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Magnetite (FesO4) nanoparticles have found numerous applications due to the ease of fabrication,
favourable combination of physical and chemical properties, as well as environmental and biological
safety. At the same time, their functional applications in memristive devices remain underexplored,
especially with regard to nanocrystalline phases that can be obtained by various means of solution
chemistry. In this study, we examine the physical properties, morphology, and biocompatibility of
magnetite nanoparticles obtained by hydrolytic and non-hydrolytic synthesis routes. For this purpose,
we have revisited two solution chemistry methods for obtaining magnetite nanoparticles in water and
lower alcohols. Notably, magnetite nanoparticles obtained via the hydrolytic route have demonstrated
an appreciably high value of the resistive switching ratio Rorpr/Ron ~ 10° which is comparable to the
highest values ever reported for iron oxide memristors. The advantageous suitability of the hydrolytically
synthesized magnetite nanoparticles for resistive switching applications is rationalized by their higher

Received 13th August 2021,
Accepted 23rd November 2021

DOI: 10.1039/d1tc03825g
purity and crystallinity, as well as by the plausible activity of residual water molecules and hydroxy

rsc.li/materials-c groups on facilitating the topotactic redox reaction associated with the resistive switching phenomenon.

Published on 24 November 2021. Downloaded on 1/26/2023 2:46:36 PM.

Introduction

Transition metal oxide nanoparticles (NPs) and nanostructures
are extensively used in various functional applications includ-
ing in electronics,' photonics,"? catalysis,>* biosensing®° and
thermoelectronic’ devices. The current trend of technological
convergence makes such materials very attractive for various
multifunctional applications. It particularly concerns memris-
tive electronics, one of the promising areas of rapidly develop-
ing technologies with yet unexplored multifunctionality.®°
Memristive electronics is based on a concept of bioinspired
computing that simulates the activity of biological neural net-
works. In turn, a memristor is an electrical prototype of a
synapse that functions as a passive element of an electric circuit
whose resistance depends on the previously passed electric
current.’®™* The electrical relation of a memristive element
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to a biological neuron is usually implemented***** in terms of

the Hodgkin-Huxley model.’® Thus, memristive devices are
feasible for applications in biohybrid circuits and
interfaces.'®® Technological implementation of such devices
may thus require biocompatibility of both materials in use and
the fabrication methods.'® The state of the art and future
expectations in this field have been outlined in recent topical
reviews.*?!

Magnetite NPs (Fe;0,) are characterized by low toxicity and
high biocompatibility,”> and thus have been proposed for
various medical®® and biomedical®**** applications, though
the in vivo applications usually require specific biocompatible
polymer coatings.>®>’

The resistive switching properties of magnetite thin films
were thoroughly studied in 2007, and the primary electroform-
ing mechanism was argued to be a redox transformation
between Fe;0, and y-Fe,0;.2% Since 2008, this class of materials
has been classified as memristors."'""

Most of the reported examples of iron oxide memristors
have been fabricated by physical methods such as atomic layer
deposition,**=° pulsed laser deposition,*" epitaxial growth?* or
various sputtering techniques.?®**** Meanwhile, in contrast to
other memristive oxides such as TiO,,>" the solution chemistry
approach to fabrication of Fe;O, memristors is still poorly

J. Mater. Chem. C, 2022, 10, 251-264 | 251


http://orcid.org/0000-0002-6751-9355
http://orcid.org/0000-0002-8418-602X
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tc03825g&domain=pdf&date_stamp=2021-12-06
http://rsc.li/materials-c
https://doi.org/10.1039/d1tc03825g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC010001

Published on 24 November 2021. Downloaded on 1/26/2023 2:46:36 PM.

Paper

explored. There are almost no examples of memristive devices
based on magnetite nanoparticles obtained by classical co-
precipitation and sol-gel synthesis routes. An exception was
an early study by Kim et al.,* but the results of the functional
characterization were seemingly misinterpreted, as was noti-
fied later in the correction report.*® Nonetheless, the solution
chemistry approaches to fabrication of oxide-based electronic
devices may generally be well competitive with the physical
deposition techniques,”’ especially regarding the production
cost and the technological flexibility, typically allowing con-
trollable purity, crystallinity, and morphology of the synthe-
sized materials.*”™*'

Fe;0,4 nanocrystals can be obtained by means of solution
chemistry using hydrolytic or non-hydrolytic processes. The
main synthetic strategies and growth mechanisms have been
addressed in several comprehensive reviews.*' ™

The hydrolytic synthesis of magnetite NPs is usually per-
formed by adding a base to an aqueous mixture of ferric and
ferrous salts.*® Then the product can be converted into a stable
hydrosol using an acidic or alkaline peptizing agent’” or
various organic surfactants.’®*® The use of stabilizing agents
apparently affects the acidity and purity of the hydrosol pro-
duct. More recently, a method of obtaining a pure and pH-
neutral hydrosol of magnetite NPs has been proposed based on
tailoring of the initial non-stochiometric ratio of Fe**/Fe*" ions
with its further adjustment via the Schikorr reaction®® assisted
by ultrasound.”® Thus, phase purity, pH-neutrality and envir-
onmental safety are the factors that certainly merit considera-
tion of the hydrolytic synthesis for designing biocompatible
electronic devices.

The non-hydrolytic synthesis of magnetite NPs is usually
carried out using solvents with a relatively high boiling tem-
perature, typically above 200 °C. Examples include benzyl
alcohol®® and 2-pyrrolidone.>® Surfactants, such as oleic acid
or oleates, are typically used for reducing the particle size and
preventing their aggregation.’>>**> Implementation of these
strategies may be inappropriate for memristive films, as their
properties are generally sensitive to any structural and phase
defects.

An alternative reasonable approach may concern synthesis
in low boiling point and less toxic solvents, such as lower
aliphatic alcohols. Synthesis of magnetite particles in isopropyl
alcohol was first studied by Dubois and Demazeau.’® In that
study, the reported particle sizes fell beyond the range of
nanomaterials and varied from 100 nm to 1.2 pum. Later, the
nanocrystalline phases of magnetite (7-35 nm) were obtained
in the solvothermal systems at temperatures in the range of
200-350 °C and pressures in the range of 1.8-20 MPa.>”*® The
influence of the solvent nature on the size and composition of
nanoparticles was comprehensively investigated for the synthesis of
magnetite and hematite phases from iron acetylacetonate in lower
alcohols, cyclohexane, and toluene.*” Additionally, the presence of a
small amount of water for the synthesis of iron oxides in n-propanol
was reported to drastically affect the reaction mechanism, favouring
the formation of hematite nanocrystals.””*® Despite a few systematic
studies,””” the non-hydrolytic synthesis of iron oxides in lower
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aliphatic alcohols is still much less investigated compared to the
cases of zirconium and titanium oxides.®® Particularly, the lower
temperature limit and the possibility of obtaining stable sols have
not been carefully explored for this route, yet. Furthermore, the
mechanisms of nanoparticle formation have mainly been studied
for the cases of non-hydrolytic sol-gel synthesis, with most examples
involving transformations based on chlorides, isopropoxides and
acetylacetonates of titanium and zirconium,® while the formation
of Fe;O, nanoparticles involving the redox mechanism is less
understood.

In this study, we revisit the key solution chemistry methods
of obtaining Fe;0, nanoparticles based on syntheses in water,>*
benzyl alcohol,®* and lower aliphatic alcohols®” with respect to
their potential for application in biocompatible and environ-
mentally sustainable memristive devices. For the case of synth-
esis in lower aliphatic alcohols, we address a detailed study of
iron oxide phase formation from iron acetylacetonate by a
solvothermal process at 175 °C, which is at the low temperature
margin reported for the synthesis of Fe;0, in 1-propanol®” and
yet has not been investigated for other lower aliphatic alcohols.
In addition, this is the only known temperature previously
reported for the synthesis of single-phase magnetite NPs in
benzyl alcohol.>® On top of that, it is just a few degrees above
the decomposition temperature of iron acetylacetonate.®™**

Materials and methods

Chemicals

Iron(m) acetylacetonate, Fe(AcAc); (=>97%, Sigma-Aldrich), was
dried at 50 °C and 45 mbar to remove moisture. Methanol,
MeOH (>99.8%, Fisher Scientific); ethanol, EtOH (95%); 1-
propanol, n-PrOH (>99.9%, Ekos-1); isopropanol, i-PrOH
(=99.9%, Vekton); 1-butanol, n-BuOH (>99%, Ekos-1); isobu-
tanol, -BuOH (>99%, Chimmed); and benzyl alcohol, BhOH
(=99%, Ekos-1), were dehydrated by distillation over anhy-
drous CuSO4. The precursors for hydrolytic synthesis, FeCl,-
4H,0 (>98%, Sigma-Aldrich), FeCl;-6H,0 (>97%, Sigma-
Aldrich), and NH,OH (water solution, ~25% NH; basis, puriss.
p.a., Sigma-Tec), were used without any additional treatment.

Hydrolytic synthesis

The hydrolytic synthesis of pure magnetite hydrosol and nano-
particles (NPs) was performed by fully adopting a previously
reported method without any modification.>*

Non-hydrolytic synthesis

Iron oxide NPs were prepared by the solvothermal process in a
series of different lower alcohols. 15 mL of a respective dehy-
drated alcohol was added to 0.2 g of Fe(AcAc); powder under an
inert atmosphere ([Fe*'] ~ 0.04 M). The reaction mixture was
transferred into a 50 mL Teflon liner, placed into a stainless-
steel autoclave, and carefully sealed. The autoclave was placed
in an oven for heat treatment at selected temperatures. The
heating rate was set at 1 °C min~ ', and the dwell time was 24 h.
The resulting reaction mixture was cooled down to ambient

This journal is © The Royal Society of Chemistry 2022
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temperature, and the iron oxide containing product dried out.
The processing scheme is illustrated in Fig. S1 (ESIt).

Fabrication of functional inks and deposition of thin films

Two types of the functional inks were prepared. For the case of
the hydrolytically synthesized magnetite, an aqueous sol with
4 wt% Fe;0, was mixed with methanol at a volume ratio of 1: 3,
while for the case of magnetite synthesized in i-PrOH, the
obtained powder was redispersed in MeOH at a concentration
of 0.04 wt%. Thus, the first type of ink contained 1.18 wt%
Fe;0,, 28.44 wt% H,0, and 70.38 wt% MeOH, while the second
type consisted of 0.04 wt% Fe;O, and 99.96 wt% MeOH.
Fig. S2a (ESIY) illustrates the variation of the rheological
properties in the colloidal system consisting of 4 wt% Fe;O,
hydrosol and various amounts of methanol. For the functional
inks, the optimal concentrations of the components were
chosen and experimentally verified in the regions of lower
surface tension and higher colloidal stability, as illustrated in
Fig. S2a and b (ESIf).

Fluorine doped tin oxide (FTO) glass substrates (25 x 25 X
2 mm?, <10 Ohm cm™?, FTO thickness: 950 nm) were cleaned in
an ultrasound bath. The surface hydrophilization was performed at
air plasma for 10 minutes using a Femto Low Pressure Plasma
System (Diener Electronic GmbH, Germany). Thin films of Fe;O,
nanoparticles were obtained by deposition of the obtained inks onto
FTO glass substrates using an APT Spin — 150i NPP spin coater (SPS
Europe, France). The coating regime was set as follows: 2 layers of
functional inks were deposited onto an FTO glass substrate at a
coating speed of 1000 rpm (1800 rpm for the second layer), 10 s per
layer. For each layer, a drop of 700 pL of the functional inks was
taken. The prepared thin films were dried in a vacuum chamber at
100 °C for 24 hours. The thickness of the obtained Fe;0, layers was
evaluated using a Solver NexT atomic force microscope (NT-MDT,
Russia) to be ca. 80 nm and 35 nm for the films with the
hydrolytically and non-hydrolytically obtained Fe;O, nanopatrticles,
respectively. The corresponding AFM images are shown in Fig. S3a
and b (ESIt).

Materials characterization

The phase composition of the obtained samples was primarily
determined by the X-ray diffraction (XRD) method using an
X-ray diffractometer (Rigaku SmartLab 3, Japan). The micro-
scopic study was implemented with a Merlin high-resolution
scanning electron microscope (SEM) (Zeiss, Germany). The
Raman spectra were obtained using a LabRAM HR800 spectro-
meter (Horiba Jobin Yvon, Japan) equipped with a He-Ne laser
(532 nm) and a 100x Olympus lens. The measurements were
conducted at laser powers of 50 pyW and 500 pW. The mean
values of the hydrodynamic radii and {-potential of the parti-
cles in the synthesized sols were determined using a Photocor
Compact-Z particle size analyser (Photocor Ltd., Estonia). The
surface area, pore volume, and pore size distribution were
evaluated by measuring N, adsorption-desorption isotherms
at 77 K using a NOVA 1200e gas adsorption analyser (Quanta-
chrome, USA). The samples were degassed at 120 °C for 8 h

This journal is © The Royal Society of Chemistry 2022
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prior to characterization. The obtained data were processed
using BET and BJH models.

Cytotoxicity assay

The biocompatibility of the obtained iron oxide NPs was
assessed using a human dermal fibroblast (HDF) cell line. A
standard methylthiazol tetrazolium (MTT) assay®® was adopted
as follows: the samples were placed into sterile 6-well flat-
bottom plates. An additional empty plate was reserved for the
control test. Cells of the human dermal fibroblast (HDF) line
were taken each in a quantity of ~5 x 10° and seeded in the 6-
well plates with the samples, as well as in the empty (control)
one. The cells were incubated at 37 °C for 72 h (5% CO,). The
incubated product was tested by adding 0.2 mL of MTT
(5 mg mL™") for 2 h, then the MTT-formazan product was
dissolved in 0.2 mL of dimethyl sulfoxide (DMSO), and the
optical absorption was measured at 570 nm using an Infinite
F50 plate reader (Tecan, Austria). The experimental reproduci-
bility was provided with three isolated batches prepared for
each of the experimental tests.

Functional characterization

The magnetization hysteresis curves for the prepared iron oxide
samples were obtained at room temperature using a domestically
assembled vibration magnetometer. The thin film samples of glass/
FTO/Fe;0, were subjected to electrical characterization. The bottom
electrode was connected to the FTO layer, while an external copper
tip was used as the top electrode for probing the voltage-current
hysteresis in the magnetite thin layer. The measurements were
performed using a Keithley 6430 Sub-Femtoamp Remote Source-
Meter operating in the standard two-point regime and KickStart
Instrument Control Software Version 2.0.6 (Tektronix).

Theoretical modelling

Quantum chemical calculations were used for modelling Fe*/Fe®*
reduction and alcohol dehydration processes. The Fe**/Fe**
reduction was modelled as an alcohol’s homolytic o-H migration
to the Fe>~O-Fe®* moiety, which was previously shown to be an
active centre in methane activation processes.”® The alcohol
dehydration process was modelled as an alcohol-to-ether Sy2 reac-
tion. Geometry optimization and frequency calculations were per-
formed using Gaussian 16 software at the PBE0-D3/Def2-SVP level
of theory.®® The solvent medium was modelled as ethanol using the
PCM model due to the absence of parametrization for all alcohols
used in the study. The effect of different solvents was calculated
using the COSMO-RS solvation model®” as implemented in the
COSMOtherm package.®® All iron ions (Fe*" and Fe®*) were con-
sidered at the high spin state. Activation energies were calculated
using electronic energies with zero-point energy correction.

Results and discussion
Effect of solvents in non-hydrolytic synthesis

First, we address the synthesis of iron oxide NPs in a series of
aliphatic alcohols, namely, MeOH, EtOH, n-PrOH, i-PrOH,

J. Mater. Chem. C, 2022,10, 251-264 | 253
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n-BuOH, and {-BuOH, at 175 °C. A reference synthesis of
magnetite NPs in aromatic benzyl alcohol (BnOH) was per-
formed under the same conditions as a well-known example.>>
The optimal temperature and time profile (175 °C, 1 °C min™?,
24 h) was first experimentally determined for the synthesis in
i-PrOH (Fig. S1, Table S1, ESIt) and then remained unchanged
for other alcohols considered in this section.

The XRD patterns of the obtained materials are shown in
Fig. 1. The determined phase ratios and particle sizes are listed
in Table 1. All the reactions resulted in the formation of iron
oxide NPs. The single-phase products were obtained by the
syntheses in EtOH (a-Fe,03), 1,i-PrOH (Fe;0,4), n-BuOH (Fe;0,),
and BnOH (Fe;O,). Mt and Ht phases have also manifested
themselves with black and red brown colours, as illustrated in
Fig. S4a and b (ESIt), correspondingly. The synthesis in i-BuOH
resulted in a major product of Fe;O0, with a minor quantity of
a-Fe,0;3 (~7%), while a notable amount of unidentified by-
product has been observed for the case of synthesis in MeOH
(see Fig. S5 and Table S2 for details, ESIT).

The identified iron oxide phases in all syntheses have been
attributed to either o-Fe,O; (hematite, Ht) or Fe;0, (magnetite,
Mt). The presence of y-Fe,O; (maghemite, Mht) cannot be fully
excluded based on XRD characterization, as both Mt and Mht
possess similar crystal structures of an inverse spinel and thus
cannot be clearly distinguished by XRD.®® Nonetheless, we do
not expect the presence of any maghemite product in the
samples obtained by the non-hydrolytic synthesis due to the
following reasons: (1) all the samples identified as Mt were
black in colour, as illustrated in Fig. S4a (ESIt), while Mht
would clearly manifest itself by a brown tinge. (2) Mht is known
to be relatively metastable and typically originates from Fe;O,

r Synthesis at 175 °C
e Fe,0, v o-Fe,0,  m unidentified
[ ]
[ ] L
Y [ ]
A b BnOH
[ ]
Y AU v v e A i-BUOH
g }\__A_ e o 2 ./\ n-BuOH
=t o
> ° o °
3 - . i-PrOH
= °
2 .
[ ]
= - s N n-ProH
1 v
v - v Y vv
Vv v EtOH

20 MOK(I. (O)

Fig.1 XRD patterns of iron oxide nanoparticles synthesized in lower
alcohols at 175 °C.

254 | J Mater. Chem. C, 2022, 10, 251-264

View Article Online

Journal of Materials Chemistry C

Table 1 Properties of iron oxide NPs synthesized in lower alcohols at
175 °C

Alcohol  Phase ratio® (%) Crystallite size” (nm) {-potential® (mV)

MeOH  Mt:Ht (70:30) + UP 10.5 N/S
EtOH  Ht 15.4 N/S
n-PrOH Mt 7.3 N/S
i-PrOH Mt 6.7 N/S
n-BuOH Mt 9.2 N/S
i-BUOH Mt:Ht (93:7) 9.1 N/S
BnOH Mt 8.8 28
BnOH,** Mt 10.5 N/D

¢ Mt - Fe;0, (magnetite), Ht - o-Fe,0; (hematite), UP - unidentified
phases (see Fig. S5 and Table S2 for details, ESI). ” The mean value (by
Scherrer). ¢ N/S - not stable in solvents as used for synthesis; N/D - no
data.

as a result of topotactic transformation under oxidizing condi-
tions requiring temperatures above 200 °C, especially in the
presence of water.”””> None of these conditions has been
fulfilled at the solvothermal process. (3) No presence of Mht
was reported in the previous studies addressing the synthesis
with the same precursors.”>”” Particularly, no Mht was detected
by Méssbauer spectroscopy.”® The possibility of Mht phase
appearance in other cases will be discussed later in this study.

The hematite nanoparticles synthesized in ethanol showed a
relatively high mean crystallite size of 15.4 nm, while all the Mt
nanoparticles were characterized by smaller sizes ranging from
6.7 to 9.2 nm. The smallest crystallite sizes of pure magnetite
NPs were obtained in {-PrOH (6.7 nm) and in BnOH (8.8 nm), in
line with the previously reported data for the syntheses in
n-PrOH processed at 200 °C (7 nm)*” and in BnOH at 175 °C
(10.5 nm).*?

Redispersion in MeOH

Obtaining a stable sol is one of the key features advancing the
possibility of thin film fabrication by cost efficient and flexible
methods such as tape casting, spin coating, and ink-jet
printing.”? In this regard, we analysed whether the products
synthesized in each alcohol are redispersible in the same
medium. As summarized in Table 1, only benzyl alcohol may
serve as both reaction and redispersion media. Mt NPs synthe-
sized in BnOH were found to be redispersible in BnOH and
resulted in a stable sol with a {-potential of 28 mV. In contrast,
none of the examined aliphatic alcohols could serve simulta-
neously as both reaction and dispersion media for obtaining
the colloidal ink of iron oxide nanoparticles despite their very
small sizes.

Next, we addressed the possibility of obtaining a stable
colloid by redispersing magnetite NPs in MeOH, an alcohol
solvent with a relatively high polarity. For a case study, we have
chosen the fine-grade Fe;O, nanoparticles obtained in i-PrOH
and subjected them to double centrifugation at 10* rpm for
10 min and subsequent replacement of the solvent with
pure MeOH.

The optimal concentration of Mt NPs in MeOH was experi-
mentally determined to be 0.04 wt% with respect to the highest
colloidal stability, as illustrated in Fig. S2b (ESIt). This

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 DLS mean hydrodynamic radius and {-potential of FesO4 nano-
particles synthesized in i-PrOH and redispersed in MeOH at various stages
of ultrasound treatment.

dispersion demonstrated a smooth dependence of the mean
hydrodynamic radius (R,) and {-potential on the duration of
the ultrasonic treatment, as shown in Fig. 2. The gradual
decrease of the mean hydrodynamic radius along with an
increase of {-potential was observed during the first 90 min
of sonication. Further elongation of the ultrasound treatment
resulted in reaching a plateau, followed by a sharp growth of
particle agglomerates. Thus, the optimal sonication time for
redispersion of magnetite NPs in MeOH was 1.5 h. The
obtained Mt sol with R;, = 34 nm and a (-potential of 32 mV
has demonstrated high colloidal stability that lasted for at least
30 days.

Influence of water presence in i-PrOH

Next, we experimentally address the effect of water presence in
i-PrOH on the phase equilibrium of the iron oxide products.
The influence of water can be manifold. As mentioned pre-
viously, it advances the formation of Mht over Ht at an early
stage of Mt oxidation.”®””? This, however, may occur only in the
case in which the prior Fe;O, phase has been synthesized.
Since the formation of Fe;0, from Fe(AcAc); requires reduction
of iron(m), the above-mentioned effect of water is very unlikely.
Alternatively, a small amount of water may significantly accel-
erate the reaction of Ht formation from Fe(AcAc), thus skip-
ping or essentially surpassing the reaction of Fe** reduction.
The latter effect was carefully investigated by Kominami et al.
for the synthesis of Mt NPs in mixtures of Fe(AcAc)s;, n-PrOH,
and 0.5, 1, or 3 vol% of water at 300 °C.%>”

Here, we investigate the same effect for the synthesis in
i-PrOH at 175 °C with a higher resolution of the variable water
content. The XRD patterns of the iron oxide products synthe-
sized with water added in quantities of 0.3-0.8 wt% are shown
in Fig. S6 (ESIT). The calculated Mt: Ht phase ratios and the
mean crystallite sizes of the obtained products are summarized
in Table 2.

A drastic transition between the Mt and Ht phase ratio
occurred at 0.5 wt% of water, while only trace quantities of
Ht was observed at a lower water content. The mean size of the
crystallites steadily increases with an increase of the water

This journal is © The Royal Society of Chemistry 2022
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Table 2 Effect of water content on iron oxide synthesis in i-PrOH at
175 °C for 24 h

H,O content (wt%) Phase ratio® (%) Crystallite size? (nm)

0 Mt 6.7
0.3 Mt: Ht (98:2) 8.8

0.4 Mt: Ht (94:6) 10.3
0.5 Mt : Ht (60 : 40) 13.6
0.6 Ht 14.7
0.8 Ht 16.3

“ Mt - Fe;0, (magnetite), Ht - o-Fe,O; (hematite). ” The mean value
(by Scherrer).

content in the reaction mixture (Table 2). Thus, addition of a
small amount of water to i-PrOH significantly affects the
crystallinity and the oxidation state of iron oxide products.
These conclusions are consistent with the previously reported
results by Kominami et al.’” and provide them an extension for
the case of a similar reaction system at a lower temperature and
a lower water content.

Mechanism of iron oxide synthesis in lower alcohols

In this section we discuss possible reaction pathways for iron
oxide formation in the reactions of Fe(AcAc); with aliphatic and
benzyl alcohols. An intuitive model of magnetite formation in
such conditions presumes two basic processes: (1) a chemical
interaction resulting in an oxide compound and (2) reduction
of iron (Fe**/Fe**) favouring magnetite over other forms of iron
oxides. An interplay between the kinetics of the above processes
should supposedly determine the final product of interaction
between the initial precursors under any given synthesis
conditions.

The most probable processes leading to the formation of
iron oxide are shown in Scheme 1. These are two known alcohol
dehydration routes producing either alkenes (Scheme 1a) or
ethers (Scheme 1b). The occurrence of such processes in the
presence of a transition metal oxide catalyst has been demon-
strated in several studies.”*’> Hypothetically, other possible
routes leading to iron oxide formation may involve alkylation of
acetylacetonate and thermal decomposition of Fe(AcAc);. While
experimental evidence of the former one is questionable,”” the
latter is known to pass via intermediate formation of iron
carbonate, Fez(CO3)3,,76 whose decomposition occurs at tem-
peratures above 450 °C,°" and thus can be neglected.

The key possible reactions leading to Fe**/Fe®" reduction are
summarized in Scheme 2. An acid-base catalysed reaction at
the cleavage of the acetylacetone molecule leads to formation of
acetate and acetone, as expanded in Scheme 2a. This process

(a) dehydration to alkenes

R/\/OH

~
g & O

(b) dehydration to ethers

N

R OH PPV

R (o} R
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Scheme 1 Alcohol dehydration pathways.
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was justified in several studies by detection of ester
products.””” In other studies, this mechanism was suggested
to be the primary reaction pathway for the cases of magnetite
synthesis in dibenzyl ether in the presence of oleic acid.”®”°
Particularly, the acetate anion can act as a reducing agent, as
shown in Scheme 2b. The other iron reduction pathway is a
redox interaction between Fe(AcAc); and an alcohol molecule,
as illustrated in Scheme 2c. This interaction has previously
been investigated as an alcohol’s homolytic o-H migration to
the Fe**-O-Fe** moiety that behaves as an active centre in
methane activation processes.®*®® Finally, one more route of a
direct Fe**/Fe** reduction by the acetylacetonate anion is illu-
strated in Scheme 2d. In the literature, it was first proposed as
the formation of the acetylacetone radical.®® Later, the process
was shown to result in radical polymerization, in which the
acetylacetonate radical was captured by the polymerizing
molecule.®® Therefore, the amount of the acetylacetone radicals
in this process shall be extremely small and thus can be
neglected.

In order to assess the effect of different alcohols on the
reaction products upon a solvothermal interaction with
Fe(AcAc)s, the relative reactivity of alcohols has been evaluated
for the key stages of alcohol dehydration (Scheme 1b) and iron
reduction (Scheme 2c) using quantum chemical calculations
(see Fig. S7 and Table S3 for details, ESIt). The results are
summarized in Table 3. The calculated values of the activation
energies (E,) for the reduction mechanism suggest that almost
all aliphatic alcohols addressed in the study possess nearly the
same reduction ability. The difference in E, varies within the
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Table 3 Activation energies for Fe3*/Fe®* reduction and dehydration in
lower alcohols

Activation energy, E, (k] mol™")

Fe**/Fe** Iron oxide products at
Alcohol  reduction Dehydration 175 °C*
MeOH 106.9 34.5 Mt, Ht
EtOH 102.7 34.3 Ht
n-PrOH 99.6 32.0 Mt
i-PrOH 98.7 30.3 Mt
n-BuOH  100.8 31.4 Mt
i-BuOH 102.6 34.3 Mt, Ht
BnOH 78.2 14.1 Mt

“ Mt - Fe;0, (magnetite), Ht - o-Fe,0; (hematite).

error limit of DFT. A minor exception is isopropanol, which
shows slightly lower activation energies for both mechanisms.

In contrast, the activation energies for benzyl alcohol are
significantly lower for both reduction and dehydration pro-
cesses. This suggests that the reactions with benzyl alcohol
must be capable of developing relatively high rates. The
obtained deviations in the calculated E, for the reduction
reactivity of benzyl and isopropyl alcohols are likely associated
with the high stability of benzyl and secondary carbocations
and radicals compared to the primary ones. However, the
reasons for the minor difference between the other alcohols
are not obvious and seem to be due to more subtle effects.

Comparison of the calculated activation energies for the
reduction effect of different alcohols with the oxidation state of
iron in the corresponding reaction products obtained experi-
mentally (Table 3) suggests that the reaction mechanism based
on alcohols as the only reduction agents (Scheme 2c¢) is not fully
sufficient for rationalizing the redox aspect of the solvothermal
synthesis addressed in the study. Therefore, it seems that the
processes of acetylacetonate decomposition and the reduction
effect of acetate anions (Scheme 2a and b) are also involved in
the redox interaction, while the complex interaction of both
mechanisms and the apparent inhibition of the redox rate in
the cases of syntheses in MeOH and EtOH still remain unclear.
In a study by Kominami et al,”” the syntheses performed at
300 °C in MeOH also resulted in a mixed phase product of Mt
and Ht, while the product in EtOH was pure Mt.

To figure out the threshold temperature for the synthesis of
Mt in EtOH, we have performed an additional series of synth-
eses at 250, 275, and 300 °C. A phase analysis of the reaction
products by XRD is demonstrated in Fig. 3. Apparently, the
redox effect for the synthesis in EtOH was achieved at higher
temperatures compared to syntheses in higher aliphatic alco-
hols, while an almost pure Mt product was obtained only at
300 °C.

Finally, to shed more light on the role of iron acetylacetonate
decomposition in the overall redox interaction, we made an
additional trial for synthesis in BnOH at 150 °C. The reduction
ability of BnOH is the highest among the lower alcohols
addressed in the study (see Table 3), while the chosen tem-
perature is just a few degrees below the decomposition tem-
perature of Fe(AcAc); (ca. 165 °C).*"** The reaction product was
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Fig. 3 XRD patterns of iron oxide NPs synthesized in EtOH at 175-300 °C.

a powder with well distinguishable dark-brown colour (Fig. S4c,
ESIY), though an XRD analysis revealed only the peak series of
Mt (Fig. S8, ESIt). The observed dark-brown colour is thus a
strong indication of an incomplete iron reduction that may be
attributed to the presence of either Mht or, more likely,
amorphous Fe,O; in the synthesized product.

Based on the analysis provided above and the data obtained
in this and previous studies,”>*” the experimentally explored
temperature ranges of Mt crystallization as the only single-
phase precipitate in solvothermal processing of iron acetylace-
tonate in lower alcohols are depicted in Fig. 4.

Notably, only a narrow range of temperatures is available for
synthesis of single-phase Mt in BnOH. In view of the reaction
model discussed above, this can be rationalized by a combi-
nation of two factors: (1) the relatively high rate of the dehydra-
tion reaction (Table 3) may result in the production of iron
oxide faster than completion of the reduction processes, which
seemingly limits the upper temperature range of Mt formation
as the single phase product; and (2) inactivation of one of the
reduction mechanisms, most likely the one associated with
acetylacetonate (Scheme 2a and b), limits the formation of
single phase Mt at lower temperatures.

Properties of Mt NPs obtained in water and lower alcohols

In this section we provide specific characterization of the
obtained materials and discuss some of their key properties
such as biocompatibility, magnetization, and resistive
switching.

The phase purity, crystallinity, and morphology of magnetite
nanoparticles obtained via hydrolytic and non-hydrolytic
(in i-PrOH) routes have been examined using XRD (Fig. S9,
ESIt), SEM (Fig. S10, ESIt), and nitrogen adsorption—
desorption (Fig. S11, ESIt).

The XRD analysis (Fig. S9, ESIT) showed the presence of only
the magnetite phase in both samples, which visually appeared

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Diagram of iron oxide formation in a solvothermal system of
Fe(AcAc)s and lower alcohols. Filled colour areas designate the single-
phase Mt product. The plotted data are taken from this study (synthesis
time: 24 h) and adopted from ref. 52 (synthesis time: 48 h) and ref. 57
(synthesis time: 2 h). The initial decomposition temperature for Fe(AcAc)z
(horizontal dashed line) is taken from ref. 62.

as black powders (Fig. S4a, ESIt) and apparently demonstrated
magnetic behaviour (Fig. S1, ESIT). The mean crystallite sizes by
Scherrer differed as 15 nm for Mt NPs derived by the hydrolytic
process and 6.7 nm for the ones synthesized in i-PrOH.
Raman spectra for the same products are shown in Fig. 5. In
both samples the structures of Mt and Mht bands have been
observed with an initial laser power of 50 pW. The broad band
features around 350, 500, and 700 cm ™' are usually referred as
an identification of y-Fe,O; (Mht).*"*> However, these bands
have a much stronger manifestation in the case of the hydro-
Iytic sample. Appearance of these bands usually results from Mt
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Arg E, a-Fe,0,

E
g E
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’;-‘ non-hydrolytic
8
2
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T .
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non-hydrolytic
MMW
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Fig. 5 Raman spectra for Mt NPs synthesized by hydrolytic and non-
hydrolytic (in i-PrOH) routes measured at laser powers of 50 and 500 pW.
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oxidation induced by the heat of laser excitation, as was pointed
in many studies.’*>®%> As such, they cannot serve as any
proof for the purpose of phase analysis. Particularly, the
appearance of Mht bands upon Raman characterization of Mt
samples obtained by the hydrolytic route was reported for a
laser power of 344 uW, while at a lower power (30 uW) these
features were minor.>* Furthermore, Pinna et al. addressed this
issue in detail and demonstrated that the presence of Mht
features in the Raman spectra of Mt NPs synthesized in BnOH
was eventually not confirmed by non-destructive Mdssbauer
spectroscopy.>”

In view of the above and considering Mht to be an oxidation
product of the initially formed Mt, the interpretation of Raman
spectra obtained from different samples may rather shed light
on the relative difference between the samples with respect to
the degree of Mt to Mht transformation occurring under the
same experimental conditions. The stronger manifestation of
Mht features in the Raman spectrum by the hydrolytic sample
compared to the one synthesized in i-PrOH points to one of the
following two aspects: (1) in contrast to the reduction-type
processing in lower alcohols, the hydrolytic synthesis is based
on the non-stoichiometric excess of a ferrous precursor with
subsequent adjustment of the oxidation process and colloidal
stabilization.”* Thus, a possibility of Mht appearance as the
minor by-product of such synthesis cannot be formally
excluded. (2) The presence of water and hydroxy group residues
in the product of the hydrolytic synthesis®* may enhance the
topotactic transformation of Fe;O, to vy-Fe,O; upon
heating.”’””> In any of these cases, we take up the effect of
seemingly more facilitated Mt-to-Mht transformation in the
hydrolytically obtained Mt NPs as their distinctive feature. It
may be especially relevant for memristive applications, as the
resistive switching in iron oxide memristors is associated with
the same type of reversible redox transformations between
Fe;0, and y-Fe,O; phases.?®

The SEM images of Mt NPs obtained by the hydrolytic and
non-hydrolytic routes are shown in Fig. S10 (ESIt). In the case
of the Mt sample obtained hydrolytically (Fig. S10a, ESIt), the
mean particle size in the SEM images correlates well with the
mean crystallite size determined by XRD: 11 and 10 nm,
correspondingly. This indicates a high crystallinity of the
hydrolytically synthesized Mt NPs. In contrast, the non-
hydrolytic Mt nanoparticles appeared to be larger on a SEM
image (Fig. S10b, ESIt) compared to the mean crystallite size
characterized by XRD: 25 vs. 6.7 nm, correspondingly. This
suggests that the synthesis product in i-PrOH contains a larger
amount of amorphous phase and organic residues. The latter
was pointed out and justified in a previous study by Kominami
et al. based on measuring the weight loss by means of
thermogravimetry.®’

The magnetization hysteresis for Mt NPs obtained in i-PrOH
is shown in Fig. S12 (ESI}) in comparison with the previously
reported data for the hydrolytic counterpart.”® The specific
magnetization of the non-hydrolytic sample reaches saturation
at ca. 46 emu g~ ' with a relatively low coercivity (~ 12 Oe). The
measured value of the saturated specific magnetization is
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nearly 50% of the corresponding bulk magnetization
(92 emu g~ ').** In contrast, the specific magnetization of the
hydrolytically synthesized Mt NPs was reported to be ca.
88 emu g ,°* which is close to that of the bulk counterpart.
The difference in specific magnetization demonstrated by the
samples prepared via hydrolytic and non-hydrolytic routes is
seemingly another manifestation of their different crystallinity
and purity.

The possible presence of organic residues in samples of Mt
NPs obtained by the non-hydrolytic method brings up an issue
of their toxicity. To assess the biocompatibility of the obtained
materials, an MTT assay has been performed with HDF cells.
The assessment was made for xerogel samples. The samples
obtained in i-PrOH, including the one previously redispersed in
MeOH, were dried at 20 °C and 45 mbar for several hours to
evaporate the alcohols. The xerogel samples obtained by the
hydrolytic synthesis and by the synthesis in BnOH were dried at
80 °C and 45 mbar for several hours. The results on the viability
of HDF cells incubated on the examined materials are shown in
Fig. 6. All the samples, except the one synthesized in BnOH,
have demonstrated a reasonably high biocompatibility within
the range of the normalized HDF cell viability 95-97%. A
sample synthesized in BnOH has demonstrated lower biocom-
patibility at a level of 71% of the control HDF cell viability.
Thus, the by-products contaminating Mt NPs synthesized in
BnOH are relatively more toxic and may require additional
treatment and additional toxicity examination prior to biocom-
patible applications. The by-products may also include uneva-
porated residue of BnOH owing to its relatively high boiling
point (205 °C).

The resistive switching properties of magnetite NPs synthe-
sized by the hydrolytic and non-hydrolytic (i-PrOH) methods are
shown in Fig. 7. Notably, the hydrolytically processed sample
has demonstrated a very high resistive switching ratio Ropr/Ron
~ 10? (Fig. 7a), which is comparable to or higher than most of
the values previously reported for iron oxide memristors.>%%%
In contrast, the non-hydrolytic sample has demonstrated a
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Fig. 6 Viability of HDF cells incubated solely (control) and on substrates
of Mt NPs synthesized in water, i-PrOH, and BnOH.
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switching redox interaction in iron oxide nanoparticles synthesized via (c) hydrolytic and (d) non-hydrolytic routes.

much lower resistive switching ratio Ropr/Ron ~ 2 (Fig. 7b).
Table 4 summarizes and compares the characterized properties
of the two types of magnetite NPs obtained by the hydrolytic
and non-hydrolytic syntheses.

Several mechanisms of the resistive switching phenomenon
in transition metal oxides have been proposed and widely
discussed in the literature. These include the formation and
rupture of a conductive filament in an initial forming
process,”®*>*® the electromigration processes at the metal-
insulator interface,®” and the non-filamentary migration and
polarization of ions.®*° The case of electroforming in Fe;0,
was first investigated by Odagawa et al,*® who argued its
resistive switching properties to originate from the electrically
induced redox reaction between the Fe;0,4 and y-Fe,O; phases.
The magnitude of the resistive ratio demonstrated by the
hydrolytically synthesized magnetite (Fig. 7a) is quantitatively
consistent with the values reported in that study.>®

As discussed previously, the following two key factors may
be beneficial for the effective charge transfer and resistive
switching in Mt memristive thin films obtained by the hydro-
lytic route: (1) higher crystallinity and absence of organic
contamination at the grain boundaries and (2) ease of trans-
formation to y-Fe,O3; upon oxidation.

The high purity and crystallinity of the hydrolytically derived
magnetite is anticipated with the absence of any organic
precursors, surfactants, or peptizing agents in the fabrication
protocol. As a result, these NPs appeared to be of nearly the
same size as the mean crystallite size characterized by XRD
(Table 4). In contrast, the synthesis with organic precursors
results in apparent particle agglomeration and contamination
by organic combustion residues. The latter were evaluated to be
in the range of 4-6 wt% according to the weight loss analysis.””
However, a series of experimental attempts to purify magnetite
nanoparticles by thermal annealing in an Ar atmosphere at

This journal is © The Royal Society of Chemistry 2022

Table 4 Properties of Mt NPs obtained by hydrolytic and non-hydrolytic
routes

Properties \ Sample Fe;0, (hydrolytic) Fe;0, (i-PrOH)

Mean particle size by DLS 60 68
Mean particle size by SEM 11 25
Mean crystallite size by XRD 10 6.7
BET surface area® (m” g~ ") 122 87
BJH pore volume® (cm® g™ ") 0.29 0.23
BJH pore diameter” (nm) 9.5 6.7
Biocompatibility” (%) 97 96
Magnetization (emu g~ ") 88° 46
Resistive switching ratio (Rops/Ron) ~10° ~2

“Based on N, adsorption-desorption isotherms (Fig. S11, ESI).
b viability by the MTT assay with the HDF cell line. ¢ Data from ref. 51.

temperatures of 250, 350, and 500 °C have not succeeded in
improving their resistive switching properties.

The only hypothetically possible residues from the hydro-
lytic process are water molecules, as well as hydroxy and amino
groups. The presence of both adsorbed water molecules and
hydroxy groups at the surface of Mt NPs obtained by the
hydrolytic method was justified for temperatures up to 200 °C
by means of infrared spectroscopy.®® At another point, water
molecules are known to facilitate the topotactic transformation
from Fe;0, to y-Fe,O; upon oxidation.”®”* If this is the case, it
may rationalize the higher level of Mht manifestation in the
Raman spectra upon characterization with a laser power of
50 uW (Fig. 5), as well as the higher amplitude of the resistive
switching based on the same type of transformation®® in the
hydrolytically synthesized magnetite (Fig. 7a). The resistive
switching is bipolar and reversible. The reverse transition from
an oxidized metastable y-Fe,O; to Fe;0, is energetically favour-
able and thus does not require any facilitation. The rationalized
scenarios for different resistive switching efficiencies in the
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hydrolytically and non-hydrolytically synthesized Mt NPs are
schematically illustrated in Fig. 7c and d, respectively.

The high resistive switching ratio observed in a thin film
prepared with the hydrolytically synthesized Fe;O, nano-
particles opens up prospects for their application in emerging
memristive devices, including various biocompatible and envir-
onmentally sustainable cases. Fig. S13 (ESIT) expands the key
features of the resistive switching hysteresis illustrated in
Fig. 7a in the time (Fig. S13a-c, ESIf) and low-signal
(Fig. S13d and e, ESIt) characterization domains.

The primary characterization of the resistive switching
properties provided in this study for the hydrolytically and
non-hydrolytically synthesized magnetite marks a substantial
difference in the electrical functionality of Fe;O, nanoparticle
assemblies resulting from their different synthetic origins.
Further analysis of other memristive functionalities such as
switching stability, memory retention, synaptic potentiation
and depression, as well as other related issues are beyond the
scope of this study and will be addressed elsewhere.

Conclusions

In this study we have revisited two solution-based synthesis
routes of obtaining magnetite nanoparticles in water and lower
alcohols. In the first part of the study, we have explored the low-
temperature range of the solvothermal formation of iron oxides
in a series of lower alcohols in the vicinity of the decomposition
temperature of Fe(AcAc); used as the primary source of iron.
The experimental examination of the lower temperature
regime has demonstrated that the solvothermal interaction
results in a pure Fe;O, product for the cases of synthesis in
n-PrOH, i-PrOH, n-BuOH, and BnOH at 175 °C, which is just a
few degrees above the decomposition point of iron acetylace-
tonate. Syntheses in other alcohols at this temperature resulted
in the formation of Fe,0; either as a single-phase product (in
EtOH) or as a component of mixed-phase products (in MeOH
and -BuOH). By theoretical consideration, we have addressed
the formation of Fe;O, in lower alcohols as a result of kineti-
cally competing processes, namely, dehydration and reduction.
The DFT calculations of the activation energies for the redox
reaction with alcohol as the reduction agent did not indicate
any notable difference in the relative reduction ability of lower
aliphatic alcohols, thus suggesting that their key role in the
solvothermal synthesis is rather dehydration that supplies
water for further reactive formation of iron oxide. Seemingly,
the Fe*"/Fe®" transition in the solvothermal process involves an
interaction with other reduction agents, of which the most
plausible candidate is the acetate anion. None of the examined
lower alcohols was sufficient to provide complete reduction of
iron at a temperature of 150 °C, which is below the point of
Fe(AcAc); thermal decomposition. The obtained results have
been summarized along with previously reported data®*®’ in a
diagram illustrating the dependence of iron oxide phase pro-
ducts on the lower alcohol solvent and synthesis temperature

(Fig. 4).
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All the synthesis routes addressed in the study are compa-
tible with obtaining stable colloids, either in the same disper-
sion medium as that used in the synthesis (H,O, BnOH) or in
MeOH. This allows preparation of functional inks for thin film
fabrication using spin-coating, tape casting, or inkjet printing
techniques.

Characterization of magnetite nanoparticles obtained by the
solvothermal synthesis in lower alcohols demonstrated them to
be inferior for several applications with respect to the hydro-
Iytically synthesized counterparts. Particularly, they possess
lower purity, lower crystallinity, and as a result demonstrate a
lower specific magnetization and a lower resistive switching
ratio. Synthesis with BnOH is characterized by a relatively
narrow temperature regime for obtaining single-phase Fe;0,
nanoparticles, and the resulting product has demonstrated a
relatively higher toxicity compared to the other products exam-
ined in the study. In contrast, Fe;O, nanoparticles produced by
the hydrolytic route are free of organic residues and possess
high crystallinity. They have demonstrated excellent resistive
switching properties with an Ropp/Ron ratio of ~10° and a
switching voltage of about +2 V, which are comparable or
superior to the previously reported values for iron oxide thin
films. In contrast to various organic by-products contaminating
nanoparticles obtained via the solvothermal process, the pos-
sible residues of the hydrolytic synthesis mainly include water
and hydroxy groups, which at least do not interfere or at most
assist the topotactic oxidizing transition from Fe;O0, to Fe,0;
associated with the resistive switching phenomenon. Thus, the
hydrolytically synthesized magnetite nanoparticles can be pro-
spective for fabrication of emerging resistive switching devices,
especially regarding their possible biocompatible and environ-
mentally sustainable applications.
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