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1 |  INTRODUCTION

Iron oxide particles generally occur in one of the four main 
crystallographic phases depending on the Fe oxidation state: 
magnetite (Fe3O4), maghemite (γ‐Fe2O3), hematite (α‐Fe2O3), 
or wüstite (FeO), of which the first three are technologically 
the most relevant.1,2 The majority of the applicable potential 
of magnetite and maghemite lies with their exceptional mag-
netic properties, whereas hematite possesses, among other 
things, promising catalytic properties. Applications utilizing 
magnetic particles include magnetic resonance imaging,3,4 
microfluidic systems,5,6 magnetorheological fluids,7,8 and 

biomedicine,9,10 while hematite has been used, for example, 
for lithium‐ion batteries,11,12 gas sensors,13 and catalysis.14,15

Magnetite is magnetically the strongest phase, but also 
maghemite possesses good magnetic properties and is more 
stable. In addition to the crystallographic phase, the particle 
size has a strong influence on both magnetic and catalytic 
properties. The unique magnetic properties stem from su-
perparamagnetism that emerges in the nanoscale, when an 
adequately small particle size is achieved. As the particle 
diameter reaches a critical limit of around 20 nm for mag-
netite,16,17 only one magnetic domain remains in each par-
ticle. A strong magnetization can then be rapidly switched 
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Abstract
Iron oxide nanoparticles were synthesized in a liquid flame spray process from 
iron(III) nitrate. The choice of chemicals and all other process parameters affects the 
crystallographic phase composition and the quality of the material. Adjustment of the 
solvent composition and the gas flow rates was used to control the phase composition 
of the produced particles. All samples consisted of pure maghemite (γ‐Fe2O3) or a 
mixture of maghemite and hematite (α‐Fe2O3). When using pure alcohols as sol-
vents, the maghemite/hematite phase ratio could be adjusted by changing the equiva-
lence ratio that describes the oxidation conditions in the flame zone. A large residual 
particle mode formed in the size range of ~20‐700 nm along with a dominant very 
fine particle mode (2‐8 nm). Both phases seemed to contain large particles. A partial 
substitution of methanol with carboxylic acids turned the hematite phase into magh-
emite completely, even though some of particles were possibly not fully crystallized. 
Residual particles were still present, but their size and number could be decreased 
by raising the heat of combustion of the precursor solution. 30 vol‐% substitution of 
methanol with 2‐ethylhexanoic acid was adequate to mostly erase the large particles.
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on and off with an external magnetic field. This fast mag-
netization switch is utilized, for instance, in magnetorheo-
logical fluids.7,8 For hematite, the small size of the particles 
mainly promotes their catalytic activity through an increase 
in surface area‐to‐volume ratio. Also, many other properties, 
such as particle shape, conductivity, and charge injection ef-
ficiency, affect the catalytic performance of different cata-
lysts.14 Therefore, it is important to discover more efficient, 
economic and environmental friendly ways of producing ul-
trafine iron oxide nanoparticles of different phases.

Iron oxide powders have been produced with a myriad 
of fabrication methods and they often consist of a mixture 
of phases. Chemical methods, such as co‐precipitation18 
and hydrothermal synthesis,19 generally provide good 
control over the particle properties but usually a noncon-
tinuous, batch‐type process, which complicates fast and 
large‐scale production. Gaseous precursors have been used 
in chemical vapor synthesis of controlled oxidation of iron 
nanoparticles.20 Physical methods like spray pyrolysis 
and especially flame synthesis21‒23 enable much higher 
production rates, but usually at the expense of process 
control. As large volumes are often required in industry, 
the physical methods provide a better basis for upscaling 
and often an adequate control over the end product. With 
high volumes, also the price of the precursor becomes ex-
tremely important. Therefore, fast and upscalable fabrica-
tion methods that can utilize inexpensive liquid precursors 
are economically excellent alternatives. One flame syn-
thesis method that checks many of these boxes and can be 
used for producing metal and metal oxide nanoparticles is 
liquid flame spray (LFS).24,25

Iron nitrate is an inexpensive and abundant precursor 
that easily dissolves in cheap and common solvents, which 
makes it an extremely good alternative for large‐scale pro-
duction.26 However, as for most nitrate precursors, effective 
and complete combustion is quite difficult to achieve, which 
often leads to a residual mode consisting of large particles. 
Strobel and Pratsinis21 produced maghemite, magnetite, 
and wüstite by Flame Spray Pyrolysis (FSP). The latter two 
were only produced in an enclosed chamber by restricting 
the amount of oxygen in the flame zone, and an open flame 
only led to maghemite phase. However, hematite has proven 
to be challenging to produce with flame synthesis methods. 
Buyukhatipoglu and Clyne27 were able to produce a mixture 
of maghemite and hematite in a flame synthesis by using 
an argon stream to deliver iron pentacarbonyl vapor into 
the flame zone. Finding new solutions to push the complete 
phase composition toward a single phase would be beneficial.

In this study, we investigated how the phase composition 
of LFS‐made iron oxide nanoparticles can be controlled by 
adjusting the gas flows and changing the solvent composi-
tion. A lot of literature is available on how different param-
eters, like dispersing gas flow, precursor concentration and 

feed rate, and the solvent properties, affect the synthesis 
conditions.28‒32 Due to the plethora of parameters affecting 
the end product, we focused specifically on iron nitrate as 
the precursor. We found no similar earlier studies that aim 
to control the hematite/maghemite ratio of flame‐synthesized 
iron oxide particles. Better tunability of the phase increases 
the versatility of the flame process in utilizing cost‐effetive 
nitrate‐based precursors. Because the detailed physical and 
chemical processes happening in the flame are still relatively 
unclear, studies like these can help achieve understanding of 
the fundamental processes.

The chemistry of the precursor solution and the flame 
conditions can be tuned to achieve a more oxidizing or a 
more reducing environment for particle production, leading 
to varying phase compositions.21,22 One measure that takes 
into consideration the interplay between many different pa-
rameters, and has been used in earlier studies to evaluate the 
oxidation conditions during FSP synthesis, is the so‐called 
equivalence ratio.21,33,34 It considers the amount of oxygen 
that is necessary for burning all the fuel present in the process 
(stoichiometric amounts) relative to the actual amount of ox-
ygen present and is defined as: 

where nfuel is the combined amount of substance from the 
hydrogen flow and the solvent of the precursor solution per 
unit time, and noxygen is the amount of substance of oxygen 
molecules coming from the oxygen flow per unit time.

2 |  EXPERIMENTAL

2.1 | Materials
The precursor used for all samples was iron(III) nitrate no-
nahydrate (Fe(NO3)3·9H2O, 98+% (metals basis), Alfa Aesar). 
The solvents used were methanol (MeOH) (EMSURE® ACS, 
Reag. Ph Eur, Merck), ethanol (EtOH) (99.5+%, Altia Oyj), 
isopropanol (IPA) (99.8+%, VWR International), 2‐ethyl-
hexanoic acid (EHA) (99%, Acros Organics), butanoic acid 
(ButA) (99%, Merck), and propanoic acid (PropA) (99.5+%, 
Honeywell Fluka).

Different alcohols were chosen to test the effect of com-
bustion enthalpy on the final product, as the solvents are 
chemically fairly similar. The three solvents have notable dif-
ferences in their heat of combustion (HOC): 726 kJ/mol for 
MeOH, 1367 kJ/mol for EtOH, and 2005 kJ/mol for IPA. If 
we consider the HOC per unit volume, the percentual differ-
ences between the alcohols narrow down: 17.92 kJ/mL for 
MeOH, 23.45 kJ/mL for EtOH, and 26.2 kJ/mL for IPA, but 
still clearly differ from each other.
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2.2 | Nanoparticle synthesis
Iron oxide powders were synthesized by LFS, described in 
more detail elsewhere.28,35 In short, an oxygen or a hydro-
gen gas flow is used to atomize a liquid precursor solution 
feed into a turbulent H2/O2 flame, where the droplets con-
sequently burn. In contrast to the majority of earlier LFS 
studies describing nanoparticle synthesis, we used the oxy-
gen flow for atomization in this study, as oxygen seemed 
to be more effective. The two gas flows emerge from two 
concentric annular orifices, so they can be easily switched, 
if desired. The H2 and O2 gas flow rates were varied be-
tween 20‐60  L/minutes and 12‐35  L/minutes, respec-
tively. The precursor concentration was kept constant for 
all cases, so that all precursor solutions contained 40 mg/
mL of Fe atoms, which translates to a molar concentration 
of 0.72 mol/L. Also, the liquid feed rate was mostly kept 
constant at 2 mL/minutes, which results in Fe atom flow 
of 80 mg/minutes through the flame, but a few exceptions 
were chosen in order to see if the liquid feed rate has a pro-
found effect on the phase ratio. All different samples are 
presented in Table 1 along with their equivalence ratios.

The powder samples were collected with an electro-
static precipitator that consisted of two nearly parallel metal 
plates, one of which had thin metal wires attached to it. The 
metal wires worked as corona needles when a high voltage 
(20‐35  kV) was applied to the plate. The other plate was 

grounded, creating a strong electric field between them. The 
flame was directed between the plates, so that the nanopar-
ticle flux moved through the electric field. The particles 
experienced electrical charging from the corona discharges 
present around the tip of the metal wires and a consequent 
deposition onto the grounded plate. The deposited particles 
were carefully scraped off the metal plate and collected in a 
container for analysis.

2.3 | Characterization and sample 
preparation
The crystal structure of the powders was characterized with 
X‐ray powder diffraction (XRD) (Panalytical Empyrean, 
monochromatized CuKα radiation 15° < 2θ < 70°). The re-
corded XRD patterns were analyzed by Rietveld refinement, 
using BRASS 2 program.36 The structure models used for 
the refinement were acquired 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). Since several models with 
different space groups were available for maghemite, the 
model used was chosen based on which gave the best fit 
for pure maghemite samples. Further structural information 
was obtained with a Raman microscope (Renishaw inViaTM 
Qontor®) that enabled simultaneous optical microscopy and 
the recording of Raman spectra from specifically chosen 

Sample Solvent composition

H2 flow 
rate (L/
min)

O2 flow rate 
(L/min)

Liquid feed 
rate (mL/
min) Ф

I1 IPA 60 20 4 1.76

I2 IPA 60 20 2 1.63

I3 IPA 30 30 2 0.39

I4 IPA 20 35 2 0.36

I5 IPA 20 35 1 0.32

E1 EtOH 60 20 4 1.73

E2 EtOH 60 20 2 1.61

E3 EtOH 30 30 2 0.58

E4 EtOH 20 35 2 0.35

E5 EtOH 20 35 1 0.32

M1 MeOH 33 15 2 1.21

M2 MeOH 20 35 2 0.33

ME1 MeOH + EHA (95/5 vol‐%) 20 35 2 0.33

ME2 MeOH + EHA (85/15 vol‐%) 20 35 2 0.34

ME3 MeOH + EHA (70/30 vol‐%) 20 35 2 0.34

ME4 MeOH + EHA (50/50 vol‐%) 20 35 2 0.35

MB MeOH + ButA (50/50 vol‐%) 20 35 2 0.34

MP MeOH + PropA (50/50 vol‐%) 20 35 2 0.34

T A B L E  1  The parameters of different 
samples. Oxygen was used as the atomizing 
gas in all cases



   | 197SORVALI et AL.

locations. The wavelength used for excitation was 532 nm. 
The Raman samples were prepared by attaching a piece 
of double‐sided tape on a microscope slide and spreading 
a small amount of a collected powder onto it. The powder 
samples were thick enough to eliminate any signal emanat-
ing from the substrate. With iron oxide nanoparticles, one 
must be very careful with the laser power, because magnet-
ite and maghemite are easily turned into other phases, if the 
intensity of the laser beam is too high.37,38 Therefore, a very 
low laser power (~0.3  mW) was chosen to prevent phase 
changes during the measurements.

The sizes and shapes of the particles were analyzed with a 
transmission electron microscope (TEM) (JEOL JEM‐F200). 
The TEM samples were prepared by dispersing powders in eth-
anol, followed by 15‐minutes ultrasonic bath to break large ag-
glomerates, and finally dipping a TEM grid with a carbon film in 
the dispersion. As the ethanol evaporated, the particles attached 
to the TEM grid sufficiently well. TEM imaging is a reliable 
way to analyze the precise size of the primary particles, but a 
TEM sample is always a very small representation of the whole 
powder, so we used the XRD results to interpret the whole pic-
ture. Due to various error sources and possible polydispersity, 
the XRD results cannot be directly translated into the actual size 
of the particles, but rather to indicate the presence of large parti-
cles, when combined with TEM studies. The average crystallite 
sizes can be obtained from Rietveld analyses.

3 |  RESULTS AND DISCUSSION

3.1 | Pure alcohols as solvents
XRD works well in distinguishing hematite from maghemite 
and magnetite, since there are several significant peaks with-
out overlap. Two of these distinct reflections are at 2θ angles 
of a little above 30° for maghemite/magnetite and 33° for 
hematite. Figure 1 shows these two peaks for three samples 
produced with EtOH as the solvent with varying gas flows. 
All of the patterns were scaled based on the 30° peak to dem-
onstrate the change in the ratio between the peak areas as the 
ratio of the gas flows shifts.

When there is more oxygen available in the flame zone, a 
larger portion of the produced particles formed in the more 
oxidized hematite phase. Li et al16 has stated that flame‐made 
iron oxide generally crystallizes as maghemite, and we did 
not come across any studies where hematite powder would 
have been fabricated directly in liquid‐fed FSP.

We used Rietveld refinement to quantify the weight per-
centages of each phase in each sample from the XRD results. 
The Rietveld plots for all samples and some chosen param-
eters are presented in Figures S1‐S6 and Table S1. As the 
hematite phase was difficult to fully refine in samples with 
low hematite fractions, there is more uncertainty for these. 
Because the following Raman results indicated that the 

samples consisted of only maghemite and hematite, we will 
not be mentioning magnetite from now on. By trying to figure 
out the correlation of different parameters to the phase com-
position, it turned out that the equivalence ratio (Ф) could 
be used to describe the phase behavior quite well. The iron 
nitrate precursor is not considered in the calculations, since 
it is assumed go through an endothermic decomposition re-
action.39 Because we used an atmospheric synthesis process, 
the theoretical amount of oxygen is most likely not the actual 
amount present due to possible oxygen diffusion from the 
surrounding air. Figure 2 depicts the calculated maghemite 
fraction as a function of equivalence ratio.

All of the samples with an alcohol as the solvent fall quite 
nicely on a curve, but there seems to be some effect, possibly 
originating from the differing chemistry of the solvents, that 
places most IPA samples above the EtOH samples. The effect 
of chain branching and carbon chain length could be stud-
ied by experimenting with different alcohols. In general, the 
HOC values do not seem to have a significant effect on the 
phase behavior. It looks like the maghemite fraction saturates 
at around Ф = 1, which could be a result of oxygen diffu-
sion from the surrounding atmosphere. As the oxygen flow in 
the flame decreases, the amount of diffused oxygen from the 
surroundings increases. Therefore, the real equivalence ratio 
probably cannot be raised much above 1 in an open flame 
setup. In contrast, the low end of the curve seems very sen-
sitive to changes in the equivalence ratio. With the synthesis 
setup used, it was difficult to obtain a stable flame with lower 
Ф values, so we did not go any lower. However, experiment-
ing with even lower equivalence ratios offers an interesting 
path for future work with experimental setup modification. 
It would be interesting to see how far down this curve can 

F I G U R E  1  Patterns of two XRD reflections for samples 
produced with ethanol as the solvent and varying gas flows. All 
intensities were normalized based on the 30° peak
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predict the phase composition. Based on these results, EtOH 
might be the best of these three alternatives for a solvent, 
when trying to reach higher hematite fractions.

Even though preceding literature indicates that open 
flame samples should contain maghemite but no magnetite, 
we wanted to confirm this with Raman microscopy. Figure 3 
shows the optical microscope images along with the recorded 
Raman spectra from the indicated locations for three samples 
with different gas flows. The calculated weight percentages 
from Rietveld refinement for each phase are presented above 
the micrographs for the corresponding samples. Also, typical 
spectra for hematite and maghemite along with characteristic 
features are marked.

The measurements of all samples basically only gave two 
kinds of spectra, or some combination of these, that can be 
identified as maghemite and hematite, based on the litera-
ture.37,38,40 None of the measurements gave a pattern that 
would clearly resemble that of magnetite, so we concluded 
that the powders comprise only maghemite and hematite. 
The hematite patterns show clearly the typical two A1g modes 
(226 and 500 cm−1) and the five Eg modes (245, 293, 298, 
413 and 612  cm−1).41 The peaks at 293 and 298  cm−1 are 
overlapping a bit, but they can be distinguished based on the 
shape of the peak. In addition to these, there is a residual 
peak at around 660  cm−1, which is often seen in hematite 
samples.37 According to Zoppi et al,42 it might originate from 
the lack of long‐range order or an impurity phase. The intense 
peak at 1320 cm−1 comes from a two‐magnon scattering aris-
ing from hematite's antiferromagnetic nature.38

Maghemite can be identified by four broad bands at around 
350, 500, 700, and 1440 cm−1.38,43 However, for maghemite the 
locations of the peaks are not as well determined as for hema-
tite. This might be due to the seeming uncertainty considering 
the exact structure of maghemite, as multiple possible structure 
models have been reported in the literature.44‒46 Nevertheless, 
the recorded patterns fit many reported patterns well. The three 

main peaks used for the identification refer to Raman active pho-
non modes T2g (365 cm−1), Eg (511 cm−1), and A1g (700 cm−1).47

The optical micrographs of samples with low hematite 
fractions gave mostly brown/green background with small 
yellowish dots here and there. If the spectrum from anywhere 
in the dominant background was recorded, it indicated the 
maghemite phase, and if the laser was pointed to a yellow 
spot, either a hematite pattern or a sum of hematite and ma-
ghemite was recorded. This phenomenon was observed for 
all samples, and some additional images and patterns are pre-
sented in Figure S7. For some samples with fairly low hema-
tite fractions, the hematite particles seemed to agglomerate 
together, forming large yellow areas. This could be due to dif-
ferences in magnetic or electric properties between the par-
ticles of different phases. When the hematite fraction grew, 
the amount of the yellow area in the images increased and the 
phases blended together more, leading to more mixed phase 
Raman patterns. The Rietveld refinement and the Raman 
microscopy results support each other very well. The ratio 
of the yellow area with respect to brown/green gives a good 
indication of the actual phase composition. Since Raman mi-
croscopy requires very little sample preparation and the mea-
surements are fast to perform, it could possibly be used as a 
quick, qualitative technique to give an idea of the phase com-
position of iron oxide samples. We did not come across any 
literature referring to similar optical phase characterization.

In addition to the phase composition, we were interested 
in the size distribution of the particles, since the primary par-
ticle size is an important factor considering the functionality 
of various applications. Figure 4 shows TEM images of some 
samples with different parameters and the primary particle 
size as a function of equivalence ratio.

The top row in Figure  4A represents the overwhelming 
majority of the TEM sample areas. Mostly the powders were 
composed of a very fine particle mode in the size range of 
2‐8 nm, depending on the process parameters. The estimated 
mean primary particle size, dTEM, for the dominant fine mode 
was calculated from TEM images for those samples that were 
imaged. The size distributions for this dominant mode looked 
very narrow for all samples, most of the particles falling in-
side  ±  1‐2  nm from the average. If we consider the size of 
primary particles in different flame conditions, one of the most 
important factors is the residence time of the particles in the 
flame. One of the best single indicators for the residence time 
is the length of the flame, which determines the size of the 
high‐temperature zone. Mädler et al31 showed a linear depen-
dence between the equivalence ratio and the flame height. This 
effect can be seen in Figure 4B. Even though the equivalence 
ratio is not the only factor affecting the residence time, the es-
timated average size of the dominant mode seems to follow it 
rather linearly. This indicates that the amount of evaporated 
precursor, and therefore residual particles, is probably rea-
sonably similar in all samples. A significant decrease in the 

F I G U R E  2  The weight percentage of maghemite as a function 
of equivalence ratio in samples synthesized using different alcohols as 
the solvent. The rest of the samples consisted of hematite phase
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residual mode would most likely tilt the correlation. Based on 
the average crystallite sizes, simply raising the equivalence 
ratio has little effect on the formation of the residual mode, but 
it rather mostly affects the size of the fine mode and the phase 
composition. We tried to briefly with four samples, I1, I5, E1, 
and E5, see if halving or doubling the liquid feed rate has a 
large impact on the phase ratio and residual particles. Since no 
clear differences were visible in the XRD data, liquid‐to‐gas 
ratio is most likely not a very important factor in this regard.

The bottom row in Figure  4A represents the very few 
areas present on the TEM samples that revealed collections 
of significantly larger particles that had a very wide size dis-
tribution ranging from tens of nanometers to several hundred 
nanometers. This mode is presumed to be a so‐called residual 
mode that has formed from precursor solution droplets that 
did not evaporate after atomization, whereas the fine mode 
has most likely nucleated from gas phase after complete evap-
oration.25,32 We could not find these large particles in every 
sample, so we used the average crystallite sizes obtained from 
Rietveld refinement to indicate the presence of residual par-
ticles. Since some of these particles are two orders of mag-
nitude larger than most, even a small amount of them gives a 
significant contribution to the measured XRD patterns. These 
particles seemed to be mostly single crystals, but the TEM 
images were not adequate to tell for certain. The average crys-
tallite sizes obtained from Rietveld refinement ranged a lot 
between 27.3 and 515.0 nm (Table S1), varying between the 
two phases. It does not give a reliable measure for the particle 
size, but strongly indicates the presence of residual particles in 
all samples. Also, the phases do not seem to have large enough 
difference in total for the residual mode to only consist of ma-
ghemite or hematite. Most likely, both phases have a mixed 
composition. This indicates that the phase of a particle is not 
directly dependent on the formation path, when considering 
gas‐to‐particle versus droplet‐to‐particle routes.

One of the possible ways for the formation of residual par-
ticles is hydrolysis in the liquid phase.37 The precursor itself 
contains crystal water, but much more water vapor forms in 
the H2/O2 flame. Since alcohols are generally soluble with 
water, this could allow condensation of water vapor and dis-
solution to the droplets. However, hydrolysis of iron nitrate 
should lead to hematite.37,48 Because it seems that hematite is 
present in both phases, this is likely not the only mechanism 
involved. Condensating water can also hinder the combustion 
of the solution droplets, leading to incomplete combustion.49 
A challenge for future studies is removing the residual mode 
while maintaining the phase control.

3.2 | Mixtures of alcohols and 
carboxylic acids
We wanted to study the effect of carboxylic acids in the 
solvent on the phase composition of the produced powder. 

It was hypothesized earlier that the hematite portion of the 
particles could come from the residual mode. The results 
presented above, however, contradict this assumption. 
EHA has been used before to eliminate residual particles 
in flame synthesis.26,50 Rosebrock et al49,51 found in sin-
gle droplet experiments that in some cases the addition of 
EHA to the precursor solution led to strong droplet explo-
sions, which led to smaller particles. We wanted to see 
the effects of three carboxylic acids with differing chain 
lengths. 50% of the MeOH volume in the precursor so-
lution was substituted with an equal volume of PropA, 
ButA, and EHA. Also, the effect of the amount of EHA 
was studied by making 5, 15, and 30% substitutions in ad-
dition to the 50% samples. For most of the samples, only 
one set of gas flows, namely 20 L/minutes of H2 and 35 L/
minutes of O2, was chosen to emphasize the role of the 
solvent, because a shift in the direction of either phase 
would become most visible. Surprisingly, the addition of 
carboxylic acids erased the hematite phase completely in 
all cases, even though the equivalence ratios were very 
low (0.33‐0.35). Figure 5A compares the XRD patterns of 
three samples with identical gas flows, but different sol-
vent compositions. The pattern of M2 was slightly scaled 
down to fit the intensities of the other samples better. 
Therefore, Figure  5A does not represent the amounts of 
phases between the samples.

The powders that had 5 vol‐% of EHA and 50 vol‐% of 
PropA gave almost identical XRD patterns with strong re-
flections, and all of the hematite peaks vanished compared 
with the pure MeOH sample. When at least 15 vol‐% of 
EHA was added to the solution, the XRD peaks got broader 
and weaker (Figures S5 and S6). Also, a larger background 
was measured for these samples. This refers to smaller par-
ticle sizes, but also to the possible presence of amorphous 
material and carbonaceous residua. The low intensities 
with a high background made Rietveld refinement quite 
difficult, and the average crystal sizes cannot be regarded 
very reliable. This, however, indicates a lower amount of 
large particles.

The purity of the phase was also characterized by Raman 
microscopy, and the results from the alcohol samples can 
be used to analyze the acquired data. Figure  5B presents 
two Raman micrographs and the recorded spectra from the 
marked locations. All of the recorded patterns from car-
boxylic acid samples gave only maghemite patterns and 
all microscope images showed the absence of the yellow 
areas indicating hematite. At some spots, very weak spectra 
without clear peaks were recorded, which in part indicates 
incomplete crystallization (Figure S8). Since our emphasis 
was on phase control, we did not try different gas flows, but 
increasing the equivalence ratio could lead to a higher de-
gree of crystallization through longer residence times and 
higher temperatures.
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Just like for the alcohol samples, TEM imaging was 
used to characterize the primary particle size. Figure  6 
shows TEM images of various samples produced with 

different amounts of EHA in the precursor solution. In 
accordance to Figure  4, the top row shows the dominant 
phase of the TEM sample areas, whereas the bottom row 
represents the very few areas with larger particles. These 
are the largest collections of residual particles that were 

F I G U R E  3  Optical micrographs of three different alcohol 
samples (E4, E3 and I2) and the recorded Raman spectra from the 
indicated locations. The corresponding phase compositions obtained 
by Rietveld analysis are presented above the micrographs. Typical 
hematite and maghemite patterns and the characterictic peaks are also 
marked

F I G U R E  4  A, TEM images of some samples (E2, E3, E4 and 
M2) produced with pure alcohols as solvents and B, the average 
primary particle size as a function of equivalence ratio. The standard 
deviations are marked with error bars. In (A), the top row represents 
the majority of the sample areas and the bottom row the very few areas 
with larger particles

(A)

(B)
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found in the samples in question. As the amount of EHA 
in the precursor solution increased, the primary particle 
size in the fine mode also increased. Simultaneously, the 
amount and the size of the residual particles decreased. 
These two processes counteracting each other makes sense, 
because the elimination of the residual mode increases the 
amount of evaporated precursor in the flame, which then 
leads to enhanced condensation and growing particle size. 
Figure 7 shows the dTEM values calculated from the TEM 
images values as a function of HOC of the corresponding 
precursor solution, which turned out to be a better indicator 
than Ф in this case.

The blue dots in Figure 7, referring to EHA samples, fall 
quite well on a straight line, but the one data point with pro-
panoic acid seems to be an outlier. This is presumably caused 
by the different chemistry between the two carboxylic acids. 
Now, the equivalence ratio does not change much and the in-
crease in the primary particle size stems from the elimination 

of residual particles. Based on TEM images, the 50 vol‐% 
substitution with the two shorter‐chained carboxylic acids 
still led to formation of a significant amount of larger parti-
cles, as with alcohol samples. The same thing also happened 
with 5 vol‐% substitution with EHA, but as the fraction of 
EHA in the solvent mixture was raised, less residual parti-
cles were found, and at 30 vol‐% they seemed to be mostly 
gone. As was mentioned before, the average crystallite sizes 
are not reliable due to poor refinement, but the significantly 
lower values for the samples with 15, 30, and 50 vol‐% of 
EHA in the precursor solution compared to others (12.7, 8.6, 
and 11.5 nm, respectively) indicate a lower amount of large 
particles. The mechanism of residual reduction behind the in-
creasing addition of EHA could be studied by testing if the 
same effect can be achieved by adjusting the gas flows for 
solutions with lower EHA content.

Strobel and Pratsinis26 produced homogeneous nanopar-
ticles from metal nitrates by adding carboxylic acids to the 
solution, but our results indicate that this does not always lead 
to the elimination of the residual mode, but it rather turns the 
hematite phase into maghemite. The reason for this is still 
uncertain. They suggested that nitrates could be converted 
into carboxylates at elevated temperatures in the presence of 
carboxylic acids. Also, Chiarello et al52 stated that fast heat-
ing would lead to the formation of metal complexes when 
using metal nitrates. It is possible that carboxylic acids turn 
the iron nitrate into a metal complex that has no formation 
route to hematite in flame conditions, even with high oxygen 
concentrations. We did not find studies that would confirm 
this in FSP synthesis, though. There is research regarding 
chemical synthesis of iron oxide nanoparticles that introduce 
various chemicals to turn iron nitrate into other intermedi-
ate precursors. Habibi and Kiani53 turned iron nitrate into 
iron(III) citrate by reacting it with citric acid, iron(III) acetate 
by reacting it with ammonium acetate and iron(III) oxalate 
by reacting it with oxalic acid. This kind of reactions, if fast 
enough, could happen in the flame, and lead to various reac-
tion routes into the final product.

Meierhofer et  al54 produced Li4Ti5O12 particles from 
different precursor/solvent combinations. The highest qual-
ity particles were obtained from solutions containing EHA. 
They stated that for titanium isopropoxide, EHA could pre-
vent hydrolysis/condensation reactions. If hydrolysis is the 
reason for the presence of hematite phase, similar effect with 
iron nitrate could explain this. They also observed in single 
droplet experiments that addition of EHA led to earlier mi-
croexplosions of precursor solution droplets promoted the 
release of the precursors into the gas phase. These two effect 
could at least in part be responsible for the decrease in resid-
ual particle size and number.

Grigorie et al55 produced hematite and maghemite from 
iron(III) nitrate by thermal decomposition. They mixed 
the precursor with various amounts of polyethylene glycol 

F I G U R E  5  A, Patterns of three XRD reflections of a MeOH 
sample (M2) and two samples with identical gas flows, but carboxylic 
acids added to the solvent mixture (MP and ME1), and B, optical 
micrographs with recorded Raman spectra from the sample with 
butanoic acid. The pattern of M2 was slightly scaled down to fit the 
intensities of the other samples to better emphasize the disappearance 
of the hematite peaks
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(PEG), which worked as a reducing agent. With low PEG 
concentration, mostly hematite was formed, but as the con-
centration was raised adequately, it turned into maghemite. 
Perhaps carboxylic acids provide a similar reducing environ-
ment in the flame. The conclusions from chemical syntheses 
in much lower temperatures and longer times are not directly 
applicable to LFS conditions, but they could give a hint of the 
actual mechanisms. This should be tested by adding other re-
ducing agents to the precursor solution instead of carboxylic 

acids. If this is the reason for the elimination of the hematite 
phase, addition of oxidizing agents to the solution could po-
tentially increases the hematite fraction. The incompatibility 
of strong oxidizers with flammable solvents presents a chal-
lenge, however.

These results support further the claim that the residual 
mode and the hematite phase are not directly linked to each 
other, as clearly bimodal particle size distributions were 
found for MP, MB, ME1, ME2, and all of the alcohol sam-
ples. It would be interesting to see if using an alcohol with 
higher heat of combustion mixed with carboxylic acids 
could be used for eliminating the residual mode with a 
lower carboxylic acid content. According to Jossen et al32, 
a large ratio of solvent boiling point to precursor melting 
point would also promote the production of homogeneous 
particles. This would partly explain the differences be-
tween PropA, ButA, and EHA, as their boiling points are 
141.5, 163.8, and 288.1°C, respectively, compared with 
that of MeOH (64.7°C).

4 |  CONCLUSIONS

Iron oxide particles can form in various different crystallo-
graphic phases. We investigated how the phase of iron oxide 
nanoparticles can be controlled in liquid flame spray synthesis 
when using iron(III) nitrate as the precursor. We succeeded in 
finding process parameters to intentionally adjust the hematite/
maghemite ratio of flame‐synthesized iron oxide nanoparticles 

F I G U R E  6  TEM images of samples with different volume fractions of MeOH substituted with EHA. The top row represents the majority of 
the sample areas, whereas the bottom row shows the largest collection of residual particles found on the samples

F I G U R E  7  The average primary particle sizes calculated from 
TEM images for carboxylic acid‐containing samples as a function 
of the heat of combustion for the precursor solution. The blue dots 
refer to samples containing increasing amount of EHA and the red 
square contained 50 vol‐% propanoic acid. The standard deviations are 
marked with error bars
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in a systematic way. We are not aware of earlier studies where 
the hematite/maghemite ratio has been tuned in a flame‐based 
method. Therefore, we believe that these results will increase 
the potential of cost‐effective nitrate precursors for generating 
highly dispersed iron oxide nanomaterials.

The solvent composition and the oxygen and hydrogen gas 
flow rates were the main parameters studied. All collected 
powder samples were found to consist of either maghemite 
or a mixture of maghemite and hematite phases, along with 
possible amorphous material. In nanoparticle synthesis from 
a liquid precursor, unwanted larger residual particles can 
form as a result of incomplete evaporation. We were also 
interested in the influence of residual particles in the phase 
composition.

When different pure alcohols (methanol, ethanol, or iso-
propanol) were used as solvents, equivalence ratio that de-
scribes the amount of oxygen in the flame zone was found to 
have a strong correlation with the phase ratio. Oxygen‐rich 
conditions pushed the ratio toward hematite, whereas ox-
ygen‐lean conditions promoted maghemite formation, but 
always having both phases present. Even though most of the 
particles were very small (2‐8 nm), all alcohol samples con-
tained a residual mode that consisted of significantly larger 
particles (up to several hundred nanometers). Both particle 
modes seemed to consist of a mixture of the two phases. The 
equivalence ratio affected the primary particle size of the 
dominant fine mode in addition to the phase composition.

Mixing carboxylic acids (propionic acid, butanoic acid, 
or 2‐ethylhexanoic acid) with methanol in the solvent mix-
ture led to the complete elimination of the hematite phase, 
which indicates that the effect of equivalence ratio to the 
phase composition is tightly linked to the chemical compo-
sition of the precursor solution. This happened possibly due 
to a carboxylic acid‐induced conversion of iron nitrate to 
an intermediate metal complex that has no formation path 
into hematite in the flame conditions, but this could not be 
confirmed. When using the two shorter‐chained carboxylic 
acids with low heat of combustion or a small amount of 
2‐ethylhexanoic acid, a significant amount of residual par-
ticles formed. The size and the number of residual particles 
could, however, be changed by adjusting the mixing ratio 
of methanol and 2‐ethylhexanoic acid, but simultaneously 
leaving possibly amorphous material. As the amount of 2‐
ethylhexanoic acid increased in the solvent mixture, simul-
taneously raising its heat of combustion, the residual mode 
shrunk. The more complete evaporation of the precursor 
solution led to an increase in the primary particle size.

The interplay of all different parameters and the pre-
cursor solution chemistry is not yet fully understood. More 
research is needed to understand the impact of different 
parameters in controlling the phase of iron oxide parti-
cles in FSP synthesis, while simultaneously ensuring their 
homogeneity.
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