of	Mn3O4-850 °C/22h	(Fig.	4a)	and

Mn3O4-1000 °C/40h	(Fig.	4c)	demonstrates	the	crystalline	nature	of	the	particles.	The	as-prepared	material	gave	an	oval/microsphere-like	morphology	(≥200 nm	diameter),	while	the	F-doped	samples	gave	a	sphere-like	morphology	(ca.

50 nm	 diameter).	 This	 dramatic	 change	 in	micron-sized	morphology	 to	 nano-sized	 spheres	 upon	 doping	 with	 fluorine	 is	 a	 clear	 indication	 of	 the	 effect	 of	 the	 successful	 fluorination	 process.	 The	mechanism	 for	 this	 interesting

transformation	is	not	fully	understood	at	this	time,	but	suffice	it	to	say	that	fluorination	process	inhibits	nucleation	process	but,	together	with	heating,	encourages	segregation	of	particle	to	the	nano-spherical	particulate	sizes	(i.e.,	top-

down	nanostructuring).	The	nano-spherical	particles	are	uniformly-distributed	and	linked	with	one	another	in	chain-like	formation.	It	is	well	known	in	the	battery	research	community	that	spherical	particles	are	the	most	suitable	or

preferred	for	industrial	application	due	to	their	improved	packing	density.	That	allows	for	good	fluidity	of	particles,	excellent	tap	density	and	homogeneous	distribution	of	the	redox-active	transition	metal,	Fe	and	Mn.	The	changes

arising	from	the	fluorination	may	be	associated	with	similar	reasons	previously	propounded	by	Jin	et	al.	[39]:	the	ability	of	fluorine	to	co-ordinate	with	manganese	cations	and	partially	replace	oxygen	atoms,	and	act	as	a	capping	agent,

thus	 influencing	 the	 materials	 strong	 adsorption	 on	 the	 surface.	 Clearly	 indicate	 the	 effect	 of	 the	 F-doping,	 corroborating	 the	 XRD,	 XPS	 and	 SEM	 results.	 TEM	 images	 of	Mn3O4-850 °C/22h,	 F-Mn3O4-850 °C/22h	 and	 F-Mn3O4-

1000 °C/40h	samples	are	shown	in	Fig.	5(a-d).	Mn3O4-	850 °C/22h	contains	spherical	and	oval	shaped	particles	in	the	range	of	sub-micron	size,	F-Mn3O4-850 °C/22h	and	F-Mn3O4-1000 °C/40h	display	spherical	and	nano-sized	particles.

The	dark	spots	in	Fig.	5c,	d	might	be	due	to	the	overlapping	of	particles.	In	addition,	the	EDX	spectra	and	mapping	images,	exemplified	of	F-Mn3O4-850 °C/22h	(Fig.	6).	In	the	images,	the	fluorine	was	randomly	distributed	while	the

other	elements	were	uniformly	distributed	in	the	samples.	From	the	EDX	spectrum,	the	estimated	atomic	ratio	of	Mn:O	is	1:	30.45,	while	for	the	F-Mn3O4	the	ratio	of	Mn:O:F	is	1:	24.63:	0.41.

Fig.	4	(a-d)	FE-SEM	images	of	pure	and	doped	samples.	(a)	Mn3O4-850 °C/22h,	(b)	F-Mn3O4-850 °C/22h,	(c)	Mn3O4-1000 °C/40h	and	(d)F-Mn3O4-1000 °C/40h

alt-text:	Fig.	4



The	CV	curves	of	pure	and	F-doped	Mn3O4	prepared	at	850 °C/22h	and	1000 °C/40h	are	shown	in	Fig.	7(a-d).	In	the	first	cycle	of	all	the	compounds	(pure	and	F-doped),	the	cathodic	peak	at	about	∼0.6 V	vs	Li/Li+	corresponds	to

the	decomposition	of	the	electrolyte	which	causes	the	SEI	film	formation	on	the	electrode	surface	[19,46,47].	However,	the	SEI	formation	peak	current	area	is	slightly	smaller	in	the	F-doped	samples	compared	to	un-doped	samples.

Fig.	5	TEM	images	of	Mn3O4-850 °C/22h	(a,	b)	high	and	low	magnifications,	F-Mn3O4-	850 °C/22h	(c)	and	F-Mn3O4-1000 °C/40h	(d).

alt-text:	Fig.	5

Fig.	6	Typical	EDX	and	mapping	images	of	F-Mn3O4-850 °C/22h

alt-text:	Fig.	6



The	thorny	cathodic	peak	below	at	0.2 V	vs	Li/Li+	represent	the	reduction	of	manganese	oxide	[19,46].	After	the	first	cycle,	the	peak	at	0.6 V	vs	Li/Li+	disappear	and	the	spiky	peak	shifts	to	∼0.35 V	vs	Li/Li+,	suggesting	that	the

SEI	formation	and	the	structural	changes	during	the	lithium-ion	insertion	process	only	take	place	during	the	first	cycle.	While	the	strong	anodic	peak	at	about	1.3 V	vs	Li/Li+	observed	in	all	the	samples	is	due	to	the	oxidation	reaction	of

the	metallic	manganese	to	manganese	ion.	The	conversion	reaction	mechanism	for	Mn3O4	material	during	lithiation	and	de-lithiation	process	can	be	followed	by	the	equations	[19,24,39,48,49].

The	integrated	area	of	the	peak	current	for	the	F-Mn3O4-850 °C/22h	(Fig.	7c)	increases	with	increasing	cycles,	but	then	stabilizing	at	the	9th	cycle.	On	the	other	hand,	the	area	of	the	peak	current	for	the	F-Mn3O4-1000 °C/40h

sample	(Fig.	7d)	did	not	show	a	significant	change	from	the	2nd	to	the	10th	cycle.	In	contrast,	the	area	of	the	peak	current	for	the	un-doped	samples	(Fig.	7a	and	b)	decreases	with	increasing	cycle	number,	signifying	capacity	fading.

The	results	of	the	CV	evolutions	indicate	that	the	F-doped	samples	give	high	specific	capacity	and	good	cycling	properties	compared	to	the	un-doped	samples.

Next,	we	subjected	the	four	samples	to	galvanostatic	discharge-charge	cycling	at	a	current	density	of	100 	mA g−1	with	the	potential	window	of	0.005–3.0 V	(Fig.	8a	and	b)..	First	discharge	profiles	of	Mn3O4-850 °C/22h	(Fig.

8a(i)),	 F-Mn3O4-850 °C/22h	 (Fig.	 8a(ii)),	Mn3O4-1000 °C/40h	 (Fig.	 8a(iii))	 and	F-Mn3O4-1000 °C/40h	 (Fig.	 8a(iv))	 show	 a	 sloping	 voltage	 in	 the	 range	 from	1.2	 to	 0.35 V	 vs	 Li/Li+	 corresponding	 to	 the	 formation	 of	 solid	 electrolyte

interphase	(SEI)	film	and	the	reduction	process	of	the	lithium	to	manganese	oxide	[15,19,23,31].	The	wide	plateau	at	∼0.35 V	Li/Li+	is	due	to	further	reduction	of	the	MnO	to	Mn;	the	plateau	for	the	F-doped	samples	are	much	wider

than	 those	 of	 the	 un-doped	 samples,	 which	 is	 a	 further	 indication	 of	 the	 unique	 effect	 of	 the	 fluorination	 process.	 However,	 the	 nominal	 voltage	 of	 F-doped	 (ca.	 0.73	 and	 0.78 V	 vs	 Li/Li+	 for	 F-Mn3O4-850 °C/22h	 and	 F-Mn3O4-

1000 °C/40h)	is	lower	than	the	un-doped	samples	(ca.	0.9	and	0.8	V	vs	Li/Li+	for	Mn3O4-850 °C/22h	and	Mn3O4-1000 °C/40h)	atin	the	first	cycle.

Fig.	7	(a-d)	CV	curves	of	Ppure	and	doped	Mn3O4	materials.	(a)	Mn3O4-850 °C/22h,	(b)	Mn3O4-1000 °C/40h,	(c)	F-Mn3O4-850 °C/22h	and	(d)	F-Mn3O4-1000 °C/40h,	at	the	scan	rate	of	0.1 mV s−1,	with	the	potential	window	of	0.005–3.0 V.

alt-text:	Fig.	7

8Li+	+	Mn3O4	+	8e−	↔	3Mn(0)	+	4Li2O (1)



The	first	charge	profile	of	all	the	samples	shows	a	voltage	plateau	at	1.3 V	vs	Li/Li+,	could	be	associated	with	the	oxidation	reactions	of	Mn	to	Mn3O4.	The	overall	first	discharge	capacities	of	the	compounds	were	1179,	1174	and

1610,	1686	mAh	g−1	for	un-doped	and	F-doped	samples,	which	is	almost	1.2	to	1.6	times	greater	than	the	theoretical	capacity	of	Mn3O4	(937	mAh	g−1).	The	high	capacity	is	related	to	the	conversion	process	of	Mn,	Li2O	formation	and

SEI	 film	 formation	 [23,31].	 However,	 all	 the	materials	 are	 suffered	 from	 the	 initial	 irreversible	 capacity	 loss	 (ICL)	 (i.e.	 397	 for	Mn3O4-850 °C/22h,	 554	 for	Mn3O4-1000 °C/40h,	 542	 for	 F-Mn3O4-850 °C/22h	 and	 663	 for	 F-Mn3O4-

1000 °C/40h)	which	may	be	related	to	incomplete	conversion	reaction	and	the	formation	of	the	SEI	layer.	In	the	following	(2nd)	discharge	cycle	of	all	the	samples	(Fig.	8	b),	the	peak	at	0.35 V	is	shifted	to	0.5 V	vs	Li/Li+,	while	the	same

plateau	at.1.2 V	vs	Li/Li+	are	observed	in	the	charge	cycle,	however,	the	same	nominal	voltage	of	ca.0.6V	vs	Li/Li+	was	observed	for	pure	and	fluorine	doped	Mn3O4	samples.	The	respective	2nd	cycle	specific	capacity	of	pure	and	F-

Mn3O4-850 °C/22h	and	F-Mn3O4-1000 °C/40h	samples	are	782,	620	and	1068,	1023	mAh	g−1,	with	the	corresponding	coulombic	efficiencies	between	∼86	and	90%.

The	cycling	performances	of	pure	and	F-Mn3O4	samples	are	shown	in	Fig.	8	(c).	The	pure	Mn3O4-850 °C/22h	showed	gradual	capacity	fading	from	the	initial	cycle	until	the	end	of	the	100th	cycles,	while	Mn3O4-1000 °C/40h

showed	continuous	fading	up	to	80th	cycle	(420	mAh	g−1),	then	started	preserving	almost	the	same	capacity	until	the	end	of	the	100th	cycle	(416	mAh	g−1),	but	its	specific	capacity	was	lower	than	Mn3O4-850 °C/22h	(553	mAh	g−1).	The

superior	electrochemical	properties	of	Mn3O4-850 °C/22h	over	its	counterpart	(Mn3O4-1000 °C/40h)	may	be	related	to	its	crystalline	morphology	and	the	particles	arrangement	in	the	system	(more	uniform	spherical	morphology)	which

allows	for	the	enhancement	of	lithium-ion	storage	performance.	However,	both	pure	materials	experience	high	capacity	fading	and	low	capacity,	consistent	with	CV	data.	The	F-Mn3O4-850 °C/22h	and	F-Mn3O4-1000 °C/40h	reveal	high

specific	capacity	with	good	cycling	stability,	compared	to	the	pure	samples.	In	the	beginning	cycles	of	both	samples,	the	capacity	faded	gradually	and	then	started	maintaining	the	cycling	stability	and	the	capacity,	which	is	in	good

agreement	with	the	CV	data.	The	overall	specific	capacity	at	100th	cycle	of	Mn3O4-850 °C/22h,	Mn3O4-1000 °C/40h,	F-Mn3O4-850 °C/22h	and	F-Mn3O4-1000 °C/40h	was	553,	416	and	990,	783	mAh	g−1,	with	respective	capacity	retention

of	73,	67,	87	and	77%,	respectively.	The	couluombic	efficiency	of	all	the	compounds	is	given	in	Fig.	S2	which	is	around	90%	till	first	very	few	cycles	and	upon	cycling	the	coulu	ombic	efficiency	was	around	99%.	The	comparison	results

of	our	materials	with	the	reported	literature	conducted	at	100	cycles	are	given	in	Table	3.

Table	3	Comparing	the	electrochemical	cycling	performance	of	our	materials	with	the	available	literature.

alt-text:	Table	3

Mn3O4	material Reversible	capacity	(mAh	g−1) Current	rate	(mA	g−1) Capacity	retention ref

Fig.	8	First	(a)	and	second	(b)	discharge-charge	cycles	of	Mn3O4-850 °C/22h	(i),	F-Mn3O4-850 °C/22h	(ii),	Mn3O4-1000 °C/40h	(iii)	and	F-Mn3O4-1000 °C/40h	(iv),	(c)	cycling	performance	of	all	the	compounds	and	(d)	Rate	performance	of	all	the	materials

cycled	with	different	current	densities	of	200,	500,	1000	and	2000 mA g−1	at	the	potential	window	of	0.005–3.0 V.

alt-text:	Fig.	8



1st	cycle after	aging

Mn3O4@C	nanorod	by	solvo-thermal	reaction 1246 473
after	50	cycles

40 68 [10]

Sponge-like	Mn3O4	by	simple	precipitation 1327 800
after	40	cycles

117 92 [15]

Order	aligned	Mn3O4	by	electrochemical	route 919 882
after	85	cycles

936 96 [16]

Mn3O4@TiO2
by	hydrogeneration

∼1300 392
after	100	cycles

500 ∼85 [18]

Mn3O4@H-TiO2	by	hydrogeneration ∼1210 615
after	100	cycles

500 ∼100 [18]

Mesoporous	Mn3O4	nanotube	by	hydrogen	reduction ∼920 641
after	100	cycles

500 ∼91 [21]

Mn3O4/Fe3O4	nano-flowers	by	etching 1625 600
after	50	cycles

100 55 [22]

Mn3O4	hollow	spheres	by	aerosol	based	droplet	to	particle 1609 ∼980
after	140	cycles

200 ∼89 [24]

Mn3O4/MWCNT	nanocrystals	by	solvo-thermal	reaction 1380 592
after	50	cycles

100 63 [26]

Mn3O4/GO	by	co-precipitation 949 792
after	50	cycles

100 83.5 [28]

Mn3O4by	microwave	hydrothermal 1300 496
after	50	cycles

40 58 [30]

Mn3O4/GS	by	microwave	hydrothermal 1354 900
after	50	cycles

40 ∼100 [30]

Mn3O4	ordered	mesoporous	carbon	by	carbonization 1843 802
after	50	cycles

100 90 [35]

Nitrogen-Graphene	doped	Mn3O4	by	hydrothermal	method 1275 800
after	40	cycles

200 89 [19]

Mn3O4@F	by	molten	salt	method 1221 615
after	100	cycles

100 75 [39]

Mn3O4/RGO	by	refluxing 1005 553
after	50	cycles

120 80 [48]

Mn3O4/GNS	by	in-situ	transformation	in	an	aqueous 1600 500
after	40th	cycles

60 72 [49]

Mn3O4	-850 °C/22h 1179 553
after	100	cycles

100 73 This	work

F-Mn3O4-850 °C/22h 1610 990
after	100	cycles

100 88 This	work

Mn3O4-1000 °C/40h 1174 415
after	100	cycles

100 67 This	work



after	100	cycles

F-Mn3O4-1000 °C/40h	by	simple	and	easy	route	of	heating 1686 783
after	100	cycles

100 77 This	work

The	rate	performance	of	the	F-doped	and	un-doped	Mn3O4	materials	are	summarised	in	Fig.	8	(d).	The	coin	cells	were	run	at	various	current	densities	of	200,	500,	1000	and	2000 mA g−1	and	directly	swapped	back	to	the	initial

current	density	of	200 mA g−1	in	order	to	establish	the	stability	of	the	cells	after	experiencing	a	series	of	high	current	densities.	For	all	the	cells,	the	reversible	capacity	decreases	as	the	current	density	increases.	Specific	capacity	of	F-

doped	and	un-doped	Mn3O4	samples	of	the	initial	(1st	cycle)	and	final	(20th	cycle)	are	listed	in	Table	4.	As	seen	in	Table	4,	un-doped	Mn3O4	samples	exhibit	moderately	high	capacity	at	initial	cycles,	but	undergo	severe	capacity	fading

and	low	specific	capacity	at	high	current	densities.	The	F-doped	samples	show	the	opposite	results,	wherein	the	specific	capacities	improve	due	to	F-doping;	at	the	current	densities	of	200,	500,	1000	and	2000 mA g−1,	the	specific

capacities	are	1061,	604,	460,	131	and	649,	476,	347,	216	mAh	g−1	for	the	F-doped	Mn3O4-	850 °C/22h	and	Mn3O4-1000 °C/40h	materials.	After	deep	cycling	at	2000 mA g−1,	 the	electrodes	 (F-doped	Mn3O4-850 °C/22h	and	Mn3O4-

1000 °C/40h)	can	recover	the	specific	capacity	of	around	656	and	491	mAh	g−1	when	the	current	density	was	reduced	back	to	200 mA g−1.	At	high	current	density	(2000 mA g−1),	F-Mn3O4-1000 °C/40h	shows	a	retrieved	specific	capacity

of	almost	1.65	times	greater	than	that	of	F-Mn3O4-850 °C/22h	sample.	The	capacity	retention	at	200 mA g−1	after	examining	at	high	current	densities	(200,	500,	1000	and	2000 mA g−1)	was	86	and	95%	for	F-Mn3O4-850 °C/22h	and	F-

Mn3O4-1000 °C/40h,	respectively.	Nonetheless,	F-Mn3O4-850 °C/22h	exhibited	highest	capacity	than	the	F-Mn3O4-1000 °C/40h.	The	fluorine	doped	Mn3O4	materials	(850 °C/22h	and	1000 °C/40h)	showed	highest	capacity	at	all	current

densities,	demonstrating	the	high	power	capability	of	the	electrodes,	which	is	higher	than	the	other	different	structured	Mn3O4	materials	and	its	composites	[10,18,19,22,24,28,48,49].	The	improved	rate	capability	of	the	F-doped	cells

is	indicative	of	enhanced	charge	transportation	possibly	due	to	the	dopant	creating	high	defects	for	enhanced	lithium-ion	diffusion	[41,50].	Also,	our	fluorination	has	been	able	to	create	nanoparticles	to	facilitate	large	accommodation

of	volume	change	during	Li-ion	insertion	and	extraction	process.

Table	4	Rate	capability	data	(discharge	capacities)	at	different	current	densities	(1stand	20thcycle)	of	200,	500,	1000	and	2000 mA g−1	and	the	data	observed	from	Fig.	8d.
alt-text:	Table	4

Anode	materials Current	density	(mA	g−1)

200 500 1000 2000 200

Capacity	(mAh	g−1)-cycles Capacity	(mAh	g−1)-cycles Capacity	(mAh	g−1)-cycles Capacity	(mAh	g−1)-cycles Capacity	(mAh	g−1)	-	cycles

1st 20th 1st 20th 1st 20th 1st 20th 1st 100th

Mn3O4-850/22h 1358 806 680 408 318 108 49 18 869 499

F-Mn3O4-850/22h 1457 962 604 560 460 402 131 112 656 566

Mn3O4-1000/40h 1175 450 391 308 260 214 148 103 269 425

F-Mn3O4-1000/40h 1386 616 476 472 347 316 216 209 491 465

To	understand	the	effect	of	fluorination	on	the	kinetic	properties	of	Li+	ions	of	the	anode	materials	(Mn3O4),	the	electrochemical	impedance	spectroscopy	(EIS)	experiments	was	ere	carried	out	on	the	various	coin	cells	before

cycling	(open	circuit	voltage,	OCV≈	2.6 V)	and	after	cycling	(100th	cycle,	OCV).	The	Nyquist	plots	(Real	vs.	Imaginary)	of	all	the	materials	(Fig.	9a-d)	were	fitted	using	an	electrical	equivalent	circuit	(Fig.	9e),	details	of	which	have	been

described	elsewhere	[51,52].	In	the	Nyquist	plots,	the	dotted	and	the	straight	line	represents	the	experimental	and	fitted	data,	respectively.	The	fresh	cells	of	all	the	samples	show	a	single	depressed	semicircle	in	the	high	frequency

region,	which	is	attributed	to	the	combination	of	surface	film	and	the	charge	transfer	resistance	(R(sf+ct))	and	constant	phase	elements	(CPE(sf+dl)).	The	Rsf	arises	due	to	the	Li+	ion	passage	through	the	solid-electrolyte	interphase	(SEI)

film,	 and	 the	 Rct	 is	 due	 to	 the	 electrode/electrolyte	 interface	 [53].	 The	 constant-phase	 element	 (CPE	 (sf+dl))	 represents	 the	 surface	 film	 and	 double	 layer	 capacitance	 (Cdl),	 which	 is	 used	 instead	 of	 pure	 capacitor	 due	 to	 the

inhomogeneous	nature	of	the	electrodes.	The	inclined	slope	in	the	low	frequency	region	of	the	Nyquist	plot	is	the	Warburg-type	behaviour	of	the	electrodes	which	describes	the	resistance	of	the	solid-state	diffusion	of	Li+	ions	through

the	lattice	and	the	intercalation	capacitance	of	the	compounds	[54,55].	The	values	of	the	fitting	EIS	parameters	are	summarised	in	Table	5.	The	associated	(R(sf+ct))	and	(CPE(sf+dl))	values	are	532,455,295,248	(±5Ω)	and	32,21,31,31

(±3 μF)	or	pure	and	F-doped	Mn3O4	(850 °C/22h	and	1000 °C/40h),	respectively.	The	α-values	are	in	the	range	of	0.63–0.73,	validating	our	choice	for	the	CPE	rather	than	the	Cdl.	The	values	of	the	electrolyte	resistance	(R1)	are	12,	10

and	12,	8	(±0.5Ω)	for	pure	and	F-doped	Mn3O4	materials,	respectively.	Understandably,	spectra	observed	after	cycling	(pure	and	doped	Mn3O4)	are	qualitatively	different	from	those	obtained	for	fresh	cells	since	the	electrode	process

that	has	taken	place	in	the	composites.	The	second	depressed	semicircle	is	now	well-developed	in	the	mid-low	frequency	range,	which	clearly	describes	the	bulk	resistance	(Rb)	due	to	the	electronic	conductivity	of	the	active	material



and	ionic	conductivity	of	electrolyte	in	the	pores	of	the	composite	electrodes.	Also,	the	development	of	the	Rb	is	made	possible	by	the	structural	modification	of	the	electrodes	during	cycling.	The	observed	R(sf+ct)	and	Rb	values			after

100th	cycle	are	so	small	than	fresh	cell	of	at	44,	8,	10	(±5Ω)	and	56,	10,	16	(±3Ω)	for	pure	Mn3O4-850 °C/22h	and	F-doped	Mn3O4-850 °C/22h	and	Mn3O4-1000 °C/40h	samples,	respectively.	On	the	other	hand,	the	Mn3O4-1000 °C/40h

exhibits	only	one	semicircle	after	cycling	and	observed	R(sf+ct)value	is	90	(±5Ω).

Table	5	Fitted	impedance	parameters	of	pure	and	doped	Mn3O4	materials	by	using	the	equivalent	circuit.

alt-text:	Table	5

Material Aging	cells R1	(±0.5Ω) R(sf+ct)	(±5Ω) CPE(sf+dI)	(±3 μF) α	(±0.02) Rb	(±3Ω) CPE(sf+ct)	(±3 μF) Ws	(±10Ω) Ci	(F)

Mn3O4-850 °C/22h Fresh	cells 12 532 32 0.69 – – 1165 0.01

100th	cycle 14 44 34 0.89 56 28 197 0.05

F-Mn3O4-850 °C/22h Fresh	cells 10 455 21 0.65 – – 1186 –

100th	cycle 7 8 32 0.71 10 26 92 0.21

Mn3O4-1000 °C/40h Fresh	cells 12 295 31 0.73 – – 1085 –

100th	cycle 20 90 30 0.88 – – 131 0.05

Fig.	9	Nyquist	plots	of	pure	(a)	Mn3O4-850 °C/22h,	(b)Mn3O4-1000 °C/40h	and	F-doped	(c)	F-Mn3O4-850 °C/22h,	(d)	F-Mn3O4-1000 °C/40h	materials	at	fresh	cell	(OCV)	and	after	aging	cells	(100th	cycles)	and	(e)	displays	the	equivalent	electrical	circuit	used	for

fitting	the	elements	of	all	the	spectra.

alt-text:	Fig.	9



F-Mn3O4-1000 °C/40h Fresh	cells 8 248 31 0.64 – – 1369 –

100th	cycle 11 10 24 0.88 16 21 104 0.25

The	relatively	small	electrolyte	resistance	(R1)	of	7	and	11Ω	are	found	to	be	noticed	for	fluorine	doped	Mn3O4-	850 °C/22h	and	Mn3O4-1000 °C/40h,	which	is	 less	than	pure	doped	materials	of	14	and	20Ω	after	cycling.	The

smallest	 surface	 resistance	 of	 F-doped	materials	might	 be	 due	 to	 the	 corrosion-resistant	 effect	 of	 fluorine,	which	 protects	 the	 electrode	 surface	 from	 the	 undesirable	 attack	 of	HF	 from	 the	 decomposition	 of	 the	 electrolyte.	 The

intercalation	capacitance	(Ci)	reflecting	the	occupation	of	the	lithium-ion	into	the	inserted	site	was	found	to	be < 1 F at	OCV	and	after	cycling	electrodes,	which	indicates	that	the	absence	of	solid-state	diffusion	of	Li	ions	into	the	anode

matrix	[2].	It	is	to	be	noted	that,	the	observed	low	Rct	values	of	the	doped	compounds	after	cycling	indicate	the	easy	insertion	and	de-insertion	of	lithium	ions	during	cycling,	which	is	a	further	effect	of	F-doping.	Consequently,	high

specific	capacity	should	be	obtained	for	F-doped	Mn3O4	materials,	which	is	good	agreement	with	the	rate	capability	performance	test.	In	general,	our	EIS	data	provide	critical	insight	into	the	charge-transfer	properties	of	the	anode

materials	as	a	result	of	the	fluorination	process.	From	the	Nyquist	plots	of	Fig.	9,	it	is	observed	that	the	fresh	cells	give	higher	impedance	compared	to	the	aged	ones,	which	is	indicative	of	the	poor	interfacial	properties	of	the	fresh

cells.	The	improved	interfacial	properties	of	the	aged	cells	may	be	related	to	the	activation	of	the	electrode	materials	by	electrochemical	cycling.	Such	activation	may	arise	from	structural	re-organiszation	to	allow	for	improved	lithium-

ion	diffusivity	within	the	crystalline	lattice	structure.

The	enhanced	electrochemical	performance	of	 the	 fluorinated	Mn3O4	materials	 (in	 terms	of	 cycling	performance	 and	 lower	 impedance)	 could	be	 associated	with	 the	 successful	 surface	 fluorination	 of	 the	materials.	 Some

researchers	[56–59]	have	made	similar	observation	for	lithium-ion	battery	layered	cathode	materials,	but	not	for	Mn3O4	anode	materials.	Hausmannite	Mn3O4	has	long	been	known	as	a	tetragonally	deformed	spinel	material	due	to	the

so-called	Jahn-Teller	(JT)	effect	[60].	 JT	effect	 is	 the	 leading	cause	of	capacity	 fade	 in	spinel	electrode	materials	 for	 lithium-ion	batteries.	Thus,	 the	reason	for	the	 improved	cycling	stability	 for	 the	F-Mn3O4	may	be	ascribed	to	the

improved	structural	properties	of	the	pristine	Mn3O4	by	the	fluorination	process.	Partial	fluorination	is	known	to	lead	to	the	‘disappearance’	of	the	Jahn-Teller	effect	[61].	Fluorination	also	decreases	cell	interfacial	impedance,	which

benefits	fast	lithium-ion	transfer	kinetics.	The	integration	of	the	fluorine-ion	into	Mn3O4	surface	crystal	lattice	should	assist	in	stabilizing	the	surface	structure	during	electrochemical	cycling	process.

4	Conclusion
Hausmanite-Mn3O4	anode	materials	for	application	in	lithium-ion	batteries	were	directly	synthesized	from	a	low-cost	EMD	using	facile	two-step	heat-treatment	processes	at	different	temperatures	and	times.	The	structure	and

the	purity	of	the	final	products	were	confirmed	with	XRD	and	XPS	data.	Unlike	the	as-prepared	anode	materials,	the	F-doped	counterparts	showed	enhanced	capacity,	cyclability	and	charge-transfer	properties.	Indeed,	fluorination	of

EMD-derived	Mn3O4	confer	on	the	anode	material	an	industrially-preferred	spherical	micro-structured/nanostructured	morphology,	promising	an	important	synthetic	route	for	the	development	of	a	simple	and	low-cost	preparation	of

Mn3O4	with	improved	physico-electrochemical	properties.
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