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1 	 | 	 INTRODUCTION

Iron	oxide	is	among	the	most	relevant	nanomaterials	now-
adays.	It	is	special	in	the	sense	that	it	occurs	in	different	
crystallographic	 phases	 that	 manifest	 their	 own	 proper-
ties.	 Iron	 oxide	 particles	 are	 utilized	 in	 applications	 like	
biomedicine,1,2	 magnetorheological	 fluids,3,4	 and	 mag-
netic	 resonance	 imaging5,6	 in	 the	 two	 strongly	 magnetic	
phases,	 magnetite	 (Fe3O4)	 and	 maghemite	 (γ-	Fe2O3),	

and	in	gas	sensors,7,8	catalysts,9,10	and	lithium-	ion	batter-
ies11,12	in	the	antiferromagnetic	hematite	(α-	Fe2O3)	phase.	
Other	phases,	whose	potential	has	been	less	studied,	also	
exist.13,14	 Because	 different	 phases,	 or	 even	 phase	 mix-
tures,	provide	varying	 functionalities,	 there	 is	 interest	 to	
develop	methods	that	offer	efficient	synthesis	with	control	
over	the	phase	composition.

Different	 synthesis	 methods	 offer	 their	 own	 advan-
tages.	 Several	 chemical	 methods	 can	 provide	 careful	

Received:	2	June	2021	 |	 Revised:	12	July	2021	 |	 Accepted:	19	July	2021

DOI:	10.1002/ces2.10102		

R E S E A R C H  A R T I C L E

Crystallographic phase formation of iron oxide particles 
produced from iron nitrate by liquid flame spray with 
a dual oxygen flow

Miika Sorvali1  |   Mari Honkanen2 |   Leo Hyvärinen3 |   Ritva Kuisma4 |   
Jussi Larjo5 |   Jyrki M. Mäkelä1

This	is	an	open	access	article	under	the	terms	of	the	Creat	ive	Commo	ns	Attri	bution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	provided	
the	original	work	is	properly	cited.
©	2021	The	Authors.	International	Journal of Ceramic Engineering & Science	published	by	Wiley	Periodicals	LLC	on	behalf	of	American	Ceramic	Society

1Aerosol	Physics	Laboratory,	Physics	
Unit,	Faculty	of	Engineering	and	
Natural	Sciences,	Tampere	University,	
Tampere,	Finland
2Tampere	Microscopy	Center,	Tampere	
University,	Tampere,	Finland
3Engineering	Materials	Science,	
Materials	Science	and	Environmental	
Engineering	Unit,	Faculty	of	
Engineering	and	Natural	Sciences,	
Tampere	University,	Tampere,	Finland
4Research	Center	Terra,	Tampere	
University,	Tampere,	Finland
5Oseir	Ltd,	Tampere,	Finland

Correspondence
Miika	Sorvali,	Aerosol	Physics	
Laboratory,	Physics	Unit,	Faculty	of	
Engineering	and	Natural	Sciences,	
Tampere	University,	P.O.	Box	692,	FI-	
33014	Tampere,	Finland.
Email:	miika.sorvali@tuni.fi

Funding information
TUT/TAU	Graduate	school

Abstract
We	fabricated	iron	oxide	particles	from	iron(III)	nitrate	in	a	liquid	flame	spray	
synthesis.	Unlike	in	most	liquid	flame	spray	studies,	we	implemented	a	secondary	
oxygen	flow.	The	effect	of	the	gas	flow	setup	and	two	additives	to	the	precursor	
solution,	oxalic	acid	and	citric	acid,	on	the	resulting	particles	was	studied,	with	
the	 focus	 on	 crystallographic	 phase	 composition.	 The	 synthesis	 yielded	 either	
pure	 maghemite	 or	 maghemite/hematite	 mixed	 phase	 powders.	 For	 solutions	
without	additives,	the	maghemite	fraction	was	almost	linearly	dependent	on	the	
equivalence	ratio.	The	specific	surface	area	was	highest	for	the	smallest	equiva-
lence	 ratios,	 then	 decreased,	 and	 increased	 again	 for	 the	 highest	 values.	 Some	
variation	was	observed	between	samples	with	equal	equivalence	ratios	but	 the	
total	oxygen	flow	divided	differently	between	the	two	oxygen	channels,	a	higher	
atomization	flow	promoting	larger	hematite	fraction,	and	higher	specific	surface	
area.	Both	additives	reduced	the	amount	of	hematite	in	the	powder	samples,	cit-
ric	acid	being	the	more	efficient	one.	Citric	acid	slightly	raised	the	specific	surface	
area,	whereas	oxalic	acid	dropped	it	in	half.
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control	of	the	particle	properties,	whereas	simplicity,	pro-
duction	 speed,	 and	 upscalability	 are	 generally	 regarded	
as	perks	of	flame	methods.	However,	the	fine	tuning	and	
the	controllability	of	the	end	product	is	often	challenging	
in	a	flame,	where	temperatures	are	high	and	time	scales	
extremely	short.	Liquid	flame	spray	(LFS),	a	specific	type	
of	flame	spray	pyrolysis	(FSP)	method,	is	in	the	focus	of	
this	article.	Due	to	the	difficulty	of	studying	the	very	early	
stages	of	particle	 formation	in	flame	synthesis,	more	ex-
perimental	research	is	required	to	discover	all	the	contrib-
uting	factors.	One	of	the	still	unclear	parts	of	the	process	
is	the	formation	mechanisms	of	different	phases	and	the	
factors	 that	 determine	 the	 eventual	 phase	 composition.	
Our	goal	is	to	shed	a	little	more	light	into	these	processes	
through	a	specific	experimental	setup.

This	 study	 aims	 to	 build	 on	 the	 previous	 paper	 by	
Sorvali	et	al15	that	focused	on	factors	affecting	the	phase	
of	iron	oxide	nanoparticles	produced	in	an	LFS	synthesis	
from	iron(III)	nitrate.	The	two	main	factors	studied	in	the	
previous	study	were	as	 follows:	(a)	 the	equivalence	ratio	
(φ),	 controlled	 through	 adjusting	 O2	 and	 H2	 gas	 flows,	
when	using	pure	alcohols	as	solvents,	and	(b)	substituting	
part	of	the	alcohol	with	a	carboxylic	acid	in	the	precursor	
solution.	The	material	primarily	consisted	of	maghemite	
and	hematite.	φ,	meaning	the	amount	of	substance	ratio	
between	 the	 oxygen	 fed	 to	 the	 flame	 compared	 to	 stoi-
chiometric	combustion	conditions,	was	observed	to	have	
a	 strong	 correlation	 with	 the	 maghemite/hematite	 ratio.	
However,	when	part	of	the	alcoholic	solvent	was	replaced	
with	 carboxylic	 acid,	 the	 hematite	 phase	 disappeared,	
and	the	amount	added	had	an	impact	on	the	particle	size	
distribution.

Here,	 we	 switched	 the	 burner	 to	 another	 design	 that	
allowed	more	flexible	adjustment	of	the	gas	flows,	thereby	
reaching	 lower	 equivalence	 ratios	 by	 enabling	 higher	
amounts	of	oxygen	to	be	fed	into	the	flame	zone.	Since	the	
burner	offered	more	complex	 flow	mechanics,	 the	effect	
of	varying	the	flow	setup	was	also	inspected.	In	addition,	
we	 explored	 the	 effect	 of	 dissolving	 citric	 acid	 (CitA)	 or	
oxalic	acid	(OxA)	as	an	additive	to	the	precursor	solution.	
The	hypothesis	was	 that	 these	additives	could	cause	 the	
formation	of	citrate	and	oxalate	complexes	in	the	flame	as	
intermediate	species,	changing	the	reaction	pathways	and	
possibly	impacting	the	phase	composition	analogously	to	
the	assumed	effect	for	carboxylic	acid.

2 	 | 	 EXPERIMENTAL

2.1	 |	 Materials

The	 precursor	 used	 was	 iron(III)	 nitrate	 nonahydrate	
(FeN)	(Fe(NO3)3·9H2O,	98+%	(metals	basis),	Alfa	Aesar).	
The	 solvents	 and	 the	 additives	 used	 were	 methanol	
(MeOH;	 EMSURE®	 ACS,	 Reag.	 Ph	 Eur,	 Merck),	 etha-
nol	(EtOH)	(99.5+%,	Altia	Oyj),	citric	acid	monohydrate	
(99.5+%,	Tamro	Oyj),	and	oxalic	acid	(98%,	Alfa	Aesar).

2.2	 |	 Nanoparticle synthesis

All	 samples	were	produced	with	LFS,	whose	basic	prin-
ciples	 are	 described	 in	 the	 literature.16–	18	 Traditionally	
in	LFS,	a	single	hydrogen	flow	and	a	single	oxygen	flow	
are	used	to	produce	a	turbulent	H2/O2	flame,	whereinto	a	
liquid	precursor	solution	is	atomized	with	one	of	the	two	
gas	flows.	Most	of	the	published	research	utilizing	LFS	has	
been	conducted	in	this	sort	of	a	setup	and	a	burner	with	
only	two	gas	channels.	However,	we	chose	another	burner	
design	(earlier	referred	to	as	KP	burner	by	Aromaa	et	al16)	
that	has	been	used	in	a	few	recent	studies.19–	22	With	this	
burner,	 a	 small	 additional	 nitrogen	 flow	 is	 often	 added	
between	 the	 other	 flows	 to	 push	 the	 flame	 further	 from	
the	burner	head,	 thus	keeping	it	clean.16	We	substituted	
this	nitrogen	flow	with	a	secondary	oxygen	flow.

The	burner	has	four	gas	channels	as	depicted	in	Figure	1,	
which	makes	adjusting	the	process	more	flexible	compared	
to	the	other	burner	design	with	only	two	channels.	With	a	
single	flow,	there	came	a	point	when	the	pressure	drop	grew	
too	large	to	increase	the	flow	further,	so	the	only	way	to	raise	
the	amount	of	oxygen	in	the	flame	zone	(in	an	atmospheric	
synthesis	process)	was	through	an	addition	of	a	secondary	
oxygen	flow.	The	choice	of	the	specific	gas	flow	setup	will	be	
addressed	in	the	Results	and	discussion	section.

The	atomizing	O2	 flow	rate	was	varied	between	5	and	
15  slpm,	 and	 the	 secondary	 O2	 flow	 was	 between	 5	 and	
60 slpm.	The	H2	flow	was	fixed	at	10 slpm,	so	we	will	be	
referring	 to	 the	 atomizing	 oxygen	 flow	 rate	 and	 the	 total	
oxygen	flow	rate	simply	by	atomization	flow	(Qat)	and	total	
flow	 (Qtot).	 The	 iron	 nitrate	 precursor	 concentration	 was	
0.54 M,	which	 translates	 to	30 mg	of	Fe	atoms	per	ml	of	
precursor	solution.	The	concentration	was	slightly	lowered	

F I G U R E  1  A	schematic	of	the	burner	
head	and	the	gas	flow	setup	used	in	the	
synthesis
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from	the	previous	study	to	ensure	complete	solubility	of	all	
species	in	every	precursor	solution.	The	precursor	solution	
feed	rate	was	fixed	at	2 ml/min,	so	Qtot	was	the	variable	that	
practically	defined	the	equivalence	ratio	in	each	case.	For	
CitA	and	OxA	samples,	 the	additive	was	dissolved	 in	 the	
precursor	 solution	 after	 the	 dissolution	 of	 iron	 nitrate	 in	
methanol.	The	samples	were	collected	as	a	powder	with	an	
electrostatic	precipitator	described	by	Sorvali	et	al.15

2.3	 |	 Atomization measurements

The	 atomization	 measurements	 were	 performed	 with	 a	
HiWatch	HR2	instrument	from	Oseir	Ltd.	The	instrument	
utilizes	localized	extinction	of	a	multi-	pulse	laser	beam	for	
particle	 detection.	 Extremely	 rapid	 stroboscopic	 backlight	
illumination	 is	 used	 to	 record	 spray	 cross-	section	 images	
that	are	processed	in	order	to	calculate	droplet	diameter	and	
velocity	distributions,	among	other	measures.	The	working	
principle	 is	described	 in	more	detail	by	Koivuluoto	et	al.23	
The	measurements	were	performed	with	an	ethanol	feed	of	
1,	2,	and	4 ml/min	into	a	single	oxygen	flow	that	was	varied	
between	3	and	15	slpm.	The	lower	cut	size	of	diameter	meas-
urement	was	between	4	and	5	µm,	because	the	instrument	
could	 not	 distinguish	 droplets	 smaller	 than	 that.	 Ethanol	
was	chosen	instead	of	methanol	for	safety	reasons.

2.4	 |	 Characterization and sample 
preparation

X-	ray	 powder	 diffraction	 (XRD;	 Panalytical	 Empyrean,	
monochromatized	 CoKα	 radiation)	 was	 used	 to	 charac-
terize	 the	 crystal	 structures	 present	 in	 the	 samples.	 The	
phase	 compositions	 were	 calculated	 from	 the	 XRD	 data	
with	 Rietveld	 refinement	 by	 BRASS	 2	 program.24	 The	
crystal	structure	models	used	for	iron	oxide	were	obtained	
from	 American	 Mineralogist	 Crystal	 Structure	 Database	
(AMCSD)	with	the	codes	0020585	for	maghemite	(space	
group	Fd-	3m)	and	0000143	for	hematite	(space	group	R-	
3c),	as	in	the	previous	study.15

Transmission	electron	microscope	 (TEM;	 JEOL	JEM-	
F200)	was	utilized	 to	 image	particles.	The	TEM	samples	
were	prepared	by	dispersing	sample	powders	ultrasonically	
in	ethanol	and	dipping	a	grid	 in	 the	suspension.	Braun-	
Emmett-	Teller	(BET)	measurements	were	performed	with	
Micromeritics	 FlowSorb	 III	 2035/2310	 in	 a	 single-	point	
mode	to	assess	the	specific	surface	areas	(SSA)	of	the	sam-
ple	powders.	SSA	describes	the	total	surface	area	per	mass	
unit	 (m2/g).	 The	 values	 were	 calculated	 as	 averages	 of	
measurements	from	two	distinct	samples	of	each	powder,	
which	together	amounted	to	around	10%–	30%	of	the	total	

powder	volume.	The	measured	samples	were	degassed	in	
200°C	for	2 h.

3 	 | 	 RESULTS AND DISCUSSION

3.1	 |	 Iron nitrate in pure methanol

In	 the	 previous	 study,15	 methanol,	 ethanol,	 and	 isopro-
panol	were	used	as	solvents.	Since	the	choice	between	the	
three	 had	 a	 relatively	 small	 effect	 on	 the	 phase	 compo-
sition,	we	chose	methanol	 for	this	study,	because	it	was	
observed	 to	be	 the	most	effective	 in	dissolving	additives	
and	provided	the	most	stable	solutions	in	the	long	term.

Determining	 a	 suitable	 gas	 flow	 setup	 required	 some	
experimentation.	Since	the	burner	has	three	gas	channels	
in	 addition	 to	 the	 atomization	 channel,	 the	 secondary	
O2	 flow	 and	 the	 H2	 flow	 could	 be	 positioned	 in	 several	
ways	 (Figure	 1).	 The	 secondary	 O2	 flow	 was	 placed	 in	
the	 third	 channel,	 since	 using	 channel	 2	 led	 to	 signifi-
cant	accumulation	of	material	onto	the	burner	head.	This	
was	most	likely	due	to	swirling	flows	directed	toward	the	
liquid	channel.	When	it	was	placed	further	from	the	liq-
uid	channel,	the	swirls	weakened,	greatly	decreasing	the	
accumulation.	Placing	the	hydrogen	flow	between	the	two	
oxygen	flows	also	had	a	similar	fouling	effect	than	using	
channel	2	for	oxygen.	The	burning	would	initiate	earlier,	
again	 leading	 to	material	accumulation,	so	 it	was	put	 in	
the	outermost	channel.

The	starting	point	of	this	study	was	reaching	for	lower	
φ	values	than	previously	by	modifying	the	setup	to	allow	
feeding	 higher	 amounts	 of	 oxygen	 into	 the	 flame	 zone.	
Due	 to	 the	 complex	 flow	 mechanics	 resulting	 from	 the	
additional	 O2	 flow,	 we	 also	 wanted	 to	 study	 how	 the	
division	of	the	total	flow	between	the	two	channels	affects	
the	process	and	the	end	product.	In	theory,	adjusting	the	
flow	division	should	impact	the	local	flame	temperatures,	
turbulence,	and	the	residence	time	of	the	particles	in	the	
flame.

We	 initially	 chose	 three	 different	 atomization	 flows	
(Qat  =  5,	 10,	 15  slpm)	 and	 total	 flows	 (Qtot  =  20,	 35,	
65 slpm).	A	total	of	11 samples	were	produced:	three	sam-
ples	per	each	total	flow	and	atomization	flow	(3 × 3 sam-
ples),	plus	two	extra	samples	(Qtot = 45,	55 slpm)	for	the	
10  slpm	 atomization	 flow.	 With	 this	 setup,	 a	 φ	 range	 of	
0.10–	0.33	was	achieved,	and	therefore,	we	continued	down	
from	where	we	 left	off	 in	 the	previous	 study	 (0.32–	1.76).	
Figure	 2  shows	 the	 calculated	 weight	 fraction	 of	 ma-
ghemite	(the	rest	was	hematite)	as	a	function	of	φ,	along-
side	 the	 results	 from	 the	 previous	 study,15	 obtained	 with	
another	burner	design.	The	Rietveld	plots	and	refinement	
parameters	are	presented	in	Figures	S1–	S4	and	Table	S1.



4 |   SORVALI et al.

Just	 like	 before,	 the	 equivalence	 ratio	 had	 a	 strong	
correlation	 with	 the	 maghemite/hematite	 weight	 ratio.	
However,	 there	 are	 two	 clear	 differences	 to	 the	 previous	
results:	the	shape	of	the	curve	for	higher	equivalence	ratios	
and	the	position	of	the	curve	on	the	φ	axis.	With	the	other	
burner,	 we	 covered	 a	 wide	 φ	 range.	 In	 the	 low	 end,	 the	
relationship	 seemed	quite	 linear,	but	as	we	moved	 to	an	
equivalence	ratio	of	roughly	0.5,	the	curve	started	to	flatten	
out,	 and	 eventually	 saturated	 at	 around	 90%	 maghemite	
fraction.	 This	 saturation	 was	 hypothesized	 to	 be	 caused	
by	oxygen	diffusion	from	the	surrounding	air	as	the	flame	
conditions	became	very	anoxic.	Now	that	we	only	moved	
in	very	low	equivalence	ratios,	the	relationship	remained	
fairly	linear	for	the	whole	range,	and	no	saturation	was	ob-
served.	Maybe	the	additional	oxygen	flow	helped	keep	the	
flame	zone	atmosphere	better	controlled.

Switching	 the	burner	and	 the	 flow	setup	surprisingly	
shifted	the	curve	toward	lower	φ	values.	The	same	equiv-
alence	 ratio	 of	 0.32–	0.33	 that	 earlier	 produced	 around	
50/50	 phase	 ratio	 resulted	 in	 even	 pure	 maghemite	 (for	
Qat = 5 slpm),	which	could	not	be	reached	at	all	with	the	
other	burner.	This	shift	made	a	wider	range	of	phase	com-
positions	available	 in	both	directions.	 If	we	assume	 that	
the	25%	reduction	in	precursor	concentration	did	not	play	
a	significant	role	here,	the	differing	flow	setup	should	be	
the	reason	for	the	discrepancy.	The	change	in	the	experi-
mental	setup	could	lead	to	differences	in	the	temperature	
field,	which	might	be	one	of	the	key	factors	explaining	the	
shift	of	the	curve.	Temperatures,	in	any	case,	are	expected	
to	decrease	with	φ,	as	the	oxygen	flow	increases.	Another	
difference	separating	this	study	from	the	previous	one	is	
the	 way	 φ	 was	 varied.	The	 low	 φ	 range	 allowed	 it	 to	 be	

controlled	simply	by	adjusting	the	oxygen	flows,	whereas	
the	hydrogen	flow	needed	to	be	changed	in	order	to	reach	
higher	equivalence	ratios.	It	would	be	interesting	to	exper-
iment	if	the	curve	remained	identical,	if	the	equivalence	
ratio	was	controlled	by	adjusting	the	hydrogen	flow	also	
with	this	burner.

Even	though	the	phase	composition	does	not	seem	to	
be	very	sensitive	to	how	the	total	flow	is	divided	between	
the	 two	oxygen	channels,	 some	differences	 in	 the	phase	
composition	 among	 the	 three	 atomization	 flows	 are	
observable.	 For	 the	 65  slpm	 total	 flow,	 the	 phase	 ratio	
was	roughly	the	same	for	all	three	atomization	flows,	but	
the	difference	grew	as	the	total	flow	was	lowered.	For	the	
35	and	20 slpm	total	flows,	the	highest	atomization	flow	
resulted	 in	 the	 highest	 amount	 of	 hematite.	 If	 a	 linear	
fit	 was	 made	 separately	 for	 each	 atomization	 flow,	 the	
slope	 would	 decrease	 with	 a	 growing	 atomization	 flow.	
Therefore,	the	correlation	between	φ	and	the	phase	ratio	
was	slightly	stronger	for	lower	atomization	flows.

We	were	also	interested	in	other	properties	of	the	pro-
duced	particles,	so	let	us	next	take	a	look	at	how	the	SSA	
correlates	with	the	phase	composition.	Figure	3	presents	
the	BET	results	from	two	perspectives.	Figure	3A	portrays	
SSA	as	a	 function	of	Qtot	 for	different	atomization	 flows	
and	Figure	3B	as	a	function	of	Qat	for	different	total	flows.

The	 BET	 results	 are	 not	 straightforward	 to	 interpret	
against	the	Rietveld	results.	The	SSA	values	varied	between	
29	and	87 m2/g,	which	correspond	to	calculated	average	par-
ticle	sizes	of	around	39	and	13 nm,	respectively.	The	highest	
average	SSA	values	were	attained	with	the	lowest	total	flow	
of	20 slpm.	When	Qtot	was	 increased	to	35 slpm,	 the	SSA	
dropped	for	every	Qat.	We	assume	this	to	principally	signal	
an	increase	in	the	residual	particle	volume.	Simultaneously,	
a	significant	increase	in	the	hematite	fraction	occurred.	For	
the	 10  slpm	 atomization	 flow,	 the	 SSA	 slightly	 decreases	
further	 with	 the	 raising	 of	 the	 secondary	 oxygen	 flow	 by	
10	 and	 20  slpm,	 but	 much	 less	 dramatically	 compared	 to	
the	first	 increment.	However,	 for	the	highest	total	 flow	of	
65 slpm,	the	SSA	jumped	up	for	all	atomization	flows.	Since	
the	hematite	fraction	grew	continuously	with	increasing	φ,	
SSA	does	not	unequivocally	correlate	with	it.

As	 Figure	 3B	 exhibits,	 SSA	 values	 increased	 on	 aver-
age,	when	a	larger	portion	of	the	total	flow	was	shifted	to	
the	atomization	channel.	However,	the	65 slpm	total	flow	
seems	to	be	a	special	case	also	in	this	sense,	since	similarly	
to	the	hematite	fraction,	the	SSA	was	practically	indepen-
dent	of	Qat.	For	the	two	lower	total	flows,	the	higher	he-
matite	fraction	correlated	with	a	higher	SSA.

Because	 the	 SSA	 strongly	 depends	 on	 particle	 mor-
phology	 in	 addition	 to	 the	 size	 distribution,	 the	 BET	
results	 should	 be	 inspected	 in	 conjunction	 with	 TEM	
images.	The	particles	could	generally	be	divided	into	two	
modes:	ultrafine	primary	particles	(PP)	and	larger	residual	

F I G U R E  2  The	maghemite	fraction	of	the	sample	powders	as	a	
function	of	equivalence	ratio.	The	results	obtained	in	the	previous	
study	for	another	burner	are	plotted	in	grey	for	comparison.	The	
total	oxygen	flows	(Qtot)	are	marked	for	the	three	φ	values	(0.10,	
0.19	and	0.33),	where	Qat	was	varied,	but	Qtot	kept	constant
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particles	(RP).	The	PP	mode	consisted	of	quite	a	narrow	
distribution	 of	 particles	 below	 10  nm	 that	 covered	 most	
of	the	TEM	sample	areas,	excluding	the	65 slpm	samples.	

Figure	4 shows	TEM	images	of	PPs	from	20 slpm	samples	
as	 a	 function	 of	 atomization	 flow.	 The	 average	 particle	
sizes	were	calculated	by	picking	random	areas	dominated	
by	 the	PP	mode	and	measuring	all	discernible	particles,	
amounting	 to	 a	 few	 hundred	 particles	 per	 sample.	 The	
average	 PP	 sizes	 were	 not	 calculated	 for	 other	 samples,	
since	the	individual	particles	became	too	difficult	to	dis-
tinguish,	especially	for	higher	total	flows.	Some	examples	
of	these	are	presented	in	Figure	S5.

The	PP	size	for	20 slpm	samples	ranged	mostly	from	3	
to	7 nm.	As	 the	atomization	 flow	 increased,	 the	particle	
size	 decreased.	 A	 somewhat	 similar	 trend	 was	 observed	
for	35 slpm	samples,	which	implies	that	a	higher	atomi-
zation	flow	promotes	a	smaller	PP	size.	This	variation	in	
the	average	PP	size	is	probably	one	of	the	main	factors	ex-
plaining	the	differences	in	SSA	between	the	different	at-
omization	flows,	depicted	in	Figure	3B.	However,	all	the	
calculated	BET	particle	sizes	are	clearly	greater	than	those	
calculated	for	the	PP	mode,	so	all	samples	most	likely	con-
tain	residual	particles.

The	RP	mode	should	have	a	more	pronounced	effect	on	
the	SSA	compared	to	the	PP	mode,	since	large	particles	raise	
it	even	in	relatively	small	numbers.	We	assume	increasing	
the	 total	 flow	 from	 20	 to	 35  slpm	 caused	 an	 increase	 in	
the	RP	mode	volume,	thus	lowering	the	SSA	values,	but	
for	the	higher	total	flows,	the	situation	becomes	trickier.	
As	total	flow	increased	to	45	and	55 slpm,	the	SSA	values	
still	decreased	slightly,	but	with	65 slpm,	they	jumped	up.	
The	relatively	high	SSA	of	around	60 m2/g,	which	applied	
to	every	65 slpm	sample,	implies	that	most	of	the	powder	
would	consist	of	primary	particles.	However,	all	the	TEM	
images	point	to	a	different	direction,	as	the	sample	areas	
were	 dominated	 by	 residual	 particles.	 Figure	 5  shows	
some	TEM	images	of	samples	with	10 slpm	atomization	
flow.	More	TEM	images	of	65 slpm	samples	are	shown	in	
Figure	S6.F I G U R E  3  Specific	surface	areas	as	a	function	of	(A)	Qtot	and	

(B)	Qat

F I G U R E  4  TEM	images	of	primary	
particles	from	samples	with	total	
oxygen	flow	of	20 slpm.	The	average	
primary	particles	sizes	were	calculated	
arithmetically	from	a	random	area	in	the	
micrographs,	and	the	error	bars	refer	to	
standard	deviations
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It	 seems	 that	 as	 the	 total	 flow	 was	 raised,	 the	 num-
ber	of	irregularly	shaped	and	hollow	particles	increased.	
Since	 hollow	 particles	 are	 often	 formed	 due	 to	 uneven	
evaporation,	the	temperature	drop	resulting	from	larger	
oxygen	flow	would	understandably	increase	their	num-
ber.	For	the	65 slpm	samples,	the	PP	mode	seemed	very	
scarce	and	hollow	RPs	dominated.	We	did	not	find	many	
residual	particles	in	the	original	20 slpm	TEM	samples,	
but	test	samples	heat-	treated	in	200	and	400°C	revealed	
a	RP	mode	with	solid	particles	dominating	(Figure	S7).	
Presumably,	the	heat	treatment	should	not	have	a	great	
impact	 on	 the	 residual	 particle	 morphology.	 In	 other	
words,	hollow	particles	 remain	hollow.	We	assume	this	
increase	of	hollow	particles	to	raise	the	SSA	values,	since	
hollow	 particles	 have	 a	 low	 effective	 density	 compared	
to	solid	particles.	TEM	imaging	only	covers	a	very	small	
portion	 of	 the	 total	 sample	 volume,	 so	 this	 hypothesis	
cannot	 be	 completely	 verified.	 However,	 if	 this	 con-
clusion	 is	 correct,	 the	 hematite	 fraction	 could	 be	 more	
tightly	 linked	 to	 the	 number	 of	 hollow	 particles	 rather	
than	 residual	 particles,	 the	 PP	 mode	 consisting	 of	 pri-
marily	maghemite.	This	would	also	explain	why	no	clear	
differences	are	observed	between	the	widths	of	the	XRD	
peaks	 corresponding	 to	 maghemite	 and	 hematite,	 be-
cause	the	shell	of	hollow	particles	could	only	contain	rel-
atively	small	crystallites.

To	try	to	understand	where	the	differences	between	the	
samples	arise,	we	should	examine	the	atomization	and	the	
flame	structure.	One	of	the	main	reasons	for	the	discrep-
ancies	between	the	samples	with	the	same	total	flow	but	

differing	atomization	 flows	could	emerge	 from	the	vary-
ing	flame	lengths.	Even	though	the	theoretical	φ	was	con-
stant,	the	flame	length	did	not	correlate	with	it	linearly,	as	
has	been	stated	for	FSP	by	Mädler	et	al.25	This	relationship	
seems	 to	 be	 very	 dependent	 on	 the	 experimental	 setup.	
Figure	6 shows	the	measured	flame	lengths	for	the	three	
total	flow	combinations.

For	the	highest	 total	 flow,	 the	flames	were	very	short	
for	all	cases,	which	was	expected	in	very	oxic	conditions.	
However,	 at	 lower	 total	 flows,	 the	 flame	 length	 became	
strongly	dependent	on	the	flow	division.	Growing	atomi-
zation	flow	presumably	increases	turbulence	in	the	flame	
zone,	 leading	 to	 flame	 contraction.	 The	 differences	 in	
average	PP	size	observed	between	the	different	atomiza-
tion	flows	probably	stem	from	this	phenomenon,	since	a	
shorter	flame	promotes	a	shorter	residence	time,	and	thus	
a	 lower	 PP	 size.	 Flame	 contraction	 also	 causes	 steeper	
temperature	gradients	compared	to	long	flames.	Short	res-
idence	times	and	rapid	quenching	have	been	observed	to	
be	some	of	the	governing	factors	in	the	phase	formation	of	
titanium	oxide	in	FSP,26,27	so	they	could	promote	hematite	
formation.

When	estimating	the	residence	time,	the	particle	veloc-
ity	 also	 needs	 to	 be	 taken	 into	 account.	We	 can	 use	 the	
atomization	measurements	to	help	examine	the	situation.	
Figure	7 shows	the	measured	mean	droplet	velocities	and	
diameters	as	a	function	of	atomization	flow	for	three	dif-
ferent	ethanol	feed	rates.	The	data	point	referring	to	drop-
let	velocity	at	1 ml/min	feed	rate	and	3 slpm	atomization	
flow	was	assumed	to	be	a	measurement	error.

The	 droplet	 velocity	 behaved	 quite	 interestingly.	
With	 low	 atomization	 flows,	 the	 velocity	 increased	 as	
the	flow	was	raised,	but	at	around	6–	7 slpm	the	velocity	
peaked,	and	 the	 turbulence	presumably	started	 to	 take	

F I G U R E  5  Transmission	electron	microscope	images	of	
residual	particles	in	samples	with	10 slpm	atomization	flow

F I G U R E  6  Flame	length	as	a	function	of	total	flow	for	
different	atomization	flows



   | 7SORVALI et al.

over.	 From	 there	 on,	 the	 velocity	 decreased	 quite	 lin-
early	until	12–	13 slpm.	This	means	that	even	though	the	
velocity	of	the	gas	emerging	from	the	burner	head	the-
oretically	 grows	 when	 the	 atomization	 flow	 increases,	
the	residence	time	of	the	particles	in	the	flame	does	not	
necessarily	drop	as	dramatically.	This	might	allow	most	
of	 the	precursor	still	 to	evaporate	and	 form	nanoparti-
cles	with	15 slpm	atomization	flow,	although	the	flame	
is	very	short.

As	expected,	the	mean	droplet	size	decreased	with	the	
increasing	atomization	flow.	The	data	points	for	the	high-
est	atomization	flows	are	most	likely	a	bit	overestimated	
due	to	the	4–	5 µm	lower	cut	point	of	the	instrument,	since	
more	 sub-	5  µm	 particles	 are	 generated.	The	 decrease	 in	
average	droplet	size	also	means	that	the	residual	particles	
with	15 slpm	atomization	flow	are	likely	smaller	on	aver-
age	compared	to	the	lower	flow	rates,	which	should	also	
contribute	to	their	highest	SSA	values.

3.2	 |	 Addition of citric acid and 
oxalic acid

The	effect	of	 citric	acid	and	oxalic	acid	as	additives	was	
studied	by	dissolving	various	amounts	of	them	in	the	pre-
cursor	 solution,	 while	 keeping	 other	 parameters	 fixed.	
The	“middle	point”	parameters	of	10 slpm	atomizing	flow	
and	 35  slpm	 total	 flow	 were	 chosen	 for	 all	 the	 samples.	
The	 additive-	to-	precursor	 ratios	 with	 respect	 to	 mass	
(Rm)	 and	 amount	 of	 substance	 (Rn)	 for	 different	 sam-
ples	 are	 presented	 in	 Table	 1	 with	 the	 calculated	 phase	
compositions	and	measured	SSA	values.	Figure	8 shows	
the	XRD	patterns	of	the	different	samples	with	the	most	
important	peaks	referring	to	maghemite	(γ)	and	hematite	
(α)	marked.	The	Rietveld	plots	and	refinement	parameters	
are	presented	in	Figures	S8	and	S9	and	Table	S2.

Both	 additives	 dramatically	 decreased	 the	 amount	 of	
hematite	that	was	otherwise	formed.	CitA	was	clearly	the	
more	 efficient	 of	 the	 two	 additives	 in	 this	 respect,	 since	
30%	of	the	mass	(around	60%	of	the	amount	of	substance)	
of	 iron	 nitrate	 was	 adequate	 to	 eliminate	 basically	 the	
whole	 hematite	 phase,	 and	 already	 half	 of	 that	 amount	
erased	most	of	 it.	Since	no	samples	with	 lower	amounts	
of	CitA	were	prepared,	we	do	not	know	how	very	small	
additions	 would	 behave.	 Much	 more	 OxA	 was	 required	
to	 eliminate	 the	 hematite	 phase,	 and	 even	 double	 the	
amount	 of	 substance	 compared	 to	 iron	 nitrate	 still	 left	
a	 noticeable	 (although	 barely)	 fraction	 in	 the	 sample.	
However,	we	are	not	aware	whether	a	further	increase	in	
the	amount	of	OxA	would	yield	the	same	result	as	a	lower	
amount	of	CitA.	This	difference	could	maybe	be	explained	
by	inspecting	the	two	molecules.	CitA,	having	three	car-
boxyl	groups	instead	of	two,	and	an	additional	OH	group,	
would	be	assumed	to	have	increased	steric	hindrance	and	
be	more	prone	to	forming	complexes	than	OxA.	Therefore,	
a	lower	amount	could	provide	the	same	effect.

The	 SSA	 results	 make	 an	 interesting	 distinction	
between	the	two	additives.	While	the	CitA	addition,	with	
all	tested	amounts,	slightly	increased	the	SSA,	OxA	addi-
tion	dropped	it	to	almost	half	of	the	additive-	free	precur-
sor	solution.	There	were	no	clearly	observable	differences	
in	 the	 PP	 size	 (shown	 in	 Figure	 S10),	 so	 the	 difference	

F I G U R E  7  Measured	mean	droplet	diameter	and	velocity	as	a	
function	of	Qat	for	three	different	feed	rates	of	ethanol.	The	graph	is	
divided	into	two	parts	referring	to	different	y-	axes

Sample Rm Rn

Maghemite 
fraction (%)

Hematite 
fraction (%)

SSA 
(m2/g)

Only	MeOH 0 0 57.7 42.3 48

OxA	1 0.12 0.55 76.2 23.8 29

OxA	2 0.46 2.05 95.5 4.5 25

CitA	1 0.15 0.30 93.5 6.5 51

CitA	2 0.30 0.58 99.3 0.7 55

CitA	3 1.00 1.92 99.5 0.5 55

T A B L E  1 	 The	additive-	to-	precursor	
ratios	for	mass	(Rm)	and	amount	of	
substance	(Rn),	the	weight	fractions	of	
each	phase,	and	SSA	values	for	different	
samples	with	oxalic	acid	or	citric	acid	as	
an	additive.
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most	likely	comes	from	larger	particles.	One	possibility	is	
that	there	are	more	hollow	residual	particles	in	the	sam-
ple	without	additives,	and	the	OxA	addition	reduces	their	
number,	simultaneously	increasing	the	number	of	solid	re-
sidual	particles.	Another	possibility	could	be	an	additional	
mid-	sized	particle	mode	that	seemed	to	be	especially	prev-
alent	in	the	OxA	2	sample	(Figure	S11).	The	TEM	sample	
showed	an	evenly	spread	collection	of	nanoparticles	in	the	
size	range	of	about	10–	50 nm.	The	origin	of	these	particles	
is	unknown,	but	they	could	explain	the	drop	in	SSA.	The	
different	 types	of	 intermediate	complexes	 formed	by	the	
two	additives	could	also	have	an	effect	here.

The	results	for	CitA	and	OxA	cannot	be	directly	com-
pared	 to	 the	 results	 for	 carboxylic	 acid	 addition	 in	 the	
previous	study,15	because	the	experimental	setup	was	dif-
ferent,	and	the	precursor	concentration	a	little	bit	higher.	
What	 makes	 the	 two	 situations	 somewhat	 comparable,	
though,	is	that	the	chosen	parameters	with	pure	methanol	
as	the	solvent	produced	very	similar	phase	compositions	
in	 both	 cases	 (42.3%	 vs	 44.6%	 of	 hematite).	 Already	 the	
lowest	amount	(5	vol-	%	of	the	solvent	mixture)	of	added	
2-	ethyl	hexanoic	acid	(EHA),	which	translates	to	Rm	and	
Rn	values	of	0.13	and	0.36,	caused	a	complete	elimination	

of	 hematite.	 A	 further	 EHA	 addition	 seemed	 to	 reduce	
the	RP	mode,	possibly	due	to	the	raised	heat	of	combus-
tion	(HOC)	of	 the	precursor	solution.	EHA,	as	a	solvent	
that	has	a	significantly	higher	HOC	than	methanol,	 is	a	
different	type	of	additive	compared	to	CitA	and	OxA	that	
need	to	be	dissolved	and	have	lower	HOC	values	per	vol-
ume	 than	methanol.	The	EHA	substitution	changed	 the	
particle	 distribution	 when	 increased	 in	 volume,	 while	
increasing	the	amount	of	CitA	seemed	to	only	have	a	very	
slight	effect.	Also,	CitA	can	only	be	dissolved	 in	 limited	
amounts.	On	the	positive	side,	it	is	quite	a	safe	and	readily	
accessible	chemical,	so	it	could	be	useful,	if	another	way	
to	eliminate	residual	particles	would	be	discovered.

We	are	not	aware	of	other	flame	synthesis	studies	per-
formed	with	similar	precursor	solutions	to	ours,	but	there	
are	some	studies	conducted	with	different	synthesis	meth-
ods	from	iron	citrate,	and	also	with	CitA	and	OxA	added	to	
an	iron	precursor.	In	a	reasonably	low	temperature	(max	
250°C)	 sol-	gel	 synthesis,	 pure	 maghemite	 was	 obtained,	
when	 FeN-	CitA	 mixture	 was	 used	 as	 the	 precursor.28	 A	
heat	 treatment	 of	 iron	 citrate	 at	 500°C	 also	 resulted	 in	
pure	maghemite.29	The	two	studies	that	reported	synthe-
sis	of	pure	hematite	from	FeN-	CitA	mixture,	both	had	a	
calcination	period	of	4–	6 h	at	600°C	in	the	end.30,31	Since	
they	 performed	 no	 analyses	 before	 the	 calcination,	 we	
cannot	be	certain	what	kind	of	a	phase	composition	was	
formed	before	it.	Maghemite	has	been	observed	to	trans-
form	into	hematite	at	around	600°C.32	Based	on	this	litera-
ture,	maghemite	would	likely	be	the	more	expected	phase	
to	be	obtained	with	CitA,	since	LFS	synthesis	happens	in	
a	very	short	time	period.	However,	chemical	processes	at	
high	temperatures	and	short	times	are	difficult	to	predict.

The	 results	 with	 OxA	 were	 more	 unexpected,	 because	
the	 literature	 we	 found	 on	 syntheses	 utilizing	 it	 resulted	
in	 hematite	 particles.	 Sol-	gel	 and	 thermal	 decomposition	
syntheses	from	FeN-	OxA	mixtures	have	been	performed	at	
400°C,	resulting	in	pure	hematite.33,34	A	chemical	synthesis	
at	250–	450°C	from	a	FeN-	OxA	mixtures,35	and	thermolysis	
at	155oC,36	both	also	resulted	in	pure	hematite.	These	stud-
ies	did	not	involve	a	calcination	period	at	a	high	tempera-
ture,	so	a	transformation	from	maghemite	to	hematite	was	
very	 unlikely.	 Considering	 this	 literature,	 hematite	 would	
have	been	the	more	expected	phase.	The	short	times	at	high	
temperatures	in	flame	synthesis,	however,	seem	to	change	
the	process	to	yield	mostly	maghemite.

4 	 | 	 CONCLUSIONS

We	 studied	 the	 underlying	 factors	 that	 determine	 the	
phase	 formation	 of	 iron	 oxide	 particles	 produced	 from	
iron	 nitrate	 in	 LFS	 synthesis.	 We	 continued	 from	 our	
previous	 paper15	 where	 another	 burner	 was	 used.	 The	

F I G U R E  8  The	XRD	patterns	of	samples	with	the	added	oxalic	
acid	or	citric	acid	in	the	precursor	solution.	The	growing	number	in	
the	sample	names	refer	to	increasing	amount	of	the	additive.	The	
main	peaks	of	maghemite	(γ)	and	hematite	(α)	are	marked	on	the	
bottom
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previously	used	burner	with	a	single	oxygen	flow	and	a	
single	hydrogen	flow	was	replaced	with	another	burner	
that	 enabled	 adding	 a	 secondary	 oxygen	 flow	 between	
the	atomizing	flow	and	the	hydrogen	flow.	This	allowed	
us	to	explore	how	the	process	behaves	in	extremely	low	
equivalence	 ratios	 (0.10–	0.33),	 compared	 to	 what	 we	
studied	 before	 (0.32–	1.76).	 We	 also	 studied	 how	 divid-
ing	 the	 total	 oxygen	 flow	 differently	 between	 the	 two	
gas	channels	affected	the	iron	oxide	particles,	when	the	
equivalence	 ratio	 remained	 constant.	 The	 second	 part	
of	 the	 study	 focused	 on	 the	 effect	 of	 adding	 citric	 acid	
or	oxalic	acid	to	the	precursor	solution,	while	other	pa-
rameters	were	kept	constant.	Phase	control	of	iron	oxide	
has	 previously	 been	 studied	 for	 at	 least	 atmospheric	
chemical	vapor	synthesis,37	and	FSP	synthesis	in	a	con-
trolled	 atmosphere,38,39	 where	 the	 burner	 is	 in	 a	 some-
how	enclosed	space,	but	not	in	an	open	flame	synthesis	
process.	 The	 effect	 of	 using	 different	 precursor-	solvent	
combinations	on	 the	phase	composition	of	Li4Ti5O12	 in	
FSP	synthesis	has	been	studied.40	Also,	EHA	has	earlier	
been	 added	 to	 iron	 nitrate	 solution,41	 but	 not	 from	 the	
perspective	of	the	phase	composition.

All	sample	powders	consisted	of	maghemite	or	a	mix-
ture	of	maghemite	and	hematite.	The	maghemite	 frac-
tion	correlated	quite	linearly	with	the	equivalence	ratio	
through	 the	 whole	 range,	 varying	 from	 around	 14%	 to	
100%.	In	the	previous	study,	the	maghemite	fraction	sat-
urated	at	around	90%	when	φ	was	raised.	The	curve	was	
also	clearly	shifted	toward	lower	φ	values	compared	to	
the	results	with	the	other	burner.	The	equivalence	ratio	
of	ca.	0.32	 that	earlier	resulted	 in	roughly	50/50	phase	
ratio	 produced	 even	 pure	 maghemite.	 This	 indicates	
that	the	correlation	between	φ	and	the	maghemite	frac-
tion	 is	 strongly	 dependent	 on	 the	 experimental	 setup.	
The	 specific	 surface	 area	 did	 not	 correlate	 with	 φ	 in	 a	
simple	 manner.	The	 highest	 SSA	 values	 were	 obtained	
with	the	lowest	φ,	then	decreasing,	but	jumping	up	for	
the	highest	φ.	This	phenomenon	might	have	been	con-
nected	to	the	residual	particle	morphology.	The	number	
of	 hollow	 particles	 seemed	 to	 increase	 with	 φ,	 which	
would	explain	relatively	high	SSA	values	for	the	largest	
total	oxygen	flow.

Some	 variation	 was	 observed	 between	 the	 samples	
with	 a	 constant	 equivalence	 ratio	 but	 differing	 oxygen	
flow	 division.	 A	 larger	 atomization	 flow	 promoted	 a	
higher	 hematite	 fraction	 and	 SSA.	 The	 higher	 SSA	 was	
likely	 connected	 to	 the	 decreasing	 primary	 particle	 size	
and	 the	 higher	 hematite	 fraction	 possibly	 to	 flame	 con-
traction.	However,	φ	was	still	the	main	factor	determining	
the	phase	composition.

Adding	both	oxalic	acid	and	citric	acid	lowered	the	he-
matite	fraction	in	the	samples.	Citric	acid	was	more	effi-
cient	than	the	two,	requiring	a	smaller	amount	to	produce	

pure	 maghemite.	 Oxalic	 acid	 addition	 significantly	 low-
ered	 the	 SSA	 compared	 to	 a	 pure	 methanol	 sample,	
whereas	citric	acid	slightly	 increased	 it.	The	 lowering	of	
the	SSA	for	oxalic	acid	was	possibly	due	to	the	formation	
of	a	mid-	sized	particle	mode	in	the	size	range	of	10–	50 nm.

We	 believe	 that	 this	 study	 provided	 valuable	 knowl-
edge	on	 the	 factors	 that	govern	phase	 formation	of	 iron	
oxide	particles	 in	FSP	synthesis,	but	a	 lot	more	research	
is	needed	to	fully	grasp	the	whole	process.	Especially,	the	
nucleation	 mechanisms	 of	 different	 phases	 and	 the	 way	
the	 precursor	 chemistry	 affects	 the	 process	 remain	 far	
from	complete	understanding.
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